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ABSTRACT 

The objective of this report is to provide to the Commission the information 

required under article 37 of the Euratom Treaty for the planned repository in 

Dessel. The disposal project is currently undergoing licensing before its 

construction. 

For the disposal of category A radioactive waste, a surface repository is planned in 

the municipality of Dessel, Belgium. Dessel is situated in the northern part of 

Belgium at about 60 km east of Antwerp and 11 km from the border with The 

Netherlands. 

The planned repository is an engineered surface disposal type facility. First, the 

waste is placed inside a concrete caisson and subsequently backfilled with mortar, 

resulting in a monolith. Subsequently, these monoliths are placed inside concrete 

vaults, called ‘modules’, constructed on top of 2 m high embankment above the 

ground surface.  

In the lower part of the modules, i.e., beneath the monoliths, there are inspection 

rooms and a drainage system allowing the detection and monitoring of percolating 

water, although percolating water is not expected during normal operations. The 

inspection rooms of the various modules are connected to a central inspection 

gallery.  

After approximately 50 years, all waste will be disposed of. At that time, a cover 

made up of earth materials and concrete will be constructed on top and at the sides 

of the modules.  

Closure of the repository is planned after approximately 100 years. It implies the 

backfilling of remaining open spaces in the inspection rooms and inspection gallery. 

The average concentration of long-lived alpha activity in category A waste is  

~10 Bq.g-1, which is considerably lower than the internationally used value of  

400 Bq.g-1. 

For the surface repository at Dessel, isolation and containment rely on engineered 

barriers only. Access to the site is restricted until release of nuclear regulatory 

control, currently foreseen at 350 years. The strategy for containment consists in 

preventing the release of radionuclides as much as possible during approximately 

1,000 years and, after that, of spreading the release of residual activity and 

radiotoxicity over time. A systematic design process has ensured that various 

systems, structures and components (SSCs) implement this strategy.  

Release from the installation under normal conditions 

Under normal conditions, the operation of the repository (approximately the first 

100 years) does not involve any discharges, either gaseous or liquid.  
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Unplanned releases from the installation 

The assessed maximum effective dose from an aircraft crash (reference accident) is 

situated in the vicinity of the disposal site and assessed to be 0.893 mSv. Taking 

into account the low probability of this event of 2.11 10-7 a-1, the impact is 

acceptable.  

The assessed maximum exposure levels from unplanned releases to adults, children 

and infants in the vicinity of the disposal site are below 1 mSv and there are no 

exceptional pathways of exposure, e.g. involving the export of foodstuffs. 

Post-closure period — Normal evolution 

The assessed maximum effective dose in the post-closure period is 0.096 mSv.a-1 

for the expected evolution of the repository (reference scenario). This is lower than 

the dose constraint of 0.1 mSv.a-1. This implies that the impact in case of the 

expected evolution is acceptable.  

In the vicinity of the repository, the assessed maximum exposure levels to adults, 

children and infants resulting from normal evolution are below 1 mSv.a-1 and there 

are no exceptional pathways of exposure, e.g. involving the export of foodstuffs. 

Post-closure period — Early degradation of barriers 

The post-closure safety assessment has considered unexpected but possible 

evolutions. The evolutions not only consider early degradation of barriers, but also 

early degradation combined with faster and larger degradations. The degradations 

are included in the alternative evolution scenarios.  

The overall radiological risk of all alternative evolution scenarios is 3.16 x 10-6 a-1, 

which is lower than the risk constraint of 10-5 a-1. This implies that the impacts for 

the alternative evolution scenarios are acceptable. 

Assessed maximum effective doses for early degradation range from 0.112 to 

0.154 mSv.a-1. In case of early degradation of barriers, assessed exposure levels 

for adults, children and infants in the vicinity of the repository are below 1 mSv.a-1 

and there are no exceptional pathways of exposure, e.g. involving the export of 

foodstuffs. 

Assessed maximum effective doses in case of a combination of early, faster and 

larger degradation of barriers range from 1.05 to 6.10 mSv.a-1. Even for these 

extreme degradations, the spatial extent of the plume is limited (a few km2). There 

are no transboundary impacts as a consequence of the alternative evolution 

scenarios with assessed exposure levels > 1 mSv.a-1 in the vicinity of the reposito-

ry, i.e. for scenarios involving a combination of early, faster and larger degradation 

of barriers, and there are no exceptional pathways of exposure, e.g. involving the 

export of foodstuffs.  
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0 INTRODUCTION 

0.1 General presentation of the waste emplacement 

plan  

On January 31st 2013, ONDRAF/NIRAS has submitted a licence application for the 

construction of a surface repository for the disposal of radioactive waste in the 

municipality of Dessel (Belgium) to the competent authority FANC (Federal Agency 

for Nuclear Control). Disposal means the emplacement of radioactive waste in a 

facility without the intention of retrieval. The FANC has asked additional 

clarifications and supplements to this licence application. In response, on February 

4th 2019, ONDRAF/NIRAS has submitted the completed application file in order to 

continue the licensing procedure.  

Note that the licensing procedure is stipulated in the GRR-2001 (General 

Regulations for the protection of the workers, the population and the environment 

against the hazards of ionizing radiations, laid down by Royal Decree from July 20th 

2001). The GRR-2001 transposes the obligations resulting from article 37 of the 

Euratom Treaty into Belgian Law. 

0.2 Objective and structure of this report 

Article 37 of the Euratom Treaty stipulates that each Member State must provide 

the Commission with general data relating to any plan for the disposal of 

radioactive waste in order to determine whether the implementation of such plan is 

liable to result in the radioactive contamination of another Member State. According 

to the Commission Recommendation 2010/635/Euratom, the general data should 

be submitted after the plan for disposal of radioactive waste is firmly established.  

The objective of this report is to provide to the Commission the information for the 

planned repository in Dessel, as required under article 37 of the Euratom Treaty.  

The report is structured according to Annex IV of the Commission Recommendation 

2010/635/Euratom and contains the following topics: 

 The site and its surroundings (Chapter 1) 

 The repository (Chapter 2) 

 Release from the installation of airborne radioactive effluents in normal 

conditions (Chapter 3) 

 Release from the installation of liquid radioactive effluents in normal 

conditions (Chapter 4) 

 Disposal of solid radioactive waste from the installation (Chapter 5) 

 Unplanned releases of radioactive effluents (Chapter 6) 

 Emergency plans, agreements with other Member States (Chapter 7) 

 Post-closure period (Chapter 8) 

 Environmental monitoring (Chapter 9). 
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Disposal site for 
category A waste 

0.3 Class and types of waste 

The radioactive waste to be disposed of in the surface repository falls in the 

category of low level waste in accordance with the current IAEA waste classification 

scheme, i.e. waste with limited amounts of long lived radionuclides that is suitable 

for disposal in engineered near surface facilities (§2.2 in [1]).  

The Belgian waste classification scheme is based on previous IAEA waste 

classification schemes (e.g. [2]). Under the Belgian classification scheme, the 

radioactive waste to be disposed of in the surface repository is category A waste. 

Category A radioactive waste is defined as low and intermediate level short-lived 

waste that can be disposed of in a specifically designed surface disposal facility. 

Low level waste has a contact dose rate of less than 5 mSv.h-1. Intermediate level 

waste has a contact dose rate between 5 and 2000 mSv.h-1. Short-lived waste 

mainly contains radionuclides with half-lives < 30 a and has restrictions on the 

activity of long-lived radionuclides with half-lives ≥ 30 a, such that the waste is 

compatible with surface disposal. All waste is solid, or has been solidified.  

The waste contains clothing, paper and plastic from the controlled zones, filters and 

liquid wastes from laboratories and reactor circuits, used ion-exchange resins and 

ventilation filters, etc that are further treated and conditioned. The waste will also 

contain decommissioning waste resulting from the decontamination and dismantling 

of nuclear buildings, reactors and particle accelerators, etc. 

The already produced conditioned waste is currently stored on the site operated by 

Belgoprocess in Dessel, adjacent to the future disposal site. 

An overview of the path followed by category A waste is given in Figure 1. 

 

Figure 1: Path followed by category A waste.  
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0.4 General presentation of the repository  

A surface repository for the disposal of category A radioactive waste is planned in 

the municipality of Dessel, Belgium. Dessel is situated in Flanders in the northern 

part of Belgium at about 60 km east of Antwerp and 11 km from the border with 

The Netherlands. 

The repository in Dessel will be operated by ONDRAF/NIRAS, the Belgian National 

Agency for Radioactive Waste and Enriched Fissile Materials.  

The planned repository is an engineered surface disposal type facility. First, the 

waste is placed inside a concrete caisson and subsequently backfilled with mortar, 

resulting in a monolith. Subsequently, these monoliths are placed inside concrete 

vaults, called ‘modules’, constructed on the ground surface. 

Monoliths will be produced in the centralised facility for production of monoliths 

(IPM), operated by Belgoprocess in Dessel adjacent to the disposal site, and in 

facilities of major waste producers (sites of Doel and Tihange). The centralised 

facility for production of monoliths is currently under construction on the nuclear 

site operated by Belgoprocess. 

After their production, monoliths will be transported to the modules with a trolley 

and placed inside the modules with a bridge crane. Both the trolley and the bridge 

crane are remotely commanded from the control room in the administrative 

building, situated at the southern part of the disposal site (Figure 2).  

The administrative building is the main access point to the disposal site. Other 

infrastructure on the disposal site contains the modules in which the monoliths are 

disposed of, the water collection building, tracks for the trolley, roads, a technical 

building that contains the power supply and replacement parts, a work place where 

the trolley can be maintained and infiltration basins. 

A total of 34 modules are foreseen, divided into two zones of respectively 20 (two 

rows of 10) and 14 (two rows of 7) modules (Figure 3). The repository is designed 

such that it can accommodate all category A waste currently in storage (production 

since 1981) and currently foreseen in Belgium. 

The modules are emplaced in two parallel rows. A central inspection gallery is 

situated between the two rows of modules (Figure 4). The inspection gallery is 

connected to inspection rooms situated at the lower part of each module (Figure 4). 

In the inspection rooms and inspection gallery, there is a drainage system allowing 

the detection and monitoring of percolating water, although percolating water is not 

expected during normal operations. The inspection rooms allow visual inspection of 

the drainage system underneath the modules. Inspection equipment is used as 

inspection rooms are not physically accessible. At end of the inspection gallery, 

there is a water collection building where the water from the drainage system is 

collected.  
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Figure 2: Overview of the disposal site with the first 20 modules in operation. 

 

 

Figure 3: First zone with 20 modules and second zone with 14 modules. 

 

During disposal operations, all modules are covered by a fixed steel roof. The roof 

provides protection against weather conditions (Figure 4).  

When all waste is disposed of (estimated at ~50 years after the start of the 

disposal operations), the fixed roof will be replaced by a cover (Figure 5), which is 

made of concrete and earth materials. The cover prevents water seepage into the 

modules and in particular its earth materials protect the underlying concrete 
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components against extreme temperatures and atmospheric carbonation. After the 

cover is installed, the two zones of 20 and 14 modules are called tumuli. 

Between 50 and 95 years, monitoring of the drainage systems and of the inspection 

rooms will continue. Closure between 95 and 100 years involves dismantling (part 

of) the drainage system and backfilling the inspection rooms and gallery. 

 

 

Figure 4: Schematic view of the modules during waste emplacement (part of the 

components is left out, in order to show the various parts of the disposal facility). 

 

 

Figure 5: Schematic view of the repository after construction of the cover. 
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0.5 Present stage of the project, envisaged future 

steps and timescales 

The disposal project is currently undergoing licensing before its construction. In 

order to start the construction, two licences are needed: 

1. A federal nuclear licence according to art.6 of the GRR-2001  

2. A regional environmental licence according to the Flemish Environmental 

Licence Decree (Decree from 25 April 2014). 

After both licences are obtained (current procedures), the construction phase 

starts. After construction and commissioning, a confirmation decree (federal) marks 

the start of disposal operations. 

The different licensing and commissioning steps in the course of the life of the 

repository (construction of cover, closure, release of nuclear regulatory control) will 

be further specified in the federal licence, based on the various phases and 

foreseen activities (Figure 6). The licence will also refer to the safety report in 

support of the federal licence. The facility, operations, material, organisation, 

qualification and training of staff, quality assurance programme and safety systems 

and prescriptions must be in conformity with the safety report. The nuclear safety 

authority FANC must approve updates of the safety report. 

Figure 6 summarizes the current stage of the project and the timescales of the 

various phases. The regional environmental licence is expected in 2020, and the 

federal licence is expected in 2021. The construction of the first modules will take 

about 3 years. It is thus envisaged that operations could start in 2024. 

 

 

Figure 6: Current stage of the project and timescales of the various phases. 
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Disposal of the waste will take about 50 years, after which the cover will be placed. 

Between 50 and 95 years after the start of disposal operations, monitoring of the 

drainage systems and of the inspection rooms will continue. Closure is foreseen 

between 95 and 100 years.  

The operational period consists of the construction phase, the operational phase (0 

– 95 a) and the closure phase (95 – 100 a).  

During the nuclear regulatory control phase, between 100 and 350 years, 

surveillance and monitoring of the cover and of the environment surrounding the 

disposal site will continue, as well as site access restriction. The repository remains 

a regulated nuclear facility until the release of nuclear regulatory control. 
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1 THE SITE AND ITS SURROUNDINGS  

1.1 Geographical, topographical and geological 

features of the site and the region  

 The geographical location of the site  1.1.1

The site is located in the north of Belgium, on the territory of the municipality of 

Dessel, adjacent to the border of the town of Mol. Coordinates: 51°13'N - 5°04'E. 

See Figure 8. 

 Relevant features of the region, including geological 1.1.2

features 

The disposal site is located in the ‘Kempen’ region (the Campine), that stretches 

out over the Antwerp and Limburg provinces in Belgium, and the Noord-Brabant 

province in The Netherlands. The elevation above sea-level of the Campine region 

evolves from 100 m in the east (the Campine Plateau) to 10 m in the west. The 

disposal site has an elevation of approximately +25 m TAW1 (Figure 7).  

 

 

Figure 7: Topography of northern Belgium with the delineation of the Campine 

region (thick black line) and the location of the disposal site (star). The site is 

located in the ‘Nete’ catchment. 

                                           

1 The reference level in Belgium is the TAW level, which stands for Tweede Algemene 
Waterpassing. The reference is a point in Ukkel with a given fixed level based on the First 

General Levelling, in which zero level corresponds to the mean sea level of low tides 
measured at Oostende between 1834 and 1853. The Second General Levelling took place 
between 1947 and 1968 and was repeated in 1981-2000. 
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Figure 8: Location of repository. The square (not to scale) indicates the position of the surface repository. 
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Figure 9: Detailed topography of the interfluve between the Kleine/Witte Nete and 

the Breiloop. Structures resulting from human intervention in the landscape are 

visible (agricultural plots, mining pits, canals, roads, buildings, etc.). The disposal 

site (indicated by a red pentagon) is located at a topographically high level of +25 

m between the valleys of the Witte Nete (north) and the Breiloop (south). White 

areas are water surfaces. 

 

The disposal site is located in the interfluve between the Kleine Nete/Witte Nete in 

the north and the Breiloop, a tributary of the Kleine Nete, in the south (Figure 9). 

North and south of the interfluve lay the small valleys of the Kleine/Witte Nete 

(+20 m) and the Breiloop (+23 m) (Figure 9). The Kleine Nete has already incised 

deeper than the Breiloop. 

The site is located near several artificial watercourses. An overview of the canal 

network is provided in Figure 10. The Bocholt-Herentals canal (no. 2 in Figure 10) is 

located approximately 350 m south of the disposal site. Most transport of materials 

to be used for the construction and operation of the repository will take place via 

the canal. The canal connects the Zuid-Willemsvaart in Bocholt to the Albert Canal 

(no. 1) in Herentals. The Dessel-Turnhout-Schoten canal (no. 3 from Antwerp 

(Schoten) over Turnhout to Dessel where it crosses with the Bocholt-Herentals 

canal) is located at a minimum distance of 6 km from the site, towards the east. 

The Bocholt-Herentals and Dessel-Turnhout-Schoten canals are navigable for ships 

of up to 600 tonnes. The Albert Canal (approx. 13 km south of the site) is navigable 

for ships of over 2,000 tonnes.  

In the surroundings of the site, there is a well-developed traffic infrastructure with 

a dense road network, the Bocholt-Herentals canal and the Antwerp-Mol-Hasselt 

railway line.  

Breiloop 

Witte Nete 

Canal Bocholt - Herentals 

Kleine Nete 
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In the region of the disposal site there is a significant amount of human activity. In 

the broad region of the disposal site, industrial activity mainly consisting of 

(petro)chemical and metal industry, has been developed along the Albert Canal (for 

industrial activities directly around the site, see further §1.6.1). The region is 

characterised by a low level of self-sufficiency, except for the industrial production 

of potable groundwater. 

The site is situated in the Campine basin, a sedimentary basin in which generally 

speaking large scale structural elements are absent. Soils at the site location are of 

the ‘podzolic’ type. Quaternary sediments are of Weichselian age and are composed 

of fluvial deposits covered by eolian sands and land dunes.  

 

 

Figure 10: Overview of the canal network in the surroundings of the future disposal 

site in Dessel (orange oval).  

 

 Anticipated changes in geography and topography over 1.1.3

the time period considered for the assessment of post-

closure impact 

The current landscape was sculptured by the intermittent glacial and interglacial 

periods, resulting in incision and infilling phases of the river valleys. As the disposal 

site is situated on the interfluve of the Kleine Nete and Breiloop, from a 

geomorphological viewpoint, its location is assumed to be stable since more than 

10,000 a. In the current conditions, the erodibility of the interfluve is very small 

due to the strong soil cohesion (vegetation, podsolisation and near surface 

groundwater levels). The Campine region seem to be subjected to subsidence with 

an estimated value between 0.25 and 0.50 mm a year. 
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Possible changes in human geography in the long-term might also include changing 

the course of the canals or e.g. filling in of the canal Bocholt-Herentals. As the 

canal Bocholt-Herentals influences the local groundwater flow, the effect of such 

action is analysed for the post-closure safety assessment. 

 Location of other such installations in relation to the 1.1.4

repository 

There are no other disposal installations near the planned surface repository in 

Dessel. 

However, the production of monoliths will be carried out by the ONDRAF/NIRAS 

subsidiary company Belgoprocess on the adjacent “site 1” bordering the east side of 

the disposal site. Belgoprocess already operates facilities for waste processing and 

conditioning, as well as facilities for interim storage of radioactive waste on site 1. 

Discharges from the production of monoliths and the disposal site are considered in 

conjunction (see further §3 and §4). 

 Location of the site with regard to other Member States  1.1.5

Figure 8 illustrates the position of the repository with regard to other Member 

States.  

The distances to the other Member States are given in Table 1. The distances to the 

closest Dutch municipalities together with their populations are given in Table 2. 

The distances to conurbations in other Member States together with their 

populations are given in Table 3. 

 

Table 1: The distances to the other Member States. 

Other Member States Distance to surface repository (km) 

The Netherlands 11 km 

Germany 58 km 

Luxembourg 130 km 

France 114 km 

United Kingdom 250 km 
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Table 2: The distance to the closest Dutch municipalities. 

Municipality Distance to surface repository (km) Population 

Reusel-De Mierden 16 13,011 

Bladel 18 20,140 

Eersel 22 18,886 

Bergeijk 22 18,399 

Hilvarenbeek 29 15,350 

Valkenswaard 29 30,745 

Goirle 32 23,562 

 

Table 3: The distances to conurbations in other Member States. 

Country Conurbation 
Distance to surface 

repository (km) 
Population 

The Netherlands 
(anno 2018) 

Amsterdam 127 859,732 

Rotterdam 86 641,326 

Utrecht 96 349,234 

Nijmegen 87 176,162 

Breda 45 150,640 

Tilburg 37 195,535 

Eindhoven 36 229,637 

Germany  
(anno 2016) 

Köln 135 1.06 million 

Bonn 153 318,809 

Duisburg 119 491,231 

Dusseldorf 118 612,178 

Aachen 86 245,885 

Luxembourg  
(anno 2017) 

Luxembourg 
194 114,303 

France (anno 2016) Paris 327 2.2 million 

UK (anno 2016) London 362 8.7 million 
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1.2 Geology and seismology  

 Geological setting 1.2.1

The deposits of the Campine basin are almost horizontal in the surroundings of the 

site. Down to a depth of ~190 m the local geology is characterised by various 

highly permeable sand layers from the Quaternary and Tertiary periods. Below 

these, there is the Boom Clay layer. 

In geological terms, the sand layers are categorised as Quaternary, and Mol, 

Kasterlee, Diest, Berchem and Voort Formations2 in the surroundings of the 

disposal site (Figure 11). 

Underneath a soil layer of about 1 to 1.5 m, yellow to yellow-brown fine sands with 

varying grain sizes are found, which were deposited during the Quaternary period. 

The main grain size fraction of these sands is 100-250 µm. 

The Mol Formation in the area is subdivided into an Upper-Mol and a Lower-Mol 

unit. The Upper-Mol sands correspond to the well-known medium to course 

(important grain size fraction of 250-500 µm) quartz sands of the Mol Formation. 

The Lower-Mol sands, on the other hand, have an important grain size fraction of 

100-250 µm, are well-sorted, often have a greyish appearance, and sporadically 

contain very thin clay lenses. 

The Kasterlee Formation is subdivided into a sandy and a clayey unit. The Kasterlee 

Sand is very similar to the Lower-Mol Sands. The difference between both is often 

not clear, and the line between both can sometimes be arbitrary. The Kasterlee 

Clay, on the other hand, can be clearly distinguished based on the large number of 

(up to 10 cm thick) clay lenses, which also have a clear signature on, for example, 

geophysical logs and cone-penetration test (CPT) measurements. The Kasterlee 

Clay is situated at a depth of about 31 m at the disposal site (Figure 11). 

The Formation of Diest consists of the Dessel and Diest Sands layer. The top layer 

of the Diest Sands is clayey. The Diest Sands are characterised by green and 

brown, medium to coarse glauconiferous and iron containing sand. The Dessel 

Sands, which form the lower part of the Diest Formation, are dark green, very fine, 

micaceous and glauconiferous. The thickness of the Diest Formation is more than 

90 m at the disposal site. 

The Berchem and Voort Formations have a limited influence.  

 
 

 

                                           

2 Stratigraphically, the Voort Formation belongs to the Paleogene. 
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Figure 11: Regional conceptual geological and hydrogeological model, with an 

illustration of local phenomena and indicative depths. (A) East-west section. (B) 

North-south section. For hydrogeology, see further §1.3. 
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 Seismotectonic setting and earthquake catalogue 1.2.2

The dominant structural feature is the Roer Valley Graben system, a part of the 

Lower Rhine Graben that crosses the bordering region between Belgium, Germany 

and The Netherlands. The geological map shows the presence of several faults 

some kilometres east of the site, some of them reaching the earth’s surface.  

Outliers of the Roer Valley Graben fault system are situated about 10 km to the 

east of the site (Figure 12). The Rauw-Poppel fault system forms the transfer zone 

between the Feldbiss and Rijen faults.  

 

 

Figure 12: The active faults of the Roer Valley Graben with the Peel fault forming 

the northern border and the Feldbiss – Rijen at the southern border of the graben. 

The location of the disposal site is marked by the yellow diamond. 

 

A paleoseismic investigation on the Rauw fault was performed by means of a trench 

in order to try to determine its activity level. The long term movement is estimated 

to be 3 mm per 1,000 a, with peaks of up to 24 mm per 1,000 a. The Rauw fault is 

characterised by active periods of some hundred thousand years with earthquakes, 

followed by dormant periods of some million years. Since approximately half a 

million years, the Rauw fault has been in a dormant state and thus no seismic 

activity resulting from this fault has been observed. 

Seven earthquakes with M ≥ 5.0 occurred in the Lower Rhine Graben since 1350. 

The most significant had a magnitude M ~ 5 ¾ and affected the region of Düren in 

Germany on 18 February 1756. More recent strong earthquakes occurred on 14 
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March 1951 near Euskirchen in Germany (M = 5.3) and on 13 April 1992 in 

Roermond, the Netherlands (M = 5.3). 

To the west of the Roer Valley Graben, there is also seismic activity in the north of 

the Belgian Ardennes and in the Eifel Mountains in Germany. The most significant 

event of the whole region is the M = 6 ¼ earthquake that occurred on 18 

September 1692 near the city of Verviers. 

The primary data for the evaluation of seismic activity are provided by the 

earthquake catalogue of the Royal Observatory of Belgium, hereafter named ROB 

catalogue. Similar to most other seismic catalogues in the world, the ROB catalogue 

is heterogeneous, as it is based on the analysis of two different types of data: 

 Historical data: concern the period from about 1350 to 1910, for which only 

local reports about damage and felt effects (i.e. intensity) of earthquakes 

are available (“macroseismic” observations). 

 Instrumental data: concern the period from 1911 onward, the year 

continuous seismic recordings in Belgium started, to the present day. For 

earthquakes during this period both intensity data (from macroseismic 

enquiries with the local authorities and, since 2000, on the internet) and 

seismic recordings are available. 

The ROB catalogue contains 1714 earthquakes [3]. Figure 13 shows a map of their 

epicentres. Most activity is situated to the east and south of Dessel. 

 

 

Figure 13: Epicentre map. Colours indicate the magnitude scale: Moment magni-

tude (MW, red), surface-wave magnitude (MS, green), local magnitude (ML, blue). 
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 Probabilistic Seismic-Hazard Assessment 1.2.3

In order to evaluate the seismic risk at the disposal site, a probabilistic seismic-

hazard assessment of the site has been conducted by the ROB [3], with the 

objective to determine the design response spectra at the surface. 

This has resulted in two design-basis earthquakes, with return periods of 1,225 and 

8,575 years. The surface spectra are given in Figure 14 and Figure 15. These 

constitute the probable maximum seismic activities on the site. 

 

Figure 14: Design surface spectra for different damping values and for a return 

period of 1,225 years. 

 

Figure 15: Design surface spectra for different damping values and for a return 

period of 8,575 years. 
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 Geotechnical characteristics 1.2.4

Based on the results of the field investigations and on the geotechnical profiles, a 

subdivision of the subsoil in geotechnical units was made [4].  

The following five main geotechnical units are (Table 4):  

 Unit QS: Loose to medium-dense sand with organic material (soil, 

Quaternary fine yellow/yellow-brown cover sands) to a depth of on average 

1.2 m below surface. This layer together with the vegetation on top of it will 

be partially or completely excavated at the start of the construction of the 

repository.  

 Unit MS: Medium-coarse to coarse white sand of the Mol Formation and 

yellow quaternary sands. The average depth is from 1.2 m to 5.7 m below 

surface.  

 Unit BS1, BS2, BS3: Dense, fine sands of the Mol Formation and of the 

Kasterlee Formation. Subunit BS1 is found at between 5.7 m and 10 m 

below surface. The subunits BS2 (depth from 10 m to 22.9 m) and BS3 

(depth from 22.9 to 28.3 m) are slightly glauconiferous. Subunit BS3 is 

more clayey than the other two subunits.  

 Unit TL1, TL2: Alternation of lenses of sandy clay and medium-dense to 

locally dense clayey sand (transition layer between the overlying sand of the 

Kasterlee Formation and the underlying Diest Formation). The subunit TL1 is 

sandier than layer TL2 and is not observed at every location. The average 

depth of subunit TL1 is from 26.9 m to 30.3 m. Subunit TL2 is found 

between 30.2 m and 35.4 m below surface.  

 Unit DS1, DS2: Dense, glauconite-containing sand of the Diest Formation. 

Subunit DS1 contains medium to fine sand and ends on average at a depth 

of 57.7 m below surface. Subunit DS2 is in general coarser grained and 

proceeds to depths of more than 125 m below surface.  
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Table 4: Values for the most significant geotechnical parameters necessary for settlement calculations on the disposal site. Symbols 

used: qc = point resistance, Rf = friction ratio, γabove = weight density above the groundwater table, γbelow = weight density below the 

groundwater table, φ’ = angle of friction, c’ = cohesion, E = Young’s modulus, C = compression constant, k = hydraulic conductivity. 
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 Soil liquefaction 1.2.5

The possible influence of seismic loads on liquefaction and dynamic settlements was 

studied [5]. Calculations demonstrate that, even though the risk of liquefaction is 

not zero, shallow liquefaction will not occur under the first tumulus for the return 

periods used in the assessment. The probability of deep liquefaction occurring at 

the disposal site is higher but this has no impact on the surface structures. Dynamic 

settlements (post-liquefaction and in unsaturated soils) are negligible. 

 Surface processes (landslides and erosion)  1.2.6

The sensitivity to water erosion is very low in the region, i.e. the interfluve where 

the site is located and the broader Nete catchment. This can be explained by the 

region's relatively small variation in relief (low slopes), the relatively permeable 

subsoil, which mainly consists of sand, and the stability of the soil as a result of 

podsolisation and vegetation. 

 Anticipated changes in geology over the time period 1.2.7

considered for the assessment of post-closure impact 

No changes in geology are anticipated over the time period considered for the 

assessment of post-closure impact. 
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1.3 Hydrology and hydrogeology  

 Regional and local water tables and their seasonal 1.3.1

variations 

The groundwater system at the Dessel site belongs to the regional hydrogeological 

system of the Nete catchment (Figure 7). Within the Nete catchment, groundwater 

flow originates mostly from atmospheric infiltration and to a lesser extent from 

external sources represented by the canals transporting water across the natural 

boundaries. Meteoric water infiltrates to feed the groundwater that is drained by 

drains and rivers. 

The underground of the site is defined by a sequence of hydrostratigraphic units 

formed by sandy to clayey sediments (see §1.2.1). In the various layers from the 

Quaternary and Tertiary periods above the Boom Clay, the Neogene Aquifer is 

situated. In the surroundings of the disposal site, the Neogene aquifer is further 

subdivided into (see §1.2.1, Figure 11): 

 The ‘Upper Aquifer’ above the Kasterlee Clay, situated in the Quaternary, 

Mol and in the Kasterlee Formation.  

 The ‘Lower Aquifer’ below the Kasterlee Clay, situated mainly in the Diest 

Formation.  

A regional piezometric network, which covers the northeast of Belgium, 

progressively grew from 1981 to comprise now 46 locations with a total of about 

150 piezometers. On the disposal site and its immediate vicinity, a local piezometer 

network was installed from 2000 onwards in about 100 locations with a total of 

about 120 piezometers. The piezometric levels are measured by SCK•CEN on a 

monthly basis [6]. Based on these measurements it is concluded that the Neogene 

aquifer has water levels closely related to the topography and hydrography.  

On the site, the average groundwater table depth in summer (April-September) is 

1.56 m, and in winter (October-March) 1.38 m [7]. 

The groundwater level fluctuates as a result of changes in infiltration. The 

piezometric levels fluctuate within a range of approximately 1 m at the location of 

the disposal site. Further to the north, further from the Bocholt-Herentals canal, 

this increases to 1.5 m. Towards the south, closer to the Bocholt-Herentals canal, 

the range decreases, and immediately next to the canal only a few tens of 

centimetres remain.  
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 Groundwater flow direction and velocity, water 1.3.2

discharge and extraction points 

The water divide line between the catchments of the Kleine/Witte Nete and the 

Grote Nete is located a few kilometres south of the canal Bocholt-Herentals (Figure 

16 and Figure 17). The disposal site is located in the infiltration area of the 

Kleine/Witte Nete. 

The general flow directions in the upper aquifer above the Kasterlee Clay are mainly 

oriented north and northwest (Figure 16). Below the Kasterlee Clay, the 

groundwater flows in a northwest direction (Figure 17). The Kasterlee Clay reduces 

the impact of the surface water, mainly rivers, on the groundwater levels of the 

lower aquifer. As a result, groundwater flow in the lower aquifer is more uniform 

than in the upper aquifer. 

The groundwater flow across the Kasterlee Clay in the areas where downward flow 

occurs (infiltration areas) and where upward flow occurs (wetlands) is shown in 

Figure 18. The latter areas are located near the main watercourses. The infiltration 

areas are located centrally and to the south within the modelling area, towards the 

water divide line, and in the area between the larger watercourses, where the local 

groundwater accumulation results in a downward hydraulic gradient. 

Groundwater velocities (Darcy flux) were estimated by means of a hydrogeological 

model and were also measured in the field by means of dilution tests (point dilution 

method), performed in specific piezometers. The best estimate values of the 

groundwater velocities on the site and its immediate surroundings are about 10 to 

30 m.a-1 [8]. 

In the province of Antwerp, the water utility PIDPA has approximately 300 

production wells in 25 production areas. The production of groundwater by PIDPA 

approximates 64  106 m3 on an annual basis. Most water is extracted from the 

aquifer in the formations of Diest, Berchem and Voort.  

In the vicinity of the Dessel site, there are several groundwater production wells 

owned by PIDPA. An overview of the different water production centres and the 

water extraction points in the eastern region of the province of Antwerp is shown in 

Figure 19.  

Farmers in the region also have water wells for private use, and mostly for watering 

livestock (fewer applications of irrigation) from water in the upper aquifer. 
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Figure 16: Calculated groundwater levels and flow directions in the upper aquifer 

(above the Kasterlee Clay) [9]. 

 

 

Figure 17: Calculated groundwater levels and flow directions in the lower aquifer 

(below the Kasterlee Clay) [9]. 

Disposal  
site 

Disposal  
site 
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Figure 18 : Comparison between calculated and observed hydraulic gradient across 

the Kasterlee Clay. Negative values indicate an upward flow [9]. 

 

Figure 19: PIDPA activities in the province of Antwerp:  water production centre ; 

 water extraction point (satellite centres);  water tower (in service);  water 

tower (out of service);  water pressure booster stations;  registered and 

exploitation Office;  information centre. The location of the disposal site has 

been indicated (orange diamond) [10]. 

Disposal  
site 
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 Existing and projected major water users, location of 1.3.3

the repository with respect to potential potable aquifers  

The Neogene Aquifer under the disposal site contains potential potable water.  

The northeast of Belgium is an important groundwater basin. Industrial production 

of drinking water is carried out at large scale. 

The closest groundwater production centre is situated in Mol with seven production 

wells in a production centre at about 4-5 km east of the disposal site (Figure 19).  

In the municipality of Westerlo (at the southwest of Geel and Mol), water from the 

Diest formation is pumped from a depth of approximately 60 m, and supplies 

drinking water in the region of Dessel and Mol. The iron content of water from this 

aquifer is high and the water needs deionisation treatment before being suitable for 

human consumption. Also in Balen and Oud-Turnhout, water production centres are 

present (Figure 19). 

Small rivers like the Witte Nete are not used for the preparation of drinking water 

but larger rivers like the Kleine and Grote Nete may be, since river water is also 

responsible for recharging the groundwater. Some canals are not only used for 

transport and irrigation, but can also serve as a drinking water resource for the 

region of Antwerp. Water from the Albert canal (Figure 10) is used to artificially 

recharge the aquifer. 

 Surface water bodies 1.3.4

The disposal site is located in the interfluve between the Kleine Nete/Witte Nete in 

the north and the Breiloop, a tributary of the Kleine Nete, in the south (see §1.1.2).  

The Bocholt-Herentals canal is located approximately 350 m south of the disposal 

site. The Hooibeek runs along the southern border of the site. It feeds the canals 

and ponds of the Provincial Domain Prinsenpark with water from the Bocholt-

Herentals canal (Figure 20).  

Numerous ponds are found along the Witte/Kleine Nete. These ponds are fed by the 

groundwater. Some of the ponds originated as a result of peat cutting, but others 

were built in recreation areas. 

East of the disposal site there are various sand mining quarries, some of which are 

still active. In Dessel, opposite the Belgoprocess site, sand mining is planned to 

continue until 2049. At that time, the maximum size of the sand pit will be reached. 
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Figure 20: Local surface water bodies and the location of the river water-level measurement points (limnigraphs). 

Prinsenpark 
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 Average, maximum and minimum water flows  1.3.5

Water level and discharge water courses are measured at 5 locations (Table 5). 

Table 5: Average, minimum and maximum water levels (TAW) and discharge for 

the measurement points in the Hooibeek and the Kleine Nete. 

Location 

Water level (m) Discharge (m³.s-1) 

Mean Min Max Mean Min Max 

Kleine Nete 16.51 16.03 17.74 1.73 0.026 9.26 

Witte Nete  19.50 19.34 20.16 0.67 0.09 8.87 

Hooibeek (inlet canal, upward) 24.84 24.42 25.05 
0.08 0 0.155 

Hooibeek (inlet canal, downward) 24.41 24.06 24.62 

Hooibeek (inlet Prinsenpark) 24.07 23.95 24.15 0.044 6.5 10-5 0.116 

 

 

 Chemical composition of groundwater 1.3.6

Table 6 shows the hydrochemistry of the different aquifers present in the 

subsurface of the disposal site. An important feature of the groundwater 

geochemistry is the increase in pH (by three orders of magnitude) and alkalinity 

(expressed as mg HCO3
-/L; increase is almost an order of magnitude) starting from 

the Upper Mol unit down to the Berchem Sands (Table 6). Total inorganic carbon 

values follow the same trend. They increase from about 7 mg/L carbon for the 

Upper Mol Sands to about 37 mg/L carbon for the Berchem Sands. 

Water from the Mol Formation is characterised by a strong sulphate component, 

which corresponds to the ‘sulphate type’ water according to the hydrochemical 

classification by Piper. Based on type of cations, most water samples are of the 

sodium (Na) or potassium (K) type, while fewer are from the calcium (Ca) type. 

The water composition in the Diest Formation is rather different compared to the 

upper aquifer. Here, the anions are dominated by bicarbonate (thus of the 

bicarbonate type), while Ca becomes the most important cation (calcium type 

groundwater).  
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Table 6: Total major cation and anion concentrations (in mg.L-1), pH, electrical 

conductivity (EC, μS.cm-1), total inorganic carbon (TIC, mgC.L-1) and total organic 

carbon (TOC, mgC.L-1) for groundwater samples, river water and rainwater (n = 

number of samples; / = not applicable) [7].  

 n pH EC Ca Mg Na K HCO3 Cl SO4 NO3 TIC TOC 

Upper- 
Mol 

6 5.14 232.00 15.15 4.32 18.63 24.73 30.58 31.48 83.35 4.20 3.89 6.04 

Lower-
Mol 

6 6.00 204.83 24.17 7.32 21.39 4.92 41.77 34.25 73.47 0.08 6.72 2.35 

Kaster- 

lee 
2 6.54 82.00 11.82 3.11 6.15 6.30 52.40 5.70 2.76 < 0.05 9.68 < 2 

Diest 12 6.70 141.88 18.57 4.16 8.88 3.38 95.67 10.37 3.41 < 0.05 16.27 2.11 

Berchem 2 8.22 231.50 9.81 4.44 59.56 8.10 203.20 7.20 2.28 0.05 36.89 < 3 

 

 Flood risk and protection of the installation 1.3.7

Figure 21 provides a map showing actual and potential flood risk areas for the local 

scale as identified for the Flemish authorities. The disposal site is not located within 

an actual or potential flood risk area. 

 

 

Figure 21: Overview of actual and potential local flood risk areas. 

 

During the floods of November 2010, the highest level was recorded since the start 

of the measurements (limnigraph on the Kleine Nete in Retie – see Figure 20). This 

level was 20.16 m TAW. At that time, no floods were observed near the disposal 

site. 
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In order to make a more detailed assessment of the risk of flooding in the area of 

the disposal site, ONDRAF/NIRAS commissioned a hydraulic and hydrological 

surface water model [11]. The model comprises the Breiloop and the Hooibeek 

catchments. Flooding was simulated both for the current climate and for an 

extreme climate scenario.  

The results show that the frequency of flooding at the site is lower than 10-7 per 

year. The simulated water levels remain below 24.80 m TAW, which is considerably 

lower than the bottom level of the modules, which is 28 m TAW. 

As an additional scenario, a simulation was carried out to assess the consequences 

of a possible dike breach on the Bocholt-Herentals canal. The simulation was based 

on an initial canal level of 25.5 m TAW, i.e. the current level of the canal. The 

simulated dike breach causes only limited flooding. The simulated maximum water 

level in case of a dike breach on this bank is 25.2 m TAW, which is considerably 

lower than the bottom level of the modules. 

 Anticipated changes in hydrology and hydrogeology 1.3.8

over the time period considered for the assessment of 

post-closure impact 

In the long term, the aquifer system is expected to change. The changes in 

hydrogeology are related to expected changes in climate, geomorphology and 

human activities. These three factors are interrelated, since human activities may 

influence the climate and the geomorphology. The climate, in turn, may influence 

the geomorphology and human activities. 

The groundwater flow is influenced by the infiltration rate. The infiltration rate is 

influenced by the climate. Throughout the period relevant for the assessment of 

long-term safety, after the closure of the disposal facility, we expect a subtropical 

climate situation (see also §1.4.4). Regional infiltration is expected to decrease. 

As a result of the decrease in regional infiltration, a slower groundwater flow is 

expected in case of climate changes. Generally speaking, in future climate 

conditions water table in the surroundings of the site will become lower as a result 

of the reduced infiltration. This lowering of the water table will lead to a southward 

move of the water divide line, which will accentuate the northward flow.  

Possible human actions might include changing the course of the canals or, for 

example, filling in of the canal Bocholt-Herentals. As the canal Bocholt-Herentals 

influences the local groundwater flow, the effect of such action is analysed for the 

post-closure safety assessment. 

The geometry of the current river network is the result of human activity. 

Originally, the rivers in the surroundings of the site meandered more. The 

integrated water policy of the Flemish Government envisages a return to a more 

natural situation, including meanders. 
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In Dessel, opposite the site operated by Belgoprocess, sand mining is planned to 

continue until 2049. At that time, the maximum size of the sand pit will be reached. 

A simulation of the groundwater flow for the maximum size of the sand pit has 

shown that there is no significant impact on the Witte Nete where the conditions of 

the local groundwater model are defined (§5.4 in [8]). No significant impact on the 

groundwater table, flow rate and flow direction is expected in the immediate 

surroundings of the repository. 

Further to the east, the sand pits on the boundary between Mol and Lommel have a 

significant impact on the local hydrogeology. Therefore, the possible future impacts 

of the sand mining activities on the local hydrogeology have been studied. The 

conclusion is that the possibly affected area (change in groundwater levels) is 

located beyond the eastern boundary of the local groundwater model (along the 

Witte Nete). 

Other possible human actions relate to changes in land use. Changes in land use 

can lead to changes in the regional infiltration, as they typically change the 

proportion between run-off, evapotranspiration and drainage. The impact on the 

groundwater flow appears to be limited. 

Also, human actions could lead to groundwater extraction wells with a high output. 

Such wells have a local impact on the flow field. The draw down effect around the 

well leads to greater gradients, which can, in turn, increase the groundwater flow 

rate. The increased flow rate can even increase the dilution, if the well is located 

downstream of the repository. 

For the Dessel site, no major effect is expected in case of significant groundwater 

extraction (§5.2 in [8]). In the upper aquifer, wells with a large output are unlikely. 

There are limited changes in the groundwater flow rate and flow direction below the 

repository as a result of pumping. 

 

1.4 Meteorology and climate  

 Wind directions and speed, atmospheric dispersion 1.4.1

conditions 

The compass card of wind direction in Figure 22 was established on the basis of two 

series of measurements conducted by SCK•CEN near the disposal site. The 

prevailing wind directions are south (12.9%), south-southwest to southwest 

(17.4%), and southwest to west-southwest (13.6%). 

The average wind speed is 3.3 m.s-1. The atmospheric stability and wind speed data 

at the SCK•CEN site are given in Table 7. 
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Figure 22: Compass card of wind direction in the surroundings of Dessel at a height 

of 24 m (observation periods 1964-1983 and 1998-2008). The frequency is shown 

per 1000 (‰).  

 

 

Table 7: Atmospheric stability and wind speed data at the SCK•CEN site for the 

period 2015-2017 at a height of 24 m. As there is no Pasquill equivalent for the 

class 'strong wind', this is classified under stability class 'D' because this class 

represents the highest wind speeds.  

Bultynck-Malet 
stability class 

Description Frequency 
[%] 

Average wind 
speed [m.s-1] 

Equivalent Pasquill 
stability class 

E1 Very stable 25.9 2.2 G, F 

E2 Slightly stable 34.3 3.5 F, E 

E3 Neutral 18.4 4.6 E, D 

E4 Slightly unstable 13.7 3.6 D 

E5 Moderately unstable 6.4 2.3 C 

E6 Very unstable 0.8 1.6 B, A 

E7 Strong wind 0.6 8.9 ‘D’ 

Average wind speed  3.3  
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 Precipitation and temperature 1.4.2

Precipitation data in the vicinity of the site is provided in Table 8. In the winter, 

snowfall is possible, but its occurrence is limited. On average, there are 15 days of 

snowfall in the low-lying part of Belgium and the layer of snow is usually not more 

than a few cm thick. A snow thickness of more than 35 cm has never been recorded 

during the last 120 years.  

The sand rich soils of the Campine region have the effect that temperatures are 

about half a degree warmer during summers compared to Ukkel (Royal 

Meteorological Institute of Belgium). Temperatures of the region are provided in 

Table 8.  

 

 

Table 8: Precipitation and temperature in the period 1990-2009 in the vicinity of 

the site. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Average 
precipitation 

(mm) 
74.3 71.2 65.2 48.0 58.1 79.2 95.5 74.5 76.5 75.3 84.9 87.5 890.3 

Maximal 
precipitation 

(mm) 
159.0 153.5 144.4 132.1 118.6 158.2 192.0 224.3 247.8 184.0 148.1 189.3 1,169.4† 

Minimal 
precipitation 

(mm) 
5.4 17.2 6.8 0.0 16.0 28.7 36.6 16.6 9.1 15.8 40.0 34.8 616.4† 

Average  

temperature 

(°C) 
3.6 4.2 6.8 9.9 13.9 16.3 18.3 18.1 14.8 11.0 6.7 3.6 10.6 

Average max. 

temperature 

(°C) 

5.7 6.7 10.6 14.1 19.1 21.0 23.7 23.8 19.6 15.5 9.6 7.1 14.7 

Average min. 

temperature 

(°C) 

-0.2 -0.4 2.3 4.1 8.3 11.4 13.4 12.7 9.9 7.0 3.1 1.6 6.1 

†  maximum/minimum for a particular year. 
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 Extreme weather phenomena 1.4.3

For Dessel, extreme amounts of precipitation were estimated by the Royal 

Meteorological Institute of Belgium (RMI). Intensity-duration-frequency curves (IDF 

curves) were drawn up (Table 9). The IDF curves show, for instance, that 215.4 

mm of precipitation or more over a period D of 30 days may occur every T = 10 a.  

Based on observations for Belgium over the period from 1900 to 2008, the 

frequency of hails causing damages on a small, local scale is about 1 event every 

2 a. 

In Belgium, tornadoes occur from time to time, but these are weak tornadoes, 

which are usually called whirlwinds. Based on observations over the period from 

1982 to 2000 by the RMI, the frequency for whirlwinds that cause damage in 

Belgium is 3 to 4 times per year. However, their extent is small (a few tens to a few 

hundreds of meters), so they remain a very rare event on a local scale. The most 

devastating tornadoes recorded in our country in the 20th century were those of 

Oostmalle (1967) and L’église (1982), where gusts of wind of up to around 70 m.s-1 

(~250 km.h-1) were reported. The probability of being hit by such a tornado is 

around 10-7 a-1.  

 

Table 9: Intensity – Duration – Frequency relation for Dessel, extreme rainfall 

(mm) estimated for several return periods (T) and several durations (D). 

         T 
D 

2 m 3 m 6 m 1 a 2 a 5 a 10 a 20 a 30 a 50 a 100 a 200 a 

10 Min 3.0 4.3 6.4 8.6 10.7 13.5 15.6 17.7 18.9 20.4 22.4 24.4 

20 Min 4.4 6.0 8.9 11.7 14.5 18.2 20.9 23.6 25.2 27.2 29.9 32.6 

30 Min 5.3 7.2 10.4 13.6 16.8 21.0 24.1 27.3 29.1 31.3 34.4 37.4 

1 Hour 6.9 9.2 13.1 16.9 20.7 25.7 29.5 33.2 35.3 38.0 41.7 45.3 

2 Hour 8.6 11.2 15.6 20.0 24.3 30.0 34.2 38.4 40.9 43.9 48.1 52.2 

6 Hour 11.3 14.3 19.4 24.4 29.4 35.9 40.8 45.7 48.5 52.1 56.8 61.6 

12 Hour 13.3 16.6 22.1 27.6 33.0 40.1 45.5 50.8 53.8 57.7 62.9 68.1 

1 Day 16.0 19.7 25.8 31.9 38.0 45.9 51.9 57.8 61.2 65.5 71.3 77.1 

2 Day 20.0 24.2 31.4 38.5 45.6 54.8 61.7 68.6 72.6 77.6 84.3 91.0 

3 Day 23.3 28.1 36.1 44.1 52.0 62.3 70.1 77.8 82.3 87.9 95.4 102.9 

4 Day 26.4 31.5 40.4 49.1 57.8 69.1 77.7 86.1 91.0 97.2 105.5 113.7 

5 Day 29.2 34.8 44.3 53.8 63.2 75.5 84.7 93.9 99.2 105.9 114.9 123.8 

7 Day 34.4 40.8 51.7 62.5 73.2 87.3 97.8 108.3 114.4 122.0 132.3 142.5 

10 Day 41.5 49.1 61.8 74.5 87.0 103.5 115.8 128.1 135.2 144.1 156.1 168.0 

15 Day 52.5 61.7 77.3 92.7 108.0 128.1 143.1 158.1 166.7 177.6 192.3 206.8 

20 Day 62.8 73.5 91.6 109.6 127.5 150.9 168.4 185.8 195.9 208.6 225.7 242.7 

25 Day 72.6 84.7 105.3 125.7 146.0 172.5 192.4 212.1 223.6 238.0 257.4 276.6 

30 Day 82.1 95.6 118.5 141.2 163.7 193.3 215.4 237.4 250.1 266.1 287.7 309.1 
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 Anticipated changes of climate over the time period 1.4.4

considered for the assessment of post-closure impact 

The IPCC forecast a global temperature rise of 1.8 to 4 °C by 2100 due to global 

warming [12]. Europe would be especially struck by warmer winters and an 

increase in rainfall. In contrast, summers would be dryer than currently. Climate 

would evolve from the present DO-type to a Cr or Cs-type in the Trawartha 

categorisation. This temperature increase will cause a sea-level rise that is 

estimated to amount between 0.18 to 0.59 m by 2090. 

The annual amount of precipitation is also very likely to increase (0-16%) 

throughout most of northern Europe. The greatest increase in the amount of 

precipitation is expected to occur in winter. For summer conditions, not all models 

systematically simulate an increase or decrease, although most models do expect a 

decrease in precipitation south of 55° N. 

There are also indications of changes in wind circulation, which will have an impact 

on precipitation amounts: in winter an increase in precipitation is expected 

(influenced by increasing westerly winds), and in summer generally a decrease 

(more easterly winds). 

It is expected that climate warming will continue into the next century as well, 

although temperatures at the earth's surface will stabilise after a timescale of a few 

hundreds to thousands of years if radiative forcing is stabilised. 

In accordance with the development of a Cs climate in the regions of central 

England and northeast France, as predicted by BIOCLIM based on the B3 and B4 

scenarios3, a climate moderately warmer than at present but with drier summers is 

expected during the entire period of approximately 10,000 a used in the post-

closure impact assessment. 

In order to estimate uncertainties, different scenarios are examined. From a total of 

15 CO2 scenarios considered in BIOCLIM [13], only a few are deemed relevant 

here: 

 In one set of simulations, only natural variations in the CO2 concentration 

are taken into consideration (A3, A4a and A4b). These simulations show 

that, although insolation controls the climate, the CO2 concentration is able 

to strengthen or reduce the continental ice volume variations initiated by 

changes in insolation. According to these simulations, conditions similar to 

the present day (DO conditions) persist for several tens of thousands of 

years, after which temperatures will start dropping. 

 In another set of simulations, the natural CO2 variation is combined with 

several contributions from human activity (fossil fuel, scenarios B1, B3 and 

B4). When taking into account this human influence, a warming is expected 

                                           

3 Natural CO2 variations + low and high contribution of fossil fuels. Both scenarios lead to a 
similar climate evolution. 
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in comparison with the present-day climate. This warming will persist for 

more than 100,000 a. Although water availability through the year is 

expected to remain more or less constant, drier summers are predicted. 

Over the relevant timescales for the post-closure impact assessment, three possible 

climate situations are taken into consideration: 

 Cs climate (subtropical with dry summers) 

 Cs climate with a rise in the sea level 

 DO climate. 

There are indications that a rise in the sea level by 20-25 m in the next 10,000 a 

cannot be excluded, although such a scenario involves significant uncertainties. In 

such case, the coastline would move close to the repository in Dessel. 

A more regional model [14], focusses on temperature, rainfall amounts and 

distribution of these two parameters throughout the seasons. Three different 

scenarios, based on perturbation factors for the current climate, are defined: 

 ‘High/wet’ scenario characterised by wet winters and dry summers 

 ‘Low/dry’ scenario with dry winters and summers 

 ‘Mean’ scenario. 

In order to determine a range of future monthly precipitation amounts for Dessel, 

the defined perturbation factors were applied on the current precipitation and 

temperature in Dessel. The annual averages of these values are given below (see 

Table 10).  

 

Table 10: Projected precipitation and temperature values.  

 Precipitation [mm.year-1] Temperature [°C] 

Month Current  low/dry mean high/wet Current low/dry mean high/wet 

Year  890.3 685.9 826.8 850.2 10.6 12.5 14.0 15.1 
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1.5 Natural resources and foodstuffs  

 Water utilisation in the region 1.5.1

See §1.3.3. 

 Principal food resources in the region and export to 1.5.2

other Member States 

Farms are scattered over the entire region. In the immediate vicinity of the disposal 

site the majority of farm activities concentrate on cattle breeding (milk production).  

There is intensive agriculture in the region. Dairy cattle, and occasionally sheep, are 

kept on the meadows. The meadows are alternated with the cultivation of maize, 

one of the most abundant agricultural crops. This maize is used to feed the cattle 

during the winter period. In the region, beef cattle and pigs are also kept indoors. 

The most important land use classes for the region are maize, potatoes, grass, 

deciduous trees and non-irrigated arable land. A typical rotation scheme is 

potatoes/sugar beet/winter wheat/maize. The majority of the crops cultivated on 

cropland are cereals (approximately 24% on average) and fodder crops 

(approximately 62%). 

Currently, the degree of self-sufficiency in the Dessel-Mol region is rather small. 

This is due to the modernisation of agriculture and the increased importance of the 

service sector within the economy. Regional differences in dietary habits of the 

Belgian population are small. Food consumption habits for adults in Belgium are 

shown in Table 11. The contribution of the natural ecosystem to the diet of the 

population is negligible. Some small game, mostly rabbits, may be hunted and 

eaten. Fishing is practised mainly in ponds and canals. 

About 38% of the Belgian dairy production was exported in 2016 (based on [15]). 

In 2012/2013, about 30% more potatoes have been produced in Belgium than 

consumed [16]. However, only a minor part of the production and export from 

Belgium originates from the countryside near Dessel. 
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Table 11: Average intake [kg.a-1] of the Belgian adult population and Standard 

Deviation (SD). 

 Food intake for adults [kg.a-1] 

 Average SD 

Drinking water [m³.a-1] 0.4386 0.2165 

Diary milk products  77.4 47.5 

Diary milk and milk products (excluding cheese) 57.9 46.3 

Cheese 11.0 6.6 

Fat spread (margarine) 7.7 8.2 

Preparation fat (margarine) 0.8 0.9 

Sheep milk 4.3 n.a. 

Goat milk 0.8 n.a. 

Freshwater fish 6.5 5.0 

Meat 44.1 16.1 

Beef 12.1 n.a. 

Pork 7.8 n.a. 

Mutton/lamb 2.4 n.a. 

Goat 0.02 n.a. 

Poultry 7.0 4.6 

Game and rabbit 1.0 5.5 

Other 13.8 n.a. 

Vegetables 50.5 19.2 

Legumes 2.1 n.a. 

Leafy vegetables 23.7 n.a. 

Non-leafy vegetables 19.4 n.a. 

Root crops 5.3 n.a. 

Potatoes 111.9 53.1 

Cereals and cereal products 48.5 21.6 

Fruit 43.1 30.8 

Eggs 3.7 3.0 

Other 175.6 144.2 

 

 Assumptions made on future population patterns, habits 1.5.3

and food sources  

A 100% self-sufficient farmer family is assumed for the post-closure safety 

assessment. All foods are assumed to grow on land irrigated with water coming 

from a water well at the border of the repository, and similarly to result from the 

watering of cattle with water coming from this water well. Also, all ingested water is 

assumed to be coming from this water well. Current food and drinking consumption 

habits of the Belgian population (Table 11) are assumed for the post-closure safety 

assessment. 
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1.6 Other activities in the vicinity of site 

 Industrial activities and nuclear facilities 1.6.1

Within a radius of 5 km around the disposal site, the following industrial activity is 

prevalent (Figure 23):  

 To the northeast of the disposal site, the installations for the treatment, 

conditioning and storage of radioactive waste, operated by Belgoprocess. 

 Belgonucleaire, located north of the repository. This company produced U 

and Pu mixed oxide fuel for nuclear power plants for 20 years, but this 

activity was stopped in 2006. The facility is now in the decommissioning 

phase, which will last for several years. 

 FBFC International (Franco-Belge de Fabrication de Combustible): company 

that was responsible for the production of fuel for nuclear power plants, and 

for mounting fuel assemblies based on U and Pu. It is located approximately 

1 km northwest of the disposal site. In the spring of 2015, its activities 

ceased. The facility is now in the decommissioning and remediation phase. 

 JRC-Geel: one of the six scientific sites of the European Commission’s Joint 

Research Centre, bringing together multi-disciplinary expertise for 

developing new measurement methods and tools such as reference 

materials, located 4 km southwest of the disposal site. 

 SCK•CEN, the Belgian Nuclear Research Centre, located south of the 

disposal site. 

 VITO, the Flemish institute for technological research, located on the same 

site as SCK•CEN. 

 Electrabel's coal-fuelled power plant, dismantled completely in 2014. Next to 

this is the site of the former Balmatt factory. The soils of this site are being 

remediated by VITO. On the site on which the power plant and the Balmatt 

factory were previously located, VITO is carrying out a geothermal project 

(started during the summer of 2015). 

 An industrial area containing mainly small and medium-sized enterprises is 

located approximately 1 km north of the disposal site.  

 An industrial area is located very near the Antwerp-Neerpelt railway line, 

around 4 km southeast of the disposal site. 

 Sand mining by Sibelco located east of the disposal site. 

Further away, approximately 6.5 km southeast of the site, sits the company AGC 

Flat Glass Europe. Due to the considerable amount of stored hydrogen fluoride 

(highly toxic), this company falls under the Seveso legislation. 

There are plans to expand the industrial area north of the disposal site with small 

and medium-sized enterprises. The FANC has imposed a security perimeter of 200 

m around the nuclear installations for habitation and industrial development.  
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Figure 23: Topographic map of the surroundings of the disposal site (red 

pentagon). Industrial activities: (1) Belgoprocess; (2) Belgonucleaire (activities 

stopped) ; (3) FBFC International (activities stopped); (4) JRC-Geel; (5) SCK•CEN 

and VITO; (6) Balmatt site (geothermal activities); (7) Industrial area; (8) 

Industrial area (9) Sibelco. 

In the surroundings of the disposal site, a natural gas pipeline owned by FLUXYS is 

buried at a depth of 80 cm. There is also a decompression station owned by Fluxys 

outside of the south-eastern corner of the site operated by Belgoprocess 

immediately next to the Bocholt-Herentals canal. There, the pressure is reduced 

from 66.2 barg to 5 barg. The distance from the decompression station to the 

disposal site is approximately 1 km.  

Within a radius of 16 km there are two small airfields without a control tower. 

Above the Mol-Dessel nuclear site an area has been demarcated, within which 

military flights are prohibited. 

 Anticipated evolution of activities over the time period 1.6.2

considered for the assessment of post-closure impact 

For the assessment of the post-closure impact, it is assumed that the neighbouring 

existing nuclear facilities are no longer present after closure of the disposal facility. 

Impacts from future human activities (inadvertently) intruding into the repository 

after the release of nuclear regulatory control are assessed with ‘Human Intrusion 

Scenarios’.  



      

20/09/2019  41 

2 THE REPOSITORY 

2.1 Conceptual approach and design 

 Disposal concept 2.1.1

2.1.1.1 Monoliths and shielding slabs 

The waste is placed inside concrete caissons and subsequently backfilled with 

mortar, resulting in monoliths. Three types of caissons and monoliths are currently 

foreseen (Figure 24): 

1. Type I for waste conditioned in standard 220 or 400-litre packages. 

2. Type II for waste conditioned in larger (older) non-standard packages.  

3. Type III for bulk waste.  

The three monolith types have the same horizontal dimensions: 1.95 m x 1.95 m. 

Type I has a height of 1.35 m, whereas types II and III have a height of 1.62 m. 

Monoliths are covered with 0.30 m thick (fibre reinforced) concrete shielding slabs 

(Figure 25) in order to limit skyshine dose during operations.  

 

 

 

 

Figure 24: Schematic overview of the 3 types of caissons and monoliths.  
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Figure 25: Shielding slab (dark grey) on top of a monolith (light gray). 

 

2.1.1.2 Modules 

Each module can host 936 type I or 780 type II/III monoliths. One layer of 

monoliths consists of 12 x 13 monoliths. Stacks of type I monoliths contain 6 

monoliths, whereas stacks of type II/III monoliths contain 5 monoliths. Stacks are 

placed at a nominal distance of 0.05 m from each other.  

The modules have horizontal outer dimensions of 25.40 m x 27.40 m and a height 

of 11.05 m. The wall thickness is 0.70 m. A schematic view of a module and the 

various components after closure are given in Figure 26. For a schematic view of a 

module during waste emplacement, see Figure 4 in §0.4.  

The modules are constructed on top of a gravel (0.60 m) and sand-cement 

(2.00 m) embankment. Under the gravel, there is a (calcium) bentonite-enriched 

soil layer (0.40 m). 

 

 
 

Figure 26: Schematic view of a module after its closure. 
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During sealing of a module, the 0.05 m space between the monolith stacks is filled 

with fine gravel, and a 0.40 m concrete structural top slab is constructed above the 

shielding slabs. 

2.1.1.3 Inspection gallery and drainage system (0-95 a) 

Between the module rows there is an inspection gallery. Connecting tunnels 

connect the inspection gallery with the inspection rooms. The inspection room has a 

height of 0.6 m and is situated between the foundation slab and support slab, both 

with a thickness of approximately 0.70 m (Figure 26). Between the foundation slab 

and support slab, there are concrete columns (0.75 by 0.75 m). There is a column 

under each stack of monoliths.  

The drainage system inside the inspection rooms and inspection gallery allows the 

detection and monitoring of percolating water (Figure 27). However, percolating 

water is not expected during normal operations. Water is evacuated through the 

inspection gallery towards the Water Collection Building at its eastern end (§0.4, 

Figure 2).  

 

 

 

 

Figure 27: Drainage system principle.  
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2.1.1.4 Fixed steel roof (0-50 a) and cover (>50 a) 

The modules are covered by a fixed steel roof, which provides protection against 

weather conditions. Each module is provided with a large assembly of structural 

steel trusses. The assembly of these trusses will form a building with a length of 

300 m and a width of 60 m. The steel roof is installed on these trusses. The trusses 

also support two mobile bridge cranes inside the building (one for each row of 

modules). The trusses are attached to four concrete pedestals of a module.  

When all waste is disposed of (estimated at ~50 a after the start of the disposal 

operations), the fixed roof will be replaced by a cover. The cover will consist of a 

carefully designed system of concrete and earth materials (Figure 28). It is 

designed to prevent water seepage into the modules and will protect the underlying 

concrete components against extreme temperatures and atmospheric carbonation. 

 

 

  

 

 

Figure 28: Schematic view of the cover. 

 

2.1.1.5 Closure (95-100 a) 

During closure (95-100 a), the inspection rooms and inspection gallery are 

backfilled. The inspection rooms are backfilled with a permeable grout, and the 

inspection galleries are backfilled with sand-cement mixture (Figure 26). 

Also, an anti-bathtub system is installed at the lower part of each module (Figure 

26), in order to avoid any possibility of bathtubbing inside the modules after 

degradation of the disposal system (see §2.1.4). 

 

 

Impervious top slab (fibre-reinforced concrete) (1.5 % slope) 

Side embankments  
(3:1 slope) 

Biological layer (5% slope) 
Bio-intrusion layer (riprap, sand)  
Infiltration barrier (clay, geosynthetic-clay-liner)  
Drainage layer (sand) 

Floating slabs 
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 Design criteria for natural phenomena 2.1.2

In order to determine the events of external origin to be taken into account in the 

design, an analysis was carried out based on the guideline issued by the FANC [17]. 

The resulting design basis events are shown in Table 12. The disposal system has 

also been designed to resist reference earthquakes. Two earthquake design levels 

have been defined (see §1.2.3).  

Note: a single failure proof4 (SFP) overhead crane is used. An appropriate design of 

the I&C (Instrumentation and Control) and of the equipment for operation excludes 

tilting accidents. 

Table 12: Design basis events. 

Design basis event       Parameter    Value 

1. Precipitation 

Rainfall 

a) Drainage system 

b) Infiltration basin 

 

a) 80 mm 

b) Return period 100 a 

Snow load (roof) 0.50 kN.m-2 

2. Wind Peak velocity pressure 1.232 kN.m-2 

3. Tornado Peak velocity pressure 3.516 kN.m-2 

4. Extreme temperatures 

Outdoor air (shade), Tmin /Tmax -20/+40 °C 

Difference between steel and 

concrete, ΔTmin /ΔTmax 
-10/+10 °C 

5. Dike breach Maximum level 25.2 mTAW 

6. Natural fire Maximum heat flux 15 kW.m-2 

7. Flora and fauna Prevention 
Prevention  bio-intrusion layer 

in cover (Figure 28) 

 

 Waste emplacement methods, backfill and sealing 2.1.3

strategy and methods, closure of the repository 

Monoliths will be transported to the modules with a trolley that is remotely 

commanded from the control room in the administrative building. Monoliths are 

disposed of in the modules with an SFP bridge crane, also by remote control. In 

order to limit differential settlements between different modules and tilting of the 

bridge crane girders attached to the steel roof, all modules should be filled 

simultaneously with a limited difference of number of installed monoliths. In order 

to limit skyshine doses resulting from open modules with structural top slabs not 

                                           

4 NUREG-0554 “Single-Failure-Proof Cranes for Nuclear Power Plants” is applied. 
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yet in place, only one module should be filled at the same time. A compromise 

between these two requirements is that the modules are filled 2x2, with specific 

design measures to adjust the girders and be able to transfer the bridge cranes to 

the next set of 2x2 modules. It will take about 4 years to fill one set of 2x2 

modules. 

After this, the 4 modules are sealed (the space between the monolith stacks is filled 

with fine gravel, and the structural top slab is constructed above the shielding 

slabs) and followed by the disposal in the next 2x2 set. 

For placement of the cover after 50 years and monitoring of the drainage system 

between 0 and 95 years, see §2.1.1.4 and §2.1.1.3.  

For closure of the repository between 95 and 100 years, see §2.1.1.5. 

 Safety approach: role of the geological and engineered 2.1.4

barriers 

For the surface repository at Dessel, isolation and containment rely on engineered 

barriers only. The strategy for isolation and containment in the post-closure period 

> 100 a is described hereunder. 

2.1.4.1 Strategy for isolation 

Access to the site is restricted until release of nuclear regulatory control, currently 

foreseen at 350 years (Figure 6). Restrictions on radionuclide activities in waste, 

monoliths, modules and groups of modules are such that the radiological impact in 

case of accidental contact between the radioactive waste and people and 

surroundings will be acceptable after the end of the nuclear regulatory control 

phase.  

There are several durable intrusion barriers around the waste, i.e. barriers with 

properties that isolate the waste such as the amount/thickness of the barrier 

material, the composition and mechanical properties:  

1. A robustly designed cover, consisting of soil, stones, sand and clay layers, 

with a total thickness of 4.45 m, a 0.70 m thick impervious top slab and 

side-embankments (Figure 28). 

2. Module walls of reinforced concrete with a thickness of 0.70 m. 

3. A caisson of reinforced concrete (wall thickness 0.12 m), which, once filled 

with waste and backfill mortar, forms a monolith. 

Intrusion is further prevented by the backfilling of the inspection room and the 

inspection galleries during closure (95-100 a). 

After the end of access control at 350 years, direct contact between the waste and 

the biosphere cannot be excluded. In principle, direct contact could occur either as 

a result of inadvertent human intrusion (e.g. digging or drilling through the barrier 

material), or because the waste becomes exposed. Because of the erosion-resistant 
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design of the cover as a whole, and the erosion resistance of the impervious top 

slab in particular, the waste is not expected to become exposed within the next 

2,000 years. Only in the highly unlikely case of a large passenger aircraft crashing 

into the repository, direct contact between the waste and the biosphere would be 

possible due to the depth of the impact crater. The safety assessment confirms the 

acceptability of the impact for both the inadvertent human intrusion scenarios and 

for direct exposure in the large passenger aircraft crash scenario.  

2.1.4.2 Strategy for containment 

The strategy for long-term containment consists of preventing the release of 

radionuclides as much as possible during approximately 1,000 years and, after 

that, spreading the release of residual activity and radiotoxicity in time. The period 

of timeperiod for the containment strategy is based on the degree of reduction of 

the activity and radiotoxicity by radioactive decay of the planned radiological source 

term (Figure 29).  

 

 

 

Figure 29: Decrease of the α and β/γ activity and the ingestion radiotoxicity of the 

total planned source term in the repository. Ingestion radiotoxicity is the sum over 

all radionuclides of the activity multiplied by the ingestion dose coefficient.  
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The radiological source term corresponds with ~1012 Bq α-activity and ~ 2 1015 Bq 

β/γ-activity (Figure 29). After ~350 years, the activity is dominated by the long-

lived5 radionuclides and the levels for α and β/γ activity are respectively ~1012 and 

~1015 Bq. Knowing that the source term corresponds to a volume of ~50 000 m³ 

and that the density of the waste is around 2000 kg.m-3, the average activity 

concentrations of long-lived radionuclides are: 

 ~10 Bq.g-1 for long-lived α activity.  

 ~1 kBq.g-1 for long-lived β/γ activity. 

These values can be compared with internationally used criteria and values. A limit 

of 400 Bq.g-1 on average (and up to 4,000 Bq.g-1 for individual packages) for long-

lived α emitting radionuclides has been adopted in some countries. For long-lived 

β/γ emitting radionuclides the allowable activity concentrations may be 

considerably higher, up to tens of kBq.g-1, and may be specific to the site and 

disposal facility (§2.27 in [1]). 

For a few hundred years after the disposal of the waste, the total β/γ activity and 

the total radiotoxicity of the radionuclides present in the waste that are important 

for long-term safety are reduced to approximately 1% and 5%, respectively, of 

their original value. After around 1,000 a, the α and β/γ activity and the 

radiotoxicity no longer decrease significantly. 

Based on the evolution of the β/γ activity and radiotoxicity it is useful to prevent 

the release of radionuclides for approximately 1,000 years by avoiding contact with 

infiltrating water. This is justified because during the operational period up to 100 

years there is a significant decay of those radionuclides, which contribute 

considerably to radiotoxicity (60Co, 137Cs, 90Sr, 63Ni and 238Pu). In the period 

between 100 and 1,000 a, this approach is also justified because in this period 

there is a nearly complete decay of 137Cs, 63Ni, 238Pu and 90Sr, as well as a 

significant decay of 241Am. 

After approximately 1,000 a, as a result of degradation, water infiltration can no 

longer be prevented, and the release is spread in time. The radionuclides which, 

after 1,000 a, contribute most to radiotoxicity (241Am,243Am, 14C, 94Nb, 210Pb, 210Po, 
239Pu, 240Pu, 234U, 236U and 238U) are sorbed and no longer undergo decay in the 

short term (except 241Am), which is why spreading over time (by residual sorption 

in the system) is justified. 

 

 

 

 

                                           

5 Long-lived radionuclides are defined as radionuclides with half-lives ≥ 30 a (see also §0.3). 
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Containment is achieved as follows (Figure 30): 

1. Up to ~1,000 years, water infiltration into the modules is prevented as much 

as possible. The earth cover facilitates lateral drainage above the modules 

and imposes buried conditions for the fibre-reinforced impervious top slab 

and the underlying modules so that these are practically not subject to 

degradation processes (freeze-thaw cycles and carbonation). The module 

walls have low hydraulic conductivity, so that lateral water entry into the 

modules is also prevented. The repository is situated above the groundwater 

table at a location that is not sensitive to flooding, and capillary rise is 

prevented by the design. 

2. Up to ~1,000 years, the release of radionuclides from the repository is 

prevented. Thanks to quality assurance during production and several 

independent conformity checks, the conditioned waste is generally expected 

to be in good condition when it is disposed of, and hence it offers a high 

degree of containment of radionuclides as long as it remains in buried 

conditions (anoxic, low water availability). Sorption on hardened cement in 

the conditioning matrix, the waste and the concrete shielding in the waste 

packages also contributes to limiting the release. The limited fraction of 

radionuclides that would be released from the waste will only be able to 

migrate very slowly due to the slow diffusion and the sorption on cement in 

the monolith, the module walls, the impervious top slab and the support 

slab. 

3. After ~1,000 years, water infiltration to the waste itself will still be limited. 

However, after ~1,000 years6 the impervious top slab, the module walls and 

the monoliths may be exposed to atmospheric conditions as a result of the 

erosion of the cover and possible earthquakes. This will initiate carbonation 

and freeze-thaw cycles, which, over time, could lead to a network of 

through-going fractures in the concrete components. The huge mass of soil, 

sand and clay in the earth cover will not easily disappear completely, and 

vegetation on remnants of the cover will continue to contribute to 

evapotranspiration. Any water that does infiltrate into the modules will, 

thanks to specific features of the design (shielding slabs covering the 

stacked monoliths, gutters in the monolith walls, the conductive backfill 

material between the monolith stacks, the conductive grout in the inspection 

rooms and the measures against the bathtub effect), still be led away from 

the waste, and vertical drainage along the monoliths is stimulated, so that 

the fraction of the water flow that could enter into contact with the waste is 

kept as low as possible. 

4. After ~1,000 years, the release of radionuclides from the repository is still 

limited. On the one hand, in a degraded system, the migration of 

radionuclides to the through-going fractures/gaps is limited as much as 

possible, mainly by sorption on cement and limited diffusion in the concrete 

matrix and mortar. On the other hand, radionuclides that do reach through-

                                           

6 It cannot be formally excluded that a limited part of the repository starts degrading earlier. 
This is taken into account in the safety assessment (see further §8.2.3.1). 
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going fractures/gaps and migrate further from there by advection/dispersion 

are intercepted as much as possible by the conductive sorbing materials in 

the inspection rooms, inspection galleries and sand-cement embankment.  

 

 

 

Figure 30: Containment by the disposal system. 
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 Approach to retrievability of waste 2.1.5

Disposal means the emplacement of radioactive waste in a disposal facility, without 

the intention of retrieval. It nevertheless remains possible to retrieve the waste. 

This can be an ultimate measure to be taken in case of defects or damages. With 

standardised monoliths, the disposal system has been designed in order to simplify 

the retrieval of waste while preserving passive safety, robustness and isolation. 

 Conditioning and buffer storage facilities, auxiliary 2.1.6

waste treatment to be constructed at the site of the 

repository 

Waste treatment and conditioning facilities as well as buffer storage facilities are 

not situated on the disposal site operated by ONDRAF/NIRAS (see Introduction §0). 

 

2.2 Wastes to be disposed of in the repository  

 Types of waste 2.2.1

Category A waste is composed of operational and decommissioning waste. The 

operational waste results from:  

 Diverse activities in the nuclear fuel cycle, e.g. the commercial nuclear 

reactors at Doel and Tihange.  

 Research and development activities, e.g. SCK•CEN at Mol, JRC-Geel. 

 Activities for medical and industrial applications. 

The operational waste contains clothing, paper and plastic from the controlled 

zones, filters and liquid wastes from laboratories and reactor circuits, used ion-

exchange resins and ventilation filters, etc, that are further treated and 

conditioned.  

Decommissioning waste results from the decontamination and dismantling of 

nuclear buildings, reactors and particle accelerators, etc. 

The already produced conditioned waste is currently stored on the site operated by 

Belgoprocess in Dessel.  
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 Waste form 2.2.2

The conditioning matrices, the origin and the production processes of the waste 

define a limited number of waste forms. Table 13 shows that most of the source 

term consists of cemented diverse solid waste, and activated concrete and steel. 

The conditioning matrices 'bitumen' and 'polystyrene' together represent 3% of the 

number of modules.  

Diverse solid cemented waste is mainly present in standard 400-litre packages, in 

which the solid waste is placed in an inner basket and then cemented. Inside the 

400-litre package, the radionuclides are surrounded by approximately 5 cm thick 

mortar, i.e. a low-diffusive, sorbing material.  

 

Table 13: Waste form. 

Waste type Conditioning matrix # Modules 

Diverse solid waste cement  14.1 — 50% 

Diverse solid waste from decommissioning cement  1.2 —   4% 

Activated concrete and steel (decommissioning) cement  4.5 — 16% 

Activated metal (decommissioning) cement  1.7 —   6% 

Concentrates cement  1.8 —   6% 

Diverse solid waste + concentrates  cement  2.1 —   7% 

Resins cement  0.7 —   3% 

Filters cement  0.7 —   2% 

Combustion ashes cement  0.4 —   2% 

Solid metallic waste cement  0.3 —   1% 

Sludge bitumen  0.2 —   1% 

Resins polystyrene  0.4 —   2% 
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 Waste inventory 2.2.3

2.2.3.1 Amounts 

The current estimates of the amounts are given in Table 14. The inventory has 

been calculated based on the known volumes of the existing waste and predictions 

of the future waste production. The category A waste consists of more or less equal 

shares of (future) decommissioning waste and waste from operational activities.  

The current inventory estimate plus a reserve of 20% to take into account 

uncertainties when making estimates of future waste, corresponds to the disposal 

capacity of 34 modules. 

 

 

Table 14: Estimate of the number of monoliths and modules. 

Package type # Packages Monolith Type  # Monoliths # Modules 

220 L      979 Type I       196   0.21 

400 L 71,133 Type I  17,784 19.00 

Type I monolith       545 Type I       545   0.58 

Subtotal Type I   18,525  

400 L  (older type, higher 
than standard package) 

  3,142 Type II       786   1.01 

600 L        21 Type II         21   0.03 

1000 L        91 Type II         91   0.12 

1500 L      498 Type II       498   0.64 

1600 L      171 Type II       171   0.22 

Subtotal Type II     1,567  

Subtotal Type III    5,323 Type III   5,323   6.82 

Subtotal Type I, II, III 81,903  25,415 28.63 

Reserve  Type I    3,705   4.00 

Reserve  Type III (*)    1,070   1.40 

Total Type I, II, III   30,190 34 

(*) Only type III monoliths, as no future type II monoliths are expected. 
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2.2.3.2 Radionuclide activities 

Based on the inventory, the future radiological source term in the repository is 

estimated. The expected total radionuclide activities are given in Table 15. 

 

Table 15: Expected total radionuclide activities in the repository.  

Nuclide Total activity [Bq] Nuclide Total activity [Bq] 

108mAg 2.30E+10 94Nb 3.99E+11 

241Am 5.44E+11 59Ni 4.99E+12 

243Am 1.64E+10 63Ni 5.44E+14 

14C 7.29E+12 237Np 8.51E+08 

41Ca 2.31E+12 238Pu 3.19E+11 

36Cl 2.02E+10 239Pu 9.37E+10 

58Co 2.21E+14 240Pu 9.87E+10 

60Co 6.01E+14 241Pu 1.06E+13 

244Cm 1.90E+11 79Se 8.99E+08 

134Cs 3.46E+13 126Sn 1.25E+09 

135Cs 3.73E+08 90Sr 3.19E+12 

137Cs 8.08E+13 99Tc 7.47E+10 

55Fe 2.25E+14 234U 7.71E+10 

3H 3.19E+14 235U 3.76E+09 

129I 1.41E+09 236U 5.80E+10 

93Mo 2.03E+10 238U 2.21E+10 

54Mn 5.51E+13 93Zr 1.63E+09 

 

 

 Potential heat generation  2.2.4

Not applicable. 
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 Waste conformity requirements and criteria  2.2.5

A requirement is a condition that must be met; a conformity criterion is a means to 

assess whether a requirement has been met. The requirements and conformity 

criteria relate to the waste, backfill mortar, caisson, and the monolith as a whole. 

The conformity requirements related to the waste itself are listed in Table 16. 

Table 16: Waste conformity requirements. 

Waste conformity requirements 

The waste must have the physical and chemical properties that limit the release of radionuclides from 

the waste. 

The amount of conditioning mortar must be sufficient to limit the release of radionuclides from the 

primary package. 

Processes that can lead to the expansion of the waste must be avoided during the period in which the 

physical integrity of the components around the waste is counted on. 

Complexation as a result of the presence of cellulose-containing materials in the waste may not 

significantly increase the radiological impact from leaching of radionuclides in the long term. Therefore, 

the presence of cellulose-containing materials in the inserted radioactive waste must be limited. 

Chloride ions in the waste may not harm the surrounding concrete barriers through accelerated 

corrosion of the steel reinforcement during the period in which these barriers are considered to be non-

degraded.  

Complexation as a result of the presence of chloride ions in the waste may not significantly increase the 

radiological impact from leaching of radionuclides in the long term. 

The release of sulphates from the waste may not harm the concrete barriers during the period in which 

these barriers are considered to be non-degraded. 

Complexation as a result of the presence of complex and chelate-forming agents in the waste may not 

significantly increase the radiological impact from leaching of radionuclides in the long term. Therefore, 

the presence of complex and chelate-forming agents in the radioactive waste inserted into the monolith 

must be limited. 

Hazardous substances within the radioactive waste inserted into the monolith may not harm the 

performance of the monolith or the stability and the expected performance of the disposal system. 

Gas production from the radioactive waste may not harm the other components of the disposal system. 

The physical and chemical properties of the directly inserted raw and/or processed radioactive waste 

may not have any internal incompatibilities nor any incompatibilities with other components of the 

disposal system. 

The waste may not contain any infectious substances. 

The maximum radionuclide concentrations per package and per monolith must be limited in accordance 

with the acceptable bounds on the average concentration in the repository. 

Radon emanation from the waste may not affect the radiological measurements in the repository. Given 

the issue of radon emanation, radium-containing and thorium-containing waste is not allowed in the 

repository. 

The risk of criticality in the repository must be non-existent. 

Waste containing non-negligible amounts of fissile materials cannot be accepted for surface disposal. 
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2.2.5.1 Conformity criteria regarding activity concentrations 

In each package of conditioned waste, the volumetric activity concentration of each 

radionuclide important for the post-closure impact must be smaller than or equal to 

its concentration limit (CLI) given in Table 17. Furthermore, the sum of the mass 

activity concentrations of 226Ra and 232Th may not exceed 1,000 Bq.kg-1. 

 

Table 17: Volumetric activity Concentration Limits (CLI). 

Nuclide CLI  Nuclide CLI  Nuclide CLI 

 [Bq.m-3]   [Bq.m-3]   [Bq.m-3] 
108mAg 1E+08  93Mo 1E+08  126Sn 1E+08 
241Am 2E+09  94Nb 7E+08  90Sr 1E+11 
243Am 1E+08  59Ni 1E+11  99Tc 1E+10 

14C 1E+11  63Ni 1E+13  234U 1E+09 
41Ca 1E+09  237Np 1E+08  235U 1E+07 
36Cl 1E+08  238Pu 1E+09  236U 1E+08 

244Cm 1E+09  239Pu 5E+08  238U 1E+08 
135Cs 1E+08  240Pu 1E+09  93Zr 1E+09 
137Cs 1E+12  241Pu 8E+10    
129I 1E+08  79Se 1E+09    

 

2.2.5.2 Potential criticality  

To deduce the quantitative limit values in order to avoid criticality, following 

situations were considered:  

1. Criticality inside the monolith when monoliths are produced, transported and 

stored and disposed of in stacks 

2. Criticality of leached fissionable radionuclides, which in the long term, could 

hypothetically collect at the bottom of the modules. 

Conformity criteria with respect to criticality: 

 In each 400-litre or 600-litre package:  

o sum of U-235 and Pu-239 ≤ 50 g  

o Pu-241 ≤ 86 g.  

 In each package other than 400-litre or 600-litre: sum of U-235, Pu-239 and 

Pu-241 ≤ 15 g. 

 In a monolith with directly inserted raw and/or processed radioactive waste: 

sum of U-235, Pu-239 and Pu-241 ≤ 15 g. 
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2.2.5.3 Free liquids 

A conformity requirement related to the monolith as a whole is that the monolith 

may not contain free liquids. In order to fulfil this requirement, the conformity 

criterion is that the waste inserted in monoliths may not contain free liquids.  

2.2.5.4 Potential gas generation 

Gas production from the radioactive waste may not harm the other components of 

the disposal system. Gas generation from the decay of organic matter does not lead 

to pressure build-up that would harm the monolith barriers. The normal 

environmental conditions of the radioactive waste in the period < 1000 a are 

characterised by the absence of free water (see §2.1.4.2). As a result, no 

biodegradation or hydrolysis processes can take place, and hence there is no gas 

generation or pressure build-up. Furthermore, there is also no pressure build-up in 

the period > 1000 a (water entry and fractured concrete expected from 1000 a 

onwards, see §2.1.4.2); however, if free water were present in abundance through 

openings in the barriers, the gas generated would be able to escape through these 

openings. 

 

 General principles for waste acceptance in the 2.2.6

repository 

Conditioned Waste is grouped into waste families. Disposal Waste, i.e. monoliths or 

caissons with waste, is grouped into waste varieties. 

A conformity file will be drawn up per waste family, or per variety if waste is 

delivered in monoliths or caissons. The conformity file must demonstrate that, in 

principle, all conditioned waste packages belonging to the waste family or all 

monoliths belonging to the variety are acceptable for surface disposal. The 

conformity file will describe the method for the characterisation of the radioactive 

waste and will discuss mainly general information and physicochemical and 

radiological properties of the family/variety. In addition, the conformity file will 

identify the relevant conformity criteria for the specific family/variety and describe 

any specific measures (e.g. the use of a different type of monolith). 

The conformity file will be submitted to the safety authority for approval of the 

families/varieties that can be disposed of. For the approved families/varieties 

ONDRAF/NIRAS must, package by package, check the conformity of the waste 

based on the data available in the follow-up file for each waste package and based 

on physical, possibly destructive testing. Only following confirmation of its 

conformity, can the waste in question be disposed of in the surface repository.  
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2.3 Ventilation systems and the treatment of 

gaseous and airborne wastes  

The naturally occurring radium present in the concrete material is a continuous 

source of radon production. The release of natural radon from the surface disposal 

facility was analysed by SCK•CEN [18]. This study shows that the radon 

concentration in the inspection gallery is 40 Bq.m-3. In addition, the activities in the 

inspection gallery are limited and there is a conventional ventilation system, which 

will further reduce radon concentrations. 

 

2.4 Drainage system and the treatment of liquid 

effluents  

Drainage system, see §2.1.1.3. 

Possible (condensation) water coming from the modules that are being or have 

already been filled is collected in two closed buffer tanks via a drainage system. The 

effluents are transferred to Belgoprocess for treatment. 

 

2.5 Management of secondary solid and liquid 

waste in normal conditions and in the case of an 

accident  

Under normal conditions, the operation of the repository does not involve any 

discharges, either gaseous or liquid. Monitoring activities generate solid waste 

(filter tissues), which is transferred to Belgoprocess for treatment.  

In case of an accident, additional solid and/or liquid waste can be created as a 

result of decontamination procedures. The waste that is created is transferred to 

Belgoprocess for treatment. 

Contaminated waste water from the decontamination showers or (condensation) 

water from modules that have already been filled with waste is transferred to 

Belgoprocess for treatment. For (condensation) water from modules, drainage 

systems have been installed to collect the water and transfer it to Belgoprocess for 

treatment. 

Water collected from modules that have not yet been filled with waste is, by 

definition, not contaminated and can be treated as ordinary rainwater. 
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3 RELEASE FROM THE INSTALLATION OF 

AIRBORNE RADIOACTIVE EFFLUENTS IN 

NORMAL CONDITIONS 

During normal operation no atmospheric discharges are expected.  

However, there is a presence of radon from the concrete construction materials at 

the disposal site. For a resident who is constantly at the northeast side of the 

disposal site (place with highest exposure), this results in a very low dose, equal to 

126 nSv.a-1. This is far below the natural background dose of 473,000 nSv.a-1 

caused by radon (assuming a background concentration of 10 Bq.m-3 radon). 

The impact from atmospheric discharges resulting from the production of monoliths 

(§1.1.4), has been assessed to be order of magnitude nSv.a-1. 

The cumulative impact from the repository and the production of monoliths is order 

of magnitude nSv.a-1. 

 

4 RELEASE FROM THE INSTALLATION OF 

LIQUID RADIOACTIVE EFFLUENTS IN 

NORMAL CONDITIONS 

There are no discharges of liquid radioactive effluents into the environment. For the 

treatment of secondary waste, see §2.5. 

The impact resulting from the production of the monoliths has been assessed to be 

of the order of magnitude of nSv.a-1.  

The cumulative impact from the repository and the production of monoliths is of the 

order of magnitude of nSv.a-1. 

 

5 DISPOSAL OF SOLID RADIOACTIVE WASTE 

FROM THE INSTALLATION 

No removal of solid radioactive waste from the facility is planned. For the treatment 

of secondary waste, see §2.5. 
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6 UNPLANNED RELEASES OF RADIOACTIVE 

EFFLUENTS 

6.1 Events of internal and external origin  

A reference accident is an accident, which is sufficiently representative for the 

radiological consequences for the population in the vicinity. It is an event of internal 

or external origin with an annual probability of occurrence higher than 10-7. From 

the lists of events of internal or external origin, the event that results in the highest 

impact (maximum individual effective dose to the public) outside the site 

boundaries is considered the reference accident.  

Events of external origin or external events are caused by a source outside of the 

repository. Events of internal origin or internal events are caused by a source within 

the repository. 

The events were identified based on HAZID (Hazard Identification) and SWIFT 

(Structured What-If Technique) risk assessments and a review of relevant 

international documents (IAEA Safety Guides and Requirements, IAEA Technical 

Documents, US-NRC NUREG documents, US risk assessments for disposal facilities) 

[19]. Events were screened out in the following cases:  

 Impossible to occur.  

 Probability < 10-7 a-1. 

 Has no impact.  

This resulted in the events of internal and external origin (Table 18, Table 19) for 

which the radiological risk (probability, impact) was assessed further in the 

radiological operational safety assessment.  

The radiological risk is considered acceptable if the annual probability of occurrence 

and the radiological impact for the public fall within the 'Acceptable' area of Figure 

31.  

The reference accident during the operational period is the impact of a military 

aircraft on the repository. This accident entails the largest radiological 

consequences for the population in the vicinity. 
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Table 18: Identified internal events [19]. 

Identified internal events 

1. Loss of monitoring functionality due to loss of power supply 

2. Failure of a buffer tank or of the drainage system 

3. Presence of hydrogen from batteries in trolley  

4. Release of hydrogen and acid from batteries in work place or administrative building 

5. Internal fire caused by a vehicle 

6. Failure of the I&C equipment 

7. Failure of all alarm signals 

8. Failure of an overhead crane while moving a monolith 

9. Water leak from the drainage system of the decontamination shower 

10. Electromagnetic interference on the overhead crane, trolley and I&C network 

11. Differential settlements and subsidence 

12. Tilting of a monolith 

13. Presence of an obstacle (concrete, hammer, bird, …) for the placement of a monolith 

 

 

Table 19: Identified external events [19]. 

Identified external events 

1. Dike breach 

2. Forest fire 

3. Aircraft crash 

4. Earthquake 

5. Extreme climate conditions (extreme temperatures, high wind speeds and tornadoes, snow) 

6. Extreme humidity, including fog, frost and evaporation 

7. Direct solar radiation 

8. Lightning 

9. I&C failure as a result of natural electromagnetic interference and interference from human activities 
outside the site 

10. Geotechnical events 

11. Impact of terrestrial and aquatic flora and fauna (ecological succession, vegetation, rodents, birds 
and other wildlife) 

12. Loss of power supply 

13. Precipitation, including rain, hail, snow and ice (including snow and ice covers) 
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Figure 31: Relationship between the probability of occurrence and the radiological 

consequences (risk) as proposed by the regulatory authority FANC [20]. For events 

for which the result of probability and radiological consequences falls within the 

'Acceptable' area, the risk is acceptable.  

 

6.2 Evaluation of the radiological consequences of 

releases to atmosphere 

The probability of a military aircraft crashing on the installation has been 

established at 2.11 10-7 a-1. For this (low) probability, the objective, according to 

Figure 31, is to have an impact lower than 150 mSv.  

The mechanical damage to the monoliths has been assessed [19]. The number of 

damaged monoliths will be highest for an open module during disposal operations 

(0-50 a). For a closed module, the number will be lower. After the cover has been 

placed (50-100 a) no damage to the monoliths is expected.  

The number of damaged monoliths is calculated conservatively, without taking into 

account protective barriers: the situation studied is that of an aircraft crashing 

directly into the monoliths. In this situation, 121 monoliths are destroyed. The 

number of monoliths that are destroyed in case of a crash into the module walls is 

lower.  



      

20/09/2019  63 

The source term is the amount of radioactive material released into the 

atmosphere. The method used to determine the source term is the one developed 

in the US-DOE-HDBK-3010-94 [21], using the following equation: 

Source term = MAR x DR x ARF x RF  

with MAR : Material-at-Risk, DR : Damage Ratio, ARF : Airborne Release Fraction, 

and RF : Respirable Fraction. 

The MAR is equal to the radiological inventory (Table 15). The DR is the number of 

destroyed monoliths, divided by the total number of monoliths, and multiplied by a 

heterogeneity factor to take account for the fact that not all monoliths will contain 

the same activity (a heterogeneity factor of 2 is considered). 

The following events and processes cause the release of radionuclides into the 

atmosphere: 

 The fireball following the mechanical impact 

 Kerosene fire 

 Organic materials fire (resins, bitumen). 

The ARF and RF factors depend upon the situation considered (mechanical impact 

or fire) and upon the types of waste (Table 20). 

Table 20: ARF and RF fractions used for mechanical impact and for fire. 

Situation Type of waste ARF RF 

Mechanical impact and fireball Bitumen, resins, ashes and cemented waste 0.02 0.1 

Fire 

Resins, ashes and cemented waste 0.01 1 

Bitumen 0.05 1 

Iodine 1 1 

 

Atmospheric dispersion and (dry/wet) deposition have been calculated with the 

HotSpot code, developed by Lawrence Livermore National Laboratory [22]. The 

dose is determined by considering following pathways: inhalation, submersion, 

groundshine and inhalation from resuspended material. 

The dose resulting from the impact of a military aircraft (with atmospheric stability 

class E2 with a wind speed of 3.5 m.s-1, the most frequent stability class) in the 

most exposed places in the surroundings of the installation will be 0.092 mSv for 

adults (at a distance of 5 km from the modules, time of arrival between 13 and 15 

minutes after the crash). In dry conditions, the inhalation pathway dominates the 

calculated dose. Groundshine also contributes to the dose, although to a lesser 

extent. The dose is mainly determined by 241Am, 238Pu, 241Pu, 240Pu, 239Pu, 244Cm, 
60Co, 58Co and 243Am. 
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In wet weather conditions (precipitation), the dose resulting from the impact of a 

military aircraft (with atmospheric stability class E3 with a wind speed of 4.6 m.s-1) 

in the most exposed places in the surroundings of the installation will be 0.893 mSv 

for adults (at a distance of 0.1 km from the modules). In wet conditions, the dose 

in the most exposed places is dominated by groundshine. Inhalation of resuspended 

material also contributes to the dose, although to a lesser extent. The dose is 

mainly determined by 60Co, 58Co, 134Cs, 137Cs and 54Mn. 

For infants (< 1 a) and children the effective dose for adults are multiplied by the 

following factors:  

Age group <1 a 1-2 a 2-7 a 7-12 a 12-17 a >17 a 

Effective dose 

compared to adults  
0.30 0.53 0.61 0.78 0.87 1 

 

The radiological impact is acceptable compared to the curve in Figure 31.  

 

The assessed maximum exposure levels from the reference accident to adults, 

children and infants in the vicinity of the installation are below 1 mSv and there are 

no exceptional pathways of exposure, e.g. involving the export of foodstuffs. 

 

The maximum concentrations and surface contamination levels for the most 

exposed places in the surroundings of the facility are: 

 Dry weather Wet conditions 

Time-integrated concentration 

near the ground 

3.44 106 Bq.s.m-3 (at 3 km) 3.00 106 Bq.s.m-3 (at 2 km) 

Ground surface contamination  29.7 kBq.m-2 (at 5 km) 2530 kBq.m-2 (at 100 m) 

 

6.3 Evaluation of the radiological consequences of 

releases into an aquatic environment 

Not applicable.   
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7 EMERGENCY PLANS; AGREEMENTS WITH 

OTHER MEMBER STATES 

Given that the impact of the disposal site during operation and in the long term, as 

well as for an aircraft crash, are of a local nature, no specific measures with other 

Member States have been taken for the exchange of information or the testing of 

emergency plans for events, where the cause is the disposal site. 

If certain elements of an internal emergency plan for the disposal site for category 

A waste are activated, communication will take place via the normal channels in 

accordance with the internal emergency plan. 

The aim of the federal nuclear and radiological emergency plan (Royal Decree 

March 1st 2018) is to provide a organisational response to the nuclear or 

radiological emergency situations that directly or indirectly threaten or affect the 

Belgian territory and the Belgian population and require a coordination or 

management of the protective measures for the population and the environment at 

the federal level. The federal emergency plan includes the reference levels that 

apply to emergency exposure situations (Table 21). 

 

Table 21: Reference levels for direct, urgent protective measures.  

Protective measure Indicator  Target group Reference 
level 

Shelter Effective dose 24 hours (*)  5 mSv 

Stable iodine intake Equivalent thyroid dose (*) Children, 
pregnant and 

breastfeeding 
women 

10 mSv 

Adults 50 mSv 

Evacuation Effective dose 7 days (*)  50 mSv 

(*): except for ingestion 

 

Belgium has bilateral cooperation agreements for nuclear emergency planning with 

the neighbouring countries, including the Netherlands, Germany and France. 

According to the Royal Decree of March 1st 2018, the EU and the IAEA must be 

notified when an emergency situation may have cross-border consequences and/or 

when the decision has been taken to implement general measures for the 

protection of the population. When the information is sent to the international 

authorities, the neighbouring countries are systematically informed. 
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8 POST-CLOSURE PERIOD 

8.1 Regulatory and administrative provisions  

Plans for repository closure, see §2.1.1.5.  

Figure 6 in §0.5 gives the time periods considered.  

During the nuclear regulatory control phase, between 100 and 350 a, active 

institutional controls include access restriction. Passive institutional controls include 

the restrictions on land use and preservation of information concerning the site. 

Currently, no intermediate steps are foreseen in the course of the nuclear 

regulatory control phase. It is assumed that all measures and decisions taken at the 

start of this phase will be continued. The exact sequence and a possible reduction 

of active measures will be clarified in the next phases. Decisions to reduce certain 

measures will always be made considering (i) the risks involved in the repository at 

that particular moment, and/or (ii) the level of confidence in the performance of the 

repository based on periodic assessment and monitoring results. The gradual 

reduction of active measures must be justified during future periodic safety 

reviews, and requires prior approval from the competent authorities. 

Release of nuclear regulatory control is subject to the following conditions: 

1. The radiological impact for inadvertent human intrusion is acceptable 

compared to the reference value of 3 mSv.a-1 

2. Active maintenance or repair measures are no longer necessary to 

guarantee that the maximum dose does not exceed the constraint of 

0.1 mSv.a-1 for the expected evolution of the system 

3. The evolution of the monitoring results and the indicators (to be confirmed) 

are sufficiently satisfactory 

4. Monitoring, maintenance and repairs of the cover have kept the cover in a 

state such that long-term safety is ensured. 

Based on these four conditions, the currently expected duration of the nuclear 

regulatory control phase is 250 years.  

The design basis of the repository and the waste source term are systematically 

defined, documented, archived and kept up-to-date. The information will be stored 

at two separate locations and will be transmitted to new information media as 

appropriate. 

The dismantling of auxiliary systems and installations (roof structure and bridge 

crane during construction of the cover, drainage system and WCB during closure) is 

described in general terms in the current version of the safety report. These 

descriptions will be refined in reviews of the safety report for future licensing steps 

of the repository (construction cover, closure).  
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Periodic safety reviews are required for all nuclear class I facilities in Belgium, 

according to the safety prescriptions for nuclear facilities (art. 14 of the Royal 

Decree from November 30th 2011). For the repository, periodic safety reviews are 

thus required until release of nuclear regulatory control. 

8.2 Radiological impact during post-closure period  

 Strategy and expected evolution of isolation and 8.2.1

containment 

In the strategy for isolation and containment, the redundancy and the performance 

of barriers are discussed in general terms. See §2.1.4. 

 Approach for the assessment of the long-term safety 8.2.2

(methods, techniques, time periods considered) 

First, the phenomenologically expected evolution(s) of the repository and any 

uncertainties within the expected evolution(s) are determined. This is done based 

on the characteristics of the waste, the repository and its surroundings, and based 

on a scientifically underpinned assessment basis. The uncertainties that are 

relevant for safety are also an input for this approach.  

From a phenomenological perspective, it is expected that the monoliths will 

maintain their physical integrity for approximately 1,000 years. The impervious top 

slab is also expected to maintain its physical integrity during this period. After that, 

it is expected that the artificial barriers would gradually degrade. However, there 

will not be an abrupt loss of mechanical properties, as no events or processes could 

be identified that may lead to a sudden, large-scale exposure of the impervious top 

slab and the modules to atmospheric conditions, which would expose them to 

atmospheric carbonation and freeze-thaw cycles. Whereas an unlikely sequence of 

events and processes (or a combination of) should take place in order to make the 

whole repository system deviate significantly from the target performance, local 

deviations cannot be formally excluded. 

It becomes difficult to clearly delineate the repository and its possible evolution(s) 

after a few thousand years, due to the growing uncertainty and the increasing 

heterogeneity of the evolution of the repository. At such time scales, it is no longer 

possible to assess the performance in a reliable way.  

The safety assessments must include a set of representative scenarios for possible 

behaviours of the repository. This set of scenarios must cover all possible 

evolutions of the repository and its surroundings. The time periods considered for 

the different scenarios are shown in Figure 32. 

The long-term safety assessments are documented in detail in chapter 14 of the 

safety report [23]. 
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Figure 32: Time periods considered for different types of scenarios (EES Expected 

Evolution Scenario, RS Reference Scenario, AES Alternative Evolution Scenarios, 

HIS Human Intrusion Scenarios, PS Penalising Scenarios) [23]. 

 

8.2.2.1 Expected evolution scenario and reference scenario 

In the safety assessments, the phenomenologically expected evolution(s) of the 

repository and the uncertainties within the expected evolution(s) are translated into 

the 'Expected Evolution Scenario' (EES), which aims to provide a representative 

representation of the phenomenologically expected evolution(s) and the 

uncertainties within the expected evolution(s) for several thousands of years.  

The base case of the EES, which represents a best estimate based on the current 

knowledge, hypotheses and parameters, is defined according to the following 

principles: 

 Whenever scientific knowledge allows it, a best estimate approach is 

adopted. 

 In order to improve the insights with respect to the processes and 

characteristics that determine the performance of the repository and/or the 

migration of radionuclides, supporting calculations are performed in order to 

support model hypotheses. 

 Where phenomena cannot be known ('ontic' uncertainties) and uncertainties 

can therefore not be reduced or limited by further actions or research, a 

stylised approach is adopted.  

The relevant uncertainties for EES are analysed by means of various calculation 

cases of the EES.  
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Subsequently, the ‘reference scenario’ (RS) is defined. The RS envelops the EES 

and its uncertainties in terms of maximum radiological impact over the relevant 

time periods. It is used in the safety assessment to demonstrate that the impact 

remains below the dose constraint of 0.1 mSv.a-1 [24]. Furthermore, in accordance 

with GRR-2001, the following equivalent dose limits for the public must be complied 

with in the RS: equivalent dose for the skin (50 mSv.a-1) and for the lens of the eye 

(15 mSv.a-1). 

8.2.2.2 Alternative evolution scenarios 

Besides the expected evolution, there are also unexpected but possible evolutions 

that would disrupt the expected evolution and lead to alternative evolutions. 

Alternative evolution scenarios are determined based on a list of initiating FEPs 

(Feature, Event, Process). An initiating FEP is defined as a potential event or 

process that affects the performance of the repository in a detrimental manner by 

causing a change in the state of the repository and the pathway(s) of radionuclide 

release from the facility.  

The methodology for the identification of initiating FEPs is based on a screened FEP 

list, which contains only the FEPs that are relevant for the assessment, and from 

which potential initiating FEPs are identified. FEPs that are due to contextual 

elements are dealt with in a separate global risk assessment and are not selected 

as initiating FEPs in the long-term safety assessment. Depending on the time frame 

under consideration in which a possible initiating FEP may occur, different impacts 

can be expected, which, if they are significant and plausible and are not covered by 

the enveloping nature of the RS or human intrusion scenarios, must be explicitly 

considered in an 'alternative evolution scenario' (AES).  

The aim is to define a limited number of AESs that are representative and/or 

envelope for the possible evolutions of the repository. The selection of AESs takes 

into account, on the one hand, combinations of dependent initiating FEPs (causes, 

consequences, reinforcing effects) and FEPs with similar effects and, on the other 

hand, independent initiating FEPs, the accumulated occurrence of which within the 

time period of the assessment is still plausible to some extent, and which would 

lead to a state of degradation of the repository, which is not covered yet. 

The conceptualisation of an AES in one or more calculation cases takes into account 

uncertainties that are linked to the intensity and probability of the disruption, as 

well as possible different radionuclide pathways, which could occur as a result of 

the disruption. 

In order to limit the number of calculation cases and guarantee the conservative 

nature of the chosen calculation case, the conceptualisation is always based on the 

earliest possible time of occurrence of the disruption and the greatest possible 

damage to the SSCs (Systems, Structures, Components) as a result of the 

disruption, taking into account the phenomenological knowledge base and/or 

supporting model calculations insofar as these are available. In other words, one 

conservative calculation case is chosen that covers the impacts of all initiating FEPs 
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within the scenario under consideration, including its uncertainties. Only if there are 

several possible radionuclide pathways for which the impact must be calculated 

separately, different calculation cases are considered for a single scenario. 

The AESs are also used to assess the complementarity and independence of 

barriers and safety functions in the argumentation of defence-in-depth, and to 

check that the containment performance of the repository remains sufficient at all 

times despite the disruptions (see Chapter 2 of the Safety Report §2.8.8).  

The estimated probabilities and doses for the AESs are combined into the 

radiological risk. For exposures due to the whole set of AESs, there is a risk 

constraint of 10-5 a-1 for radiological risk (risk of death from cancer) [24]. 

Furthermore, the equivalent dose limits for the skin and lens of the eye for the 

public must be complied with. 

8.2.2.3 Human intrusion scenarios 

Human intrusion can lead to a disruption of the repository and give rise to a sudden 

loss of the isolation and containment capacity. For a surface repository the possible 

impacts resulting from human intrusion must be assessed. In this assessment, it is 

assumed that the radioactive nature of the material in the repository is not 

discovered, in other words that the human intrusion is inadvertent.  

Given the inherent uncertainty with respect to future human actions and behaviour, 

a limited number of stylised intrusion scenarios is developed, which are 

representative of the different possible types and scales of human intrusion. The 

enveloping nature of the 'human intrusion scenarios' must be substantiated. 

Regardless of the measures taken to prevent or reduce the probability of 

occurrence of intrusions, it is assumed in the assessment that inadvertent human 

intrusion may take place after the release of nuclear regulatory control. 

When assessing the dose impact of human intrusion scenarios, both the intruders 

themselves, who will suffer the direct effects, and the neighbouring population, who 

may be exposed to deferred effects, are considered. 

The dose reference value that is used to assess the acceptability of human intrusion 

scenarios is 3 mSv.a-1 [25]. A reference value allows to establish acceptable order 

of magnitude of impact or risk, without excluding a priori that a higher value could 

be acceptable. A reference value is not equal to a threshold or limit value that 

cannot be exceeded.  

Furthermore, the equivalent dose limits for the skin and lens of the eye for the 

public must be complied with. 
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8.2.2.4 Penalising scenarios 

For time scales greater than a few thousand years, it becomes difficult to clearly 

delineate the surface repository and its possible evolution. As a result, it is no 

longer possible to make a reliable assessment of the performance of the repository. 

These uncertainties are dealt with in the penalising scenarios, the enveloping 

nature of which is substantiated, and in which it is verified that the impact of the 

remaining activity and radiotoxicity will be acceptable after a few thousand years. 

The dose reference value that is used to assess the acceptability of the penalising 

scenarios is  

3 mSv.a-1 [24]. Furthermore, the equivalent dose limits for the skin and lens of the 

eye for the public must be complied with. 

8.2.2.5 Indicators 

In accordance with recommendation 101a of the International Commission on 

Radiological Protection, three age groups are considered: adults (>17 a), children 

(10 a) and infants (1 a). 

Besides dose impact and radiological risk, it is also checked that the activity that 

may be released into the surroundings would not lead to a significant increase in 

the radioactivity or radiotoxicity that is naturally present at a regional scale. In this 

context, the following indicators are calculated: 

 Radiotoxicity flux into the groundwater as a function of time [Sv.a-1] and 

time-integrated radiotoxicity flux into the groundwater (cumulative 

radiotoxicity [Sv]). 

 Activity and radiotoxicity release into the groundwater. 

 Activity and radiotoxicity release into the water and the soil outside the 

aquifer: water and sediments of the Witte Nete and the Kleine Nete, and soil 

of the wetlands. 

 Activity and radiotoxicity release into the air above the wetlands.  

In order to protect public health, the European Directive 2013/51/Euratom (and its 

national transposition with the Royal Decree of May 31st 2016) establishes limits on 

radioactive substances for water intended for human consumption7. In this context, 

an indicative dose of 0.1 mSv.a-1 is defined for an annual water intake of 730 L.a-1 

for adults. The indicative dose is also calculated as an indicator in the safety 

assessment, taking into account the release of activity from the repository to the 

groundwater and the background activity in the groundwater. 

The exposure of non-human biota (flora and fauna) to radiation is also assessed. 

This impact is assessed by comparing with a reference value of the dose rate of 

                                           

7 The Directive 2013/51/Euratom do not apply to water intended for human consumption 
coming from a separate supply amounting to less than 10 m³ per day, or used by less than 
fifty people, unless the water is supplied as part of a commercial or public activity. 
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10 µGy h-1 in line with international scientific knowledge (due to the current lack of 

specific radiological criteria to assess the impact). 

When considering the far future, quantitative dose and risk estimates lose their 

intrinsic meaning and only serve as relative factors for comparison of the potential 

radiological impact. In addition to the quantitative arguments, qualitative proof and 

arguments are provided as well. These are related to confidence in the technical-

scientific basis of the safety assessment, in the capacity to maintain the 

performance of the repository and the suitability of the site, and to confidence in 

the scenarios, models, parameters and hypotheses taken into consideration in the 

quantitative analyses. 

8.2.2.6 Development and implementation of the models 

The development and implementation of the models necessary for the quantitative 

analysis of the different scenarios consist of several steps: defining a conceptual 

model, drawing up a mathematical model, coding the mathematical model and 

creating a computer model by implementing hypotheses with respect to geometry, 

and materials, and initial and boundary conditions in the chosen code.  

The main consideration when creating and implementing models is that these must 

be fit for their intended use. This is guaranteed by the process of qualification, 

verification and validation (QVV). Qualification of a conceptual model is the process 

of ensuring that it is consistent with the scientific understanding and adequately 

represents the considered phenomena and processes and their interactions, given 

its objectives and intended use. The verification of the mathematical model is 

aimed at exploring the accuracy with which the phenomena and processes 

considered in the conceptual model are represented by mathematical equations. 

Verification of the coding is aimed at ensuring that the code is free of programming 

errors and the code is able to solve the mathematical equations accurately and 

without error. This can be achieved by showing that the results generated by the 

code for simpler problems are consistent with available analytical solutions, or are 

the same, or similar, as results generated by other codes (benchmarking). 

Verification of the computer model is aimed at exploring the accuracy with which 

the model hypotheses, including initial and boundary conditions and input data are 

implemented in the computer code. It also entails the demonstration of mesh 

independence of results. 

8.2.2.7 Uncertainties 

The management of uncertainties comprises all activities aimed at identifying 

uncertainties, characterising them, analysing them for their relevance for safety, 

treating them in the safety assessment and reducing or eliminating them. 

Uncertainties that are relevant for safety are treated in the safety assessments. 

With the results of the safety assessment, it is demonstrated that the impact 

and/or the risk of the safety relevant uncertainties are acceptable. The main 

hypotheses and parameters for the performance of the repository are determined 

as well. 
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 Expected Evolution Scenario and Reference Scenario 8.2.3

8.2.3.1 Assumptions, parameters and treatment of uncertainties 

In the Expected Evolution Scenario (EES), the repository and its surroundings 

evolve according to the expected evolution. The Reference Scenario (RS) envelops 

the EES and its uncertainties in terms of maximum radiological impact over the 

relevant time periods. 

Climate change is a natural evolution with a high probability of occurrence, and is 

taken into account in the EES/RS via the hypothesis that there will be a Cs climate 

during the entire relevant evaluation period, according to the high/wet CCI-HYDR 

climate scenario (see also §1.4.4).  

The prevailing climate conditions affect: 

 Drainage through the remnants of the earth cover, which determines 

(maximum) water infiltration to the modules 

 Long-term average regional infiltration into the geosphere 

 Infiltration and need for irrigation in the biosphere. 

Repository model 

In both scenarios it is assumed that:  

 The earth cover will fulfil its protective role until ~ 1,000 years 

 No reactions will occur in the waste, which have an overall negative impact 

on the barriers around it  

 The cementitious SSCs will maintain their intended performance for at least 

1,000 years (expected lifetime); but 

 Local deviations from the intended performance cannot be excluded. 

In other words, the degradation of the repository is only taken into account in the 

EES after 1,000 years, except for local deviations from the target performance. This 

is reflected in the assumption that the degradation of a quarter of the modules will 

occur earlier (a few hundred years after the end of the nuclear control phase), i.e. 

from 650 years onwards. This is illustrated schematically in Figure 33.  

 

 

Figure 33: Schematic representation of the EES, in which three quarters of the 

modules evolve according to the generally expected evolution and one quarter is 

subject to deviations from the target performance.  
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In the absence of processes or events that could trigger abrupt degradation, the 

degradation of (different parts of) the repository is spread over a period of a few 

hundred years.  

A schematic overview of the processes considered for leaching from the facility is 

provided in Table 22. Taking into account the different evolutions in terms of 

radionuclide transport, a distinction is made between waste conditioned in primary 

waste packages, in type I/II monoliths, and bulk waste, conditioned directly in type 

III monoliths. The only differences between RS and EES are related to the 

parameter values used in modelling the release of radionuclides from the waste 

form and the radionuclide transport (see further Table 23). 

 

Table 22: Schematic overview of the processes and main hypotheses considered in 

the EES/RS. 

 
100 a < T < start of degradation 

(650 or 1000 a, see Figure 33) 
start of degradation < T < 2000 a 

Earth cover Ensuring buried conditions for the 
modules and impervious top slab  

(Partial) exposure of underlying SSCs to 
atmospheric conditions by slope instability (as 
a consequence of earthquakes) and erosion of 
parts of the earth cover 

Relevant 
degradation 
mechanisms of 
cementitious 
SSCs 

Effects of carbonation negligible in 
buried conditions 

Development of a carbonated layer in caissons 
and module due to atmospheric carbonation 

No through-going fractures in 
cementitious SSCs 

Development of networks of through-going 
fractures in monoliths and modules as a result 
of carbonation, freeze-thaw cycles, active 
corrosion of the reinforcement of classic 
reinforced concrete SSCs, or earthquakes 

Water flow 

Partial saturation of modules and 
monoliths 

Degree of saturation of modules and monoliths 
close to one 

Absence of water flow  

Increased water infiltration as a result of non-
uniform degradation of the impervious top 
slab. Infiltration increases up to the overall 

maximum drainage through the remnants of 
the earth cover 

Redistribution of infiltrated water towards 
conductive material between the monolith 
stacks. Redistribution is facilitated by the 
shielding slabs 

Water flow in the material between the 
monolith stacks, in the networks of through-
going fractures, components of the anti-
bathtub system (including the backfill material 
of the inspection room) and sand-cement 

Waste in 
primary 
packages 
(type I/II) 

Containment of radionuclides in 
primary packages  

Instantaneous release from the waste itself  

Slow release from the waste form, considering 
linear reversible sorption (Kd) on HCP 

(Hydrated Cement Paste) in the waste form 
and solubility-limited release of 41Ca  

Diffusion-controlled transport of radionuclides 
in the waste form, with high diffusion 
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100 a < T < start of degradation 

(650 or 1000 a, see Figure 33) 
start of degradation < T < 2000 a 

Bulk waste 
(type III) 

Instantaneous release from the waste itself 

Slow release from the waste form with, considering linear reversible sorption (Kd) on 
the backfill mortar and solubility-limited release of 41Ca  

Diffusion-controlled transport of radionuclides in the waste form, with low diffusion 

 

 

Radionuclide 
transport 

 

 

Diffusion-controlled transport of 
radionuclides which may be released 
from the waste form  

 

Diffusion-controlled transport of radionuclides 
in the matrix of the monoliths and of the 
concrete of the module 

Advection-controlled transport of RN in 
material between the monolith stacks, 
networks of through-going fractures, the anti-
bathtub system, backfill material of the 
inspection room and sand-cement 

Sorption of these radionuclides on HCP 
in cementitious SSCs  

Sorption of radionuclides on HCP in 
cementitious SSCs  

 where diffusion is possible, or  
 with a sufficiently high permeability to 

allow for advection 

Absence of sorption in fractures  

Dispersion of radionuclides in  

 backfill material of the inspection room 
 sand-cement  

 

 

Essential parameters and hypotheses in the EES/RS repository models are shown in 

Table 23. For the EES repository models:  

 It has been argued that the chosen hypotheses/parameter values are 

representative of the expected evolution(s); or 

 If this is not the case, the impact on the modelled system behaviour and 

radionuclide migration has been described and justified with respect to the 

expected evolution of the system (see §14.4 in [23]). 

In addition to the base case, seven additional calculation cases were considered in 

the uncertainty analysis for the EES. To this end, within the deterministic approach, 

the minimum/maximum values from the parameter range were taken for 

parameter variations, in accordance with the characterisation of the uncertainties. 

An overview of the calculation cases considered is provided in Table 24.  

In view of the fact that the estimated impact in the RS must envelope the 

estimated impacts in all EES calculation cases considered in the uncertainty analysis 

of the EES, the RS is defined based on the results for the different EES calculation 

cases, by considering adverse combinations of parameters and hypotheses. For the 

RS repository model, the conservative approach is systematically considered in 

relation to the EES and its uncertainties (see §14.5 in [23]). 
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Table 23: Essential parameters and hypotheses in the repository models of EES/RS. 

Parameter / hypothesis Value/hypothesis in EES/RS  

Protective role of the earth cover 
until 1,000 a  

Buried conditions for concrete SSCs until 1,000 a 

Expected lifetime of cementitious 
components (at least 1,000 a) 

As long as buried conditions prevail, i.e. until 1,000 a, no account is 

taken of effects of degradation of cementitious components 
(carbonation, networks of through-going fractures)  

Absence of water flow in the modules until 1,000 a 

Spreading in time of the degradation 
of the repository 

 Two start times for degradation of the repository: 650 a (1/4 of the 
modules) and 1,000 a (3/4 of the modules) 

 Degradation of modules and monoliths, in five equal steps, spread 
over 300 a 

 Linear increase of water infiltration over a period of 350 a 

Drainage through remnants of the 
earth cover 

 Cs climate conditions  

 Heath (poor vegetation) : 480 mm.a
-1
 

Redistribution of infiltrated water, 
which is led away from the waste and 
flows mainly between the monolith 
stacks  

Transmissivity ratio 25:1 for the water flow through the material between 
the monolith stacks compared to that through the fractures in the monolith 

Geometry of the SSCs in the 
repository models 

 Caisson wall thickness 12 cm 

 Support slab thickness 70 cm 

 Backfilled inspection room 59 cm high 

 Foundation slab thickness 90 cm 

 Sand-cement embankment thickness 2 m 

No chemical reactions in the waste 
disrupting the other SSCs 

 no chemical reactions in the waste disrupting the other SSCs 

Slow release from the waste form   Linear reversible sorption on HCP in conditioning matrix (type I) / 
backfill mortar (type III) 

 10 m% HCP (hardened cement paste) in waste in type I monoliths  

 14.5 m% HCP in internal volume of type III monoliths (waste + backfill 
mortar) based on minimum amount of backfill mortar of 50 vol% 

Sorption properties of cementitious 
SSCs  

Kd value of non-carbonated cementitious SSCs depending on the type of 
cement used 

Kd values of non-carbonated cementitious SSCs are scaled with the weight 
fraction of hardened cement paste according to minimum requirements 
imposed in conformity criteria for the SSCs 

EES: best estimates for Kd for hardened cement paste and calcite 

RS: minimum values for Kd for hardened cement paste and calcite 

Pore diffusion coefficients in 
concrete, backfill mortar and waste 

EES: best estimates of pore diffusion coefficient Dp for Cl for concrete and 
backfill mortar; high estimate based on diffusivity in free solution for Cl for 
waste, backfill material of inspection room, sand-cement, material between 
the monolith stacks and fractures 

RS: minimum values of Dp for Cl for concrete and backfill mortar; high 
estimate based on diffusivity in free solution for Cl for waste, backfill 
material of inspection room, sand-cement, material between the monolith 
stacks and fractures 

Dispersion in conductive sorptive 
materials 

 backfill material of inspection room: effect of (expected) mechanical 
dispersion (partially) compensated by back-diffusion from fracture in 
the backfill material 

 sand-cement embankment: mechanical dispersion (longitudinal 
dispersivity 0.1 m) 
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Table 24: Additional calculation cases of the EES. 

Parameter / Hypothesis EES-base case Uncertainties considered 

Pore diffusion coefficients 

Dp [m².s-1] in concrete and 
backfill mortar 

Best estimate values for Dp  

 

Minimum Dp  

Maximum Dp 

Dispersion in the sand-cement 

embankment 

Best estimate values for 
dispersivity α [m] and Dp [m².s-1] 

Low dispersion (α and Dp) in the 

sand-cement embankment 

Distribution coefficient Kd 

[m³.kg-1] and solubility of Ca 
[mol.m-3] 

Best estimate values for Kd 

Best estimate value for solubility 
of Ca  

Minimum Kd and maximum 
solubility of Ca  

Configuration of the network of 
fractures in the monoliths 
considered 

 
Other configuration of the 

network of fractures  

Water infiltration into the 
modules 

Linear increase over a period of 
350 a  

Linear increase over a period of 
100 a  

Time of fracture formation in 
the monoliths 

Fracture formation from the start 
of degradation 

Fracture formation at the time of 
maximum water entry  

 

Geosphere model 

The activity leached from the repository reaches the aquifer underneath the facility, 

from where it is transported to a biosphere receptor. In the EES three biosphere 

receptors are considered, namely a well for private use, a river and wetlands.  

In the modelling of radionuclide transport in the groundwater the groundwater flow 

in the surroundings of the disposal site is taken into account. Furthermore, a 

number of deliberately conservative hypotheses are taken, considering possible 

future developments and disruptions of the hydrogeological conditions.  

The main hypotheses relating to the groundwater flow are that 

 The groundwater is fed by infiltration of rainwater/soil water 

 The interaction between groundwater and surface waters is limited to 

drainage (groundwater feeds surface waters) 

 The Bocholt-Herentals canal is no longer present. 

The main hypotheses relating to the transport of radionuclides in the groundwater 

are that it is controlled by advection, that no physical dispersion occurs, and that 

reactions (sorption on glauconite and radioactive decay) in the aquifer are not 

taken into consideration. 

The main geosphere-biosphere interfaces are a water well, rivers and wetlands. 

From these interfaces contaminants can spread into the biosphere via natural 

transport processes (except in the case of the well) or via human intervention.  

The position of these receptors is defined by the extent of the radionuclide plume.  
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The area of influence is located north of the disposal site up to the Witte and Kleine 

Nete (within a range of a few km²). The contamination of the groundwater and of 

the solid phase of the aquifer remain local at all times. Given that the exact future 

position of the well is unknown, the most unfavourable location is chosen: to the 

north, at the foot of the tumulus, 70 m from the disposal modules, at the place with 

the highest calculated concentration. The assumed absence of the Bocholt-

Herentals canal results in a slower groundwater flow, hence less potential for 

dilution and higher concentrations in the well (higher geotransferfactor (GTF), 

defined as the ratio between the concentration in the well to the flux from the 

repository). The obtained GTF value is 1.7 10-5 Bq.m-3 per Bq.a-1. 

The contamination plume migrates downwards near the disposal site (infiltration 

area with downward gradient, see §1.3.2 Figure 18), after which it moves 

horizontally towards the rivers Witte/Kleine Nete, from where the plume further 

migrates upwards to the surface water (upward gradient of groundwater near the 

rivers). This way, the mass flow that enters the aquifers ends up in the rivers and is 

diluted further in the river water. In the case of the river receptor it is assumed that 

the fraction of the flux from the repository that ultimately ends up in the Kleine 

Nete is equal to one. 

Wetlands with a very shallow groundwater level (< 0.5 m depth) are generally 

situated near the Witte and Kleine Nete. The wetland receptor is chosen at a 

location that has the highest calculated concentration, and specifically in shallow 

groundwater within the contamination plume. 

Biosphere model 

Contamination is spread from one of the main biosphere receptors (well, river, 

wetlands) into the accessible biosphere, thus exposing the representative persons. 

A simplified approach (reference biosphere) is used and justified with respect to the 

current biosphere in order to ensure that it cannot lead to an underestimation of 

the radiological impact. 

The exposure pathways comprise external radiation, inhalation of contaminated 

dust and/or radon, ingestion of contaminated food crops and animal products, 

ingestion of contaminated soil, ingestion of contaminated water for domestic use 

and use of contaminated surface waters. 

The main hypotheses for the biosphere and exposure pathways are that 

 Human habits are based on current behaviour. 

 The representative persons belong to a self-sufficient agricultural community 

(adults, children, infants), which does not use any food or water from places 

outside the area where the highest radiological impact can be expected. This 

implies that 

o In the case of the well receptor, they use well water as drinking 

water, for irrigation purposes and for livestock watering. 

o In the case of the river receptor, they use river water (Kleine Nete) 

as drinking water, for irrigation purposes and for livestock watering. 
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o In the case of the wetland receptor, they have a shallow groundwater 

well from which they extract drinking water.  

 Irrigation of crops and pasture (well receptor and river receptor) takes place 

by sprinkling (overhead irrigation) and not by traditional (ditch) irrigation. 

For the biosphere parameters that are not related to the prevailing climate 

conditions, best estimates are used. For key parameters, the effect of uncertainties 

has been assessed by considering the minimum and maximum values from the 

ranges. From these calculations, the order of magnitude of the biosphere 

conversion factors, converting the activity in a biosphere receptor to an impact to 

humans, was systematically confirmed. 

8.2.3.2 Timing of radionuclide release 

No leaching of radionuclides is expected during the first 650 a.  

The expected timing of the releases is calculated by the repository model of the 

EES. Mobile radionuclides such as 108mAg, 129I, 99Tc, 93Mo are principally released in 

the time period 650 – 1500 a, after which the releases decrease. Solubility-limited 
41Ca, slightly sorbed 36Cl, 59Ni and well-sorbed in-growing 234U are released in the 

time period 1,000 – 2,000 a. Well-sorbed radionuclides such as 239Pu, 240Pu, 94Nb, 
235U, 238U are not released before 2,000 a. 

With the reference scenario (RS), which envelopes the uncertainties in the EES in 

terms of maximum radiological impact over the relevant timescales of up to 2,000 

a, the maximum level of expected releases is provided by the repository model. The 

timing of the release for mobile, solubility-limited, slightly sorbed and well-sorbed 

in-growing 234U is similar to the EES, but in the RS well-sorbed radionuclides such 

as 239Pu, 240Pu, 94Nb, 235U, 238U are released in the time period 1,000 – 2,000 a due 

to the choice of minimum values for Kd in the RS (Table 23). 

8.2.3.3 Maximum exposure levels in the reference scenario 

The maximum exposure levels of the reference scenario (RS), are compared to the 

dose constraint. The maximum effective dose for adults for the well receptor is 

0.096 mSv.a-1 at 2,000 a, which is below the dose constraint of 0.1 mSv.a-1. For 

children and infants the maximum effective dose at 2,000 a is 0.075 mSv.a-1 for 

children and 0.088 mSv.a-1 for infants.  

The maximum effective dose for the well receptor is mainly determined by 239Pu, 
240Pu and 94Nb. 

For the river receptor, the maximum impacts are 0.074 µSv.a-1 for adults; 

0.056 µSv.a-1 for children, and 0.090 µSv.a-1 for infants. In contrast to the well 

receptor, the maximum impact for the river receptor is higher for infants than for 

adults over the relevant timescales. This behaviour is attributed to a shift in 

significant radionuclides for this peak. 
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For the wetland receptor, the maximum impacts are 0.023 µSv.a-1 for adults, 

0.011 µSv.a-1 for children, and 0.021 µSv.a-1 for infants. 

In the vicinity of the repository, the assessed maximum exposure levels to adults, 

children and infants resulting from normal evolution are below 1 mSv.a-1 and there 

are no exceptional pathways of exposure, e.g. involving the export of foodstuffs. 

8.2.3.4 Radionuclide activity release levels to the groundwater in the 

reference scenario 

The radionuclide activity release levels and resulting concentration levels under the 

RS in groundwater, rivers and sediments, water and soils in wetlands are compared 

to background concentrations. The radionuclide release levels from the RS are also 

used to assess the indicative dose (see §8.2.2.5) resulting from ingestion of 

drinking water. 

The indicative dose8 must be lower than 0.1 mSv.a-1, taking into account the total 

activity present in the drinking water, but with the exception of 3H, 40K and radon 

and its short-lived daughter products according to the Directive 2013/51/Euratom. 

The total activity present in the drinking water comes both from the activity that 

can be attributed to leaching from the repository in the RS, and from the 

background activity present.  

The Directive 2013/51/Euratom does not apply to water intended for human 

consumption coming from a separate supply amounting to less than 10 m³ per day, 

or used by less than fifty people, unless the water is supplied as part of a 

commercial or public activity.  

The indicative dose is nevertheless assessed for the radionuclide activity released 

from the repository to the groundwater. If it can be demonstrated that the impact 

in case of drinking water abstraction at the foot of the eastern tumulus is lower 

than 0.1 mSv.a-1, then this has been demonstrated for all other possible locations 

for drinking water abstraction in the surroundings of the disposal site. 

The maximum indicative dose in case of drinking water abstraction over timescales 

of up to 2,000 a is 0.044 mSv.a-1 for the RS. This value is lower than 0.1 mSv.a-1. 

The contribution of the repository to the indicative dose is 0.026 mSv.a-1, i.e. 

approximately 60% of the total indicative dose resulting from both the repository 

and the background activity. 

Table 25 illustrates that for naturally occurring radionuclides the maximum activity 

concentration in the aquifer water calculated in the RS is generally lower than the 

natural activity concentration in the groundwater.  

                                           

8  Whereas the indicative dose is calculated as the committed effective dose resulting from 

from the ingestion of 730 liter water per year (see Annex III of the Directive 
2013/51/Euratom), the maximum exposure levels given in §8.2.3.3 are calculated as the 
committed effective dose considering the biosphere model described in §8.2.3.1. 
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To calculate the ingestion radiotoxicity [Sv.m-3] in the groundwater the activity 

concentrations in the well receptor [Bq.m-3] are multiplied by the ingestion dose 

coefficients for adults [Sv.Bq-1] (as mentioned in Table A of Annex III of GRR-

2001).  

The maximum ingestion radiotoxicity calculated in the liquid phase of the aquifer 

resulting from the disposal in the RS is approximately 2.5 times lower than that 

resulting from the background of natural radionuclides (natural background in 

groundwater 1.2 × 10-4 Sv.m-3; radiotoxicity in a well at the foot of the eastern 

tumulus in the RS 4.7 × 10-5 Sv.m-3). 

To calculate the external radiotoxicity [µSv.h-1] caused by the presence of 

radionuclides in the groundwater the activity concentrations in the well receptor are 

multiplied by the calculated dose coefficients for radiation from a contaminated 

groundwater table underneath 1 m of sandy soil [µSv.h-1 per Bq.cm-3].  

The maximum radiotoxicity from external radiation of the aquifer water in the RS is 

approximately 60 times lower than that from the background of natural 

radionuclides. 

 

Table 25: Comparison of background concentrations in the groundwater (upper 

aquifer) [Bq.m-3] and calculated concentrations in the receptor 'well for private 

use' in the RS [Bq.m-3] for naturally occurring radionuclides. ND = not determined, 

measurement values below detection limit. 

 Background 
concentration(*) in 
groundwater [Bq.m-3] 

Concentration in the well 
at the foot of the eastern 
tumulus in the RS [Bq.m-3] 

3H ND < 0.001 

14C ND 662 

40K 17,000 - 

226Ra 32 5.87 

234U 3.5 1.81 

235U 0.16 0.09 

238U 21 0.52 

230Th - 0.69 

232Th 4.8 < 0.001 

(*) Further measurements of the background on the site and its 

immediate surroundings are planned. 

 

8.2.3.5 Radionuclide activity release levels to rivers and sediments in the 

reference scenario 

The radionuclide activity release levels and resulting concentration levels under the 

RS in rivers and sediments are compared to background concentrations. 
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The total α activity concentration in the water of the Witte Nete calculated in the RS 

is 0.30 Bq.m-3, which is lower than the background concentration of 15 to  

85 Bq.m-3. The total β/γ activity concentration in the water of the Witte Nete 

calculated in the RS is 67 Bq.m-3, which is lower than the background concentration 

of 260 to 770 Bq.m-3. 

To calculate the ingestion radiotoxicity the activity concentrations (in Bq.m-3 in river 

water, in Bq.kg-1 in sediment) are multiplied by the ingestion dose coefficients for 

adults [Sv.Bq-1] (as mentioned in Table A of Annex III of GRR-2001). To calculate 

the external radiotoxicity [Sv.h-1] of sediment, the activity concentrations [Bq.kg-1] 

are multiplied by the bulk density of sediment/soil and the external dose 

coefficients for adults [Sv.h-1 per Bq.m-3] as mentioned in the Radiological Toolbox 

of the US Nuclear Regulatory Commission (NRC). 

The background radiotoxicity in surface water is estimated in the range of 

5.8 × 10-6 Sv.m-3 to 2.9 × 10-5 Sv.m-3. The estimated radiotoxicity that could 

potentially be released into the Witte Nete in the RS is 9.8 × 10-8 Sv.m-3, which is 

approximately two orders of magnitude lower than the background. 

In order to compare the potential concentration in sediments to the natural 

background, we assume that there exists an instantaneous equilibrium between the 

river water and the sediments of the Witte Nete. The activity concentration in the 

sediments Csed,i [Bq.kg-1] can then be calculated based on the activity concentration 

in the river water Cwr,i [Bq.m-3] and the freshwater distribution coefficient Kdf,i 

[m³.kg-1]: Csed,i = Kdf,i.Cwr,i . 

This conservative approach leads to an overestimation of the concentrations, 

because the velocity of the sediments and the radioactive decay is not taken into 

account, but it allows us to disregard the precise location of both the point of 

discharge and the point where the exposure occurs. If it can be demonstrated 

under these conditions that the concentration/radiotoxicity resulting from the 

disposal does not lead to a significant increase in the radioactivity or radiotoxicity 

that is naturally present at a regional scale, then this has been demonstrated for all 

other possible points of exposure. 

 The concentration of 226Ra in sediments of the Witte Nete calculated in the 

RS is 0.03 Bq.kg-1, which is more than three orders of magnitude lower than 

the natural 226Ra activity (60 to 100 Bq.kg-1). 

 The maximum ingestion radiotoxicity resulting from the radionuclides, which 

could potentially be released into the sediments of the Witte Nete in the RS 

(8,7 × 10-6 Sv.kg-1) is more than two times lower than the background 

radiotoxicity (1.8 × 10-5 to 2.9 × 10-5 Sv.kg-1).  

 The maximum radiotoxicity resulting from external radiation, which could 

potentially be released into the sediments of the Witte Nete in the RS (5.7 × 

10-9 Sv.h-1) is comparable to the background radiotoxicity (4.7 × 10-9 to 

6.3 × 10-9 Sv.h-1). 
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8.2.3.6 Radionuclide activity release levels to water and soils in the 

reference scenario 

The radionuclide activity release levels and resulting concentration levels under the 

RS in water and soils are compared to background concentrations. 

Table 26 illustrates that the activity concentrations in the soil water of the wetlands 

for the naturally occurring radionuclides are much lower than the natural 

background concentrations of those radionuclides.  

To calculate the ingestion radiotoxicity, the activity concentrations (in Bq.m-3 in soil 

water, in Bq.kg-1 in soil) are multiplied by the ingestion dose coefficients for adults 

[Sv.Bq-1] (as mentioned in Table A of Annex III of GRR-2001). To calculate the 

external radiotoxicity [Sv.h-1] of soil, the activity concentrations [Bq.kg-1] are 

multiplied by the bulk density of sediment/soil and the external dose coefficients for 

adults [Sv.h-1 per Bq.m-3] as mentioned in the Radiological Toolbox of the US 

Nuclear Regulatory Commission (NRC). 

The maximum ingestion radiotoxicity of the radionuclides that could potentially be 

released into the soil water of the wetlands in the RS (1.3 × 10-8 Sv.m-3) is 

approximately four orders of magnitude lower than the radiotoxicity of the natural 

radionuclides in the soil water in the surroundings of the site (1.0 × 10-4 Sv.m-3). 

The maximum ingestion radiotoxicity of the radionuclides that could potentially be 

released into the soil of the wetlands in the RS (4.9 × 10-9 Sv.kg-1) is more than 

three orders of magnitude lower than the background (6.6 × 10-6 Sv.kg-1).  

The maximum external radiotoxicity that could potentially be released into the soil 

of the wetlands in the RS (1.4 × 10-11 Sv.h-1) is more than two orders of magnitude 

lower than the background (3.8 × 10-9 Sv.h-1). 

Table 26: Comparison of background concentrations in phreatic groundwater 

[Bq.m-3] and calculated concentrations in soil water of the wetlands in the RS 

[Bq.m-3] for naturally occurring radionuclides. ND = not determined, measurement 

values below detection limit. 

 Background concentration 
in groundwater [Bq.m

-3
] 

Concentration in soil water of 
the wetlands in the RS [Bq.m

-3
] 

40
K ND - 

226
Ra 370 0.002 

234
U 3.5 < 0.001 

235
U 0.16 < 0.001 

238
U 4.0 < 0.001 

8.2.3.7 Radionuclide activity release levels to air above wetlands in the 

reference scenario 

The radionuclide activity release levels and resulting concentration levels under the 

RS in air above the wetlands are compared to background concentrations. 
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The maximum concentrations that could potentially be released from the repository 

into the air above the wetlands represent only a small fraction (< 0.1%) of the 

natural radioactivity in the air in the surroundings of the disposal site.  

To calculate the inhalation radiotoxicity [Sv.m-3] of air, the activity concentrations 

[Bq.m-3] are multiplied by the inhalation dose coefficients for adults [Sv.Bq-1] (as 

mentioned in Table B of GRR-2001). The value proposed in the absence of detailed 

information about the chemical compound in which the radionuclides are found, is 

used.  

The background radiotoxicity for inhalation of aerosols is estimated as 2.1 × 10-10 

Sv.m-3. The inhalation radiotoxicity that could potentially be released into the air 

above the wetlands in the RS is estimated as 2.1 × 10-13 Sv.m-3, which is three 

orders of magnitudes lower. 

Radon gas is not taken into account here because the concentration is negligible in 

comparison with the natural background of radon gas. 

8.2.3.8 Radionuclide activity release levels to air as a result of gaseous 

releases from the repository 

Certain radionuclides that are present in the waste, or their daughters, can be 

released from the repository in gaseous form9. They end up in the atmosphere via 

the cover, after which they are transported by the wind to the surroundings of the 

disposal site. 

The US NRC recommends carrying out a screening to check whether a release of 

radionuclides in gaseous form can contribute significantly to the impact for the 

representative persons in the surroundings of the disposal site. In this context, it 

can be assumed that all packages/monoliths simultaneously fail (so-called 'puff 

release'), and that the entire source term of radionuclides that can be released in 

the gaseous phase is indeed available for release in gaseous form within a 

conservative short period (for instance 1 year).  

This possibility was considered in the screening calculations. Atmospheric dispersion 

was modelled with a two-dimensional Gaussian plume model. Given that a release 

in gaseous form leads to radionuclide concentrations in the air, the relevant 

exposure pathways are limited to the inhalation of gases and external radiation by 

submersion. 

The maximum impact under these extremely conservative assumptions is a few 

µSv per year. In addition, the impact of a release in gaseous form turns out to be 

several orders of magnitude lower for all radionuclides than for leaching into the 

groundwater in case of an acute release.  

                                           

9 Processes that could result in the gaseous release of radionuclides are e.g. corrosion of 
metals, microbial degradation of organic material, evaporation, radioactive decay and 
radiolysis. 
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 Alternative evolution scenarios 8.2.4

8.2.4.1 Features, events and processes (FEPs), description of scenarios 

and assumptions and parameters 

A screening process has led to the identification of 18 initiating FEPs:  

FEP 1. Poor quality construction; 

FEP 2. Accidents and unplanned events; 

FEP 3. Seismicity; 

FEP 4. Climate change, regional and local; 

FEP 5. Explosions; 

FEP 6. Plane crash; 

FEP 7. Presence of non-allowed non-radioactive components; 

FEP 8. Material defects (waste); 

FEP 9. Mechanical processes and conditions (in waste and EBS); 

FEP 10. Subsidence/collapse; 

FEP 11. Fracturing; 

FEP 12. Frost weathering; 

FEP 13. Cellulosic degradation; 

FEP 14. Introduced complexing agents and cellulose; 

FEP 15. Extremes of precipitation, snow melt and associated flooding; 

FEP 16. Erosion and deposition; 

FEP 17. Denudation; 

FEP 18. Chemical complexing agents, effects on contaminant speciation/transport 

 

Based on the mutual dependencies and relationships (causes, effects, amplifying 

effects, similar effects), the initiating FEPs are grouped into overarching AESs.  

If a different probability can be determined or adopted according to the intensity of 

the disturbance, then multiple scenarios can be considered: this is the case for the 

initiating FEPs 3, 6 and 16. Initiated FEPs with similar effects are aggregated within 

the same AES.  
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This leads to the following set of scenarios: 

 AES1-1: Early earthquake  

 Main initiating FEP: 3 

 Consequence: 1610 

 AES1-2: Early and heavy earthquake  

 Main initiating FEP: 3 

 Consequence: 9,10,11,16,17 

 Amplifying effects: 111 

 AES2-1: Crash of a military aircraft  

 Main initiating FEP: 6 

 Consequence: 16 

 AES2-2: Crash of a large passenger aircraft 

 Main initiating FEP: 6 

 Consequence: 9,10,11,16,17 

 AES3-1: Accelerated erosion 

 Main initiating FEP: 16 

 Cause: 2,5,15  

 Consequence: 17 

 Amplifying effects: 4,12 

 AES3-2: Extreme erosion 

 Main initiating FEP: 16 

 Cause: 2,5,15  

 Consequence: 17 

 Amplifying effects: 4,12 

 AES4: Not-detected complexing agents 

 Main initiating FEP: 18 

 Cause: 7,13,14 

 Similar effect: 8 

AES 3-1 and AES 3-2 are the same except for the time of the initiation. The 

relations are graphically depicted in Figure 34.  

 

                                           

10  In AES1-1 it is assumed that an earthquake only affects the earth cover without affecting  
the impervious top slab and without direct consequences for the concrete components. 
11 Possible construction deficiencies only relate to small-scale deviations in concrete 
components. These could have an amplifying effect in the event of an earthquake, which is 
an initiating factor for the degradation of concrete components (AES1-2). 
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Figure 34: Relations between initiating FEPs, causes and consequences in AES 

scenario generation. 

Through combination of initiating FEPs that are not linked, but which can lead to a 

degradation state of the system that is not covered by the other scenarios when 

occurring simultaneously and for which the combination is considered still 

reasonably plausible, three additional scenarios are identified:  

 AES5-1: Complexing agents in combination with an early earthquake 

 AES5-2: Complexing agents in combination with an early and heavy 

earthquake 

 AES6: Complexing agents in combination with an accelerated erosion 

In order to limit the number of calculation cases and to ensure the enveloping 

character of the chosen AES calculation case, the conceptualisation always assumes 

the earliest possible occurrence of disruption and the largest effect to the SSCs as a 

result of the disruption, taking into account the phenomenological knowledge base 

and / or supporting model calculations as far as these are available. One enveloping 

case is chosen that covers the effects of all initiating FEPs within the considered 

scenario, with its associated uncertainties.  

Only if multiple radionuclide trajectories are possible for which the impact must be 

calculated separately, different calculation cases for the same scenario are foreseen 

(see scenario AES2-2). 

Table 27 gives an overview of the hypotheses that are changed in the AES 

repository models compared to the RS repository model. 
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Table 27: Overview of the hypotheses that are changed in the AES repository models compared to the RS repository model. 

 Early degradation Faster degradation Larger degradation Loss of chemical retention 

Start Affected source 
term fraction 

Heterogeneity Increase in 
water flux 

Crack pattern Ratio of 
transmissivities£  

Sorption Affected source 
term fraction  

AES1-1 from 350 a onward 100%       

AES1-2 from 350 a onward 100% 1 step over 30 a Additional fracture 

in waste in type I 

1:1   

AES2-1 from 350 a onward 50%       

from 650 a onward 50%       

AES2-2 from 350 a onward 50% 1 step over 30 a Additional fracture 
in waste in type I 

1:1   

from 650 a onward 50%       

AES3-1 from 650 a onward 100%       

AES3-2 from 350 a onward 100%       

AES4       no sorption 1% 

AES5-1 from 350 a onward 100%     no sorption 1% 

AES5-2 from 350 a onward 100% 1 step over 30 a Additional fracture 

in waste in type I 

1:1 no sorption 1% 

AES6 from 650 a onward 100%     no sorption 1% 

£ 
Corresponds approximately to the water flux ratio through fractures and the material between stacks.  
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8.2.4.2 Maximum exposure and risk levels 

The radiological impacts for the AES are given in Table 28. Early degradation of 

barriers is considered in AES1-1, AES2-1, AES3-1, AES3-2, AES5-1 and AES6 and 

lead to assessed maximum exposure levels ranging from 0.112 to 0.154 mSv.a-1.  

In case of early degradation of barriers, assessed exposure levels for adults, 

children and infants in the vicinity of the repository are below 1 mSv.a-1 and there 

are no exceptional pathways of exposure, e.g. involving the export of foodstuffs 

In case of early, faster and larger degradation of barriers, i.e. AES1-2, AES2-2 

calculation case ‘gradual leaching’12 and AES5-2 cases, assessed exposure levels 

exceed 1 mSv.a-1 (ranges between 1.05 to 6.10 mSv.a-1). These concern AESs in 

which the damages to the barriers as a result of very unlikely events of “early and 

heavy earthquake” and “crash of large passenger aircraft” are conceptualised in an 

envelope manner. These AESs are leaching scenarios for which the radionuclide 

pathways and exposure pathways are similar to the reference scenario. 

Table 28: Radiological impacts for AES. 

 Adults Children Infants 

Scenario 
Max. eff. dose 

[mSv.a-1] 

Time 

[a] 

Max. eff. dose 

[mSv.a-1]  

Time 

[a] 

Max. eff. dose 

[mSv.a-1] 

Time 

[a] 

AES1-1 0.118 1,798 0.089 1,843 0.103 1,821 

AES1-2 2.11 361 1.69 361 1.74 361 

AES2-1 0.114 2,000 0.087 2,000 0.100 2,000 

AES2-2° 1.05 361 0.84 361 0.87 361 

AES2-2* 0.683 350 0.390 350 0.518 350 

AES3-1 0.112 2,000 0.085 2,000 0.099 2,000 

AES3-2 0.118 1,798 0.089 1,843 0.103 1,821 

AES-4 0.112 1,339 0.105 1,339 0.134 1,339 

AES5-1 0.188 539 0.165 612 0.212 687 

AES5-2 6.10 361 4.91 361 5.77 361 

AES6 0.154 910 0.139 989 0.177 989 

° Gradual leaching of radionuclides * Direct contact in the impact crater 

                                           

12 In AES2-2, also a direct atmospheric exposure pathway due to a plume and puff release is 
assessed. The calculated effective dose to adults is 0.432 mSv.a-1 at a distance of 5 km from 

the disposal site. This assessment was done for the phase 0-50 a, which refers to the phase 
before construction of the cover, and does not take into account the cover nor radioactive 
decay after closure of the repository, which would both lower the impact considerably. 
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Examining the contaminant plume of 239Pu in the AES5-2 (Figure 35), it is clear that 

even for the extreme degradations, the spatial extent of the plume remains limited, 

compared to the reference scenario.  

The area affected by leaching of radionuclides from the repository is situated north 

of the disposal site, between the repository and the Witte/Kleine Nete. The 

Witte/Kleine Nete will carry the increasingly smaller residual activity13 to the Nete 

and Rupel towards the Scheldt catchment (with an increasingly larger dilution).  

There are no transboundary impacts as a consequence of the AES scenarios with 

assessed exposure levels > 1 mSv.a-1 in the vicinity of the repository, i.e. for 

scenarios involving combination of early, faster and larger degradation of barriers. 

In the AES, there are no exceptional pathways of exposure related to export of 

foodstuffs. For the timeframes of these scenarios (350 – 2000 a), no statements 

can be made on the degree of self-sufficiency of the local population nor the level of 

export of plant or animal products originating from the surroundings of the site. It 

is not expected that export of such products can lead to a meaningful exposure, 

also not for the higher exposures of the very unlikely events “crash of a large 

passenger aircraft” and “early and heavy earthquake”. 

 

 

Figure 35: Contamination plume of 239Pu as a consequence of leaching under the 

reference scenario (left) and under AES5-2 ‘Complexing agents in combination with 

an early and heavy earthquake’ (right).  

                                           

13 The mentioned exposure levels have been assessed for use of water from a hypothetical 
water well at 70 m from the modules. 
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An overview of the calculated risks for the different AESs is provided in Table 29. 

The overall risk, calculated as the sum of the peak risks for all AESs, is  

4.35 × 10-6 a-1. However, taking into account the fact that the maximum risks do 

not occur simultaneously, the maximum overall risk drops to 3.16 × 10-6 a-1. 

Hence, the overall risk of all unexpected but possible evolutions of the repository 

complies with the risk constraint of 10-5 a-1. This means that the impacts in case of 

the unexpected but possible evolutions in the alternative evolution scenarios occur 

are acceptable. 

 

Table 29: Radiological risks for AES. 

Scenario 
Max. eff. dose 

[mSv.a-1]  

Cumulative 

probability [%] 
Peak risk [a-1] 

Time of peak 

risk [a] 

AES1-1 0.118 6.32% 4.24 × 10-7 1,798 

AES1-2 2.11 7.92% 2.04 × 10-6 2,000 

AES2-1 0.114 0.1% 6.52 × 10-9 2,000 

AES2-2° 1.05 0.1% 1.61 × 10-8 2,000 

AES2-2* 0.683 0.1% 3.39 × 10-8 2,000 

AES3-1 0.112 10% 6.40 × 10-7 2,000 

AES3-2 0.118 0.1% 6.72 × 10-9 1,798 

AES4 0.112 10% 6.38 × 10-7 1,339 

AES5-1 0.188 0.632% 5.90 × 10-8 999 

AES5-2 6.10 0.792% 4.00 × 10-7 958 

AES6 0.154 1% 8.77 × 10-8 910 

Overall risk [a-1] 4.35 x 10-6  

° Gradual leaching of radionuclides * Direct contact in the impact crater 
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 Human Intrusion Scenarios 8.2.5

The following assumptions are made:  

 Intrusion takes place after the knowledge about the site and its contents 

have been lost, which means it can occur, at the earliest, after the end of 

the nuclear regulatory control of the site (350 a);  

 Intruders are unaware of the potential radiological risk caused by their 

actions;  

 Regardless of the measures taken to limit the probability of intrusion, the 

radiological impact is assessed independently from the probability of 

occurrence; and 

 In all considered HISs, it is assumed that the radioactive nature of the 

material is not discovered. 

Considering the inherent uncertainty associated with future human actions and 

behaviour, a set of stylised scenarios has been developed to represent various 

scales of intrusion (i.e. whether a single or multiple waste packages are affected) 

and different actions undertaken by the intruder. Two types of intrusion scenarios 

are considered in terms of the nature of their consequences (acute or chronic), 

respectively scenarios with a direct effect on the intruder and scenarios with a 

deferred effect on neighbouring population. In the assessment of all HISs, it is 

assumed that all activity in the repository remains contained until the moment of 

the intrusion. 

The direct effect scenarios consider the impact on an inadvertent intruder digging 

or drilling into the repository and bringing some of the waste to the surface, which 

exposes him to an acute (instantaneous) dose.  

The following direct effect scenarios are considered: 

 The analysis of a drill core from the waste (‘core analysis', which involves 

only one waste package); 

 The drilling of a borehole through a tumulus ('borehole drilling', which 

involves several packages/monoliths); and 

 The excavation of a strip from a tumulus, which extends into the waste 

('construction – excavation', which involves several modules). 

The deferred effect scenarios consider the impact on the neighbouring population 

exposed to radioactive material coming directly from the repository (consequences 

of the deterioration of the isolation capacity) and the leached activity from the 

repository, the integrity of which was broken by the intrusion (consequences of the 

deterioration of the containment capacity). 
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The following deferred effect scenarios, which always involve several 

packages/monoliths/modules, are considered: 

 Small-scale deterioration of the isolation capacity: 'residence post-drilling'  

 Large-scale deterioration of the isolation capacity: 'residence post-

excavation' 

 Small-scale deterioration of the containment capacity: 'residence on the 

repository’ 

 'Large-scale deterioration of the containment capacity'. 

For each of the scenarios the radiological impact has been calculated (Table 30). 

For all scenarios, the dose is acceptable in comparison with the reference value of 

3 mSv.a-1. Especially for the core analysis scenario, the impact is strongly 

dependent on the radiological content of the intercepted waste14. Waste packages 

yielding an impact exceeding 3 mSv are excluded from disposal at the Dessel 

surface repository.  

Table 30: Assessed effective dose for HIS to adults. 

Scenario Effective dose [mSv.a-1] Time [a] 

Core analysis (average 
activity concentration) 

6.64 × 10-2 350 

Core analysis (maximum 
activity concentration) 

2.99 x 100 350 

Borehole drilling 7.14 × 10-3 350 

Construction - excavation 1.05 × 10-1 350 

Residence post-drilling 7.71 × 10-3 351 

Residence post-excavation 4.42 × 10-1 351 

Residence on the repository 1.65 × 10-1 2,000 

Large-scale deterioration of 
the containment capacity 

2.11 × 100 361 

 

 Penalising scenarios 8.2.6

The impacts for adults, children and infants for the penalising scenarios after 

2,000 a are acceptable when compared with the dose reference value of 3 mSv.a-1. 

                                           

14 The highest dose from an existing waste package in the source term under core analysis is 
2.99 mSv; about 66% of the existing packages yields an impact below 0.03 mSv (i.e. more 
than a factor of 100 below the dose reference value). 
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9 ENVIRONMENTAL MONITORING 

The purpose of the radiological monitoring programme is (i) to monitor the 

behaviour of the disposal system and its surroundings, and (ii) to verify the impact 

of the repository on people and the environment (confirmation that impacts to the 

surroundings are negligible).  

All relevant exposure pathways associated with both operational and post-closure 

safety will be monitored. 

9.1 Media monitored by the operator 

The monitoring programme includes the following media types:  

 Dose (rate) monitoring 

o Under normal circumstances during the operational period, external 

radiation will constitute the main exposure pathway for both people 

and the environment. Four types of measurements are planned: 

 Site surveys (dose rate on site) 

 Integrating dose measurements (frequency: quarterly) 

 Continuous active dose rate measurements 

 Periodic dose rate measurements with a portable dose rate 

meter (frequency: weekly). 

 Air monitoring – aerosols, tritium, 14C during operational phase Ia (i.e. 

before the cover has been built) 

o 2 sampling stations outside the repository (frequency: weekly). 

o In addition, measurements will be performed in the controlled zone of 

the disposal site, so as to confirm the absence of radiological 

contamination by gases (H-3 and radon) and aerosols (frequency: 

weekly). 

 Air monitoring – radon 

o Integrating radon monitoring at two sampling stations outside the 

disposal site; two locations at the fence of the disposal site, and two 

locations within the repository itself above the modules that are in 

operation at that moment (frequency: quarterly). 

o Active continuous radon monitoring in the inspection gallery. 

 

 Deposition monitoring (dry and wet deposition) 

The purpose of measuring depositions is twofold: (i) monitoring the 

accumulation of radionuclides on the soil, and (ii) monitoring the 

potential spread of radionuclides in the atmosphere. 
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The sampling locations are situated where the highest concentrations 

of radionuclides can be expected, taking into account the prevailing 

wind directions. 

 Groundwater monitoring 

o A 'time belt' is a hypothetical line connecting all the groundwater 

observation wells in the aquifer whose groundwater travel times, 

calculated from the source (i.e. the bottom side of the embankment), 

are similar. There will be three time belts: 

 Belt 1: Observation wells in the immediate vicinity of the 

repository (approximately 10 m from the walls of the 

modules) with an expected travel time of < 5 a (8 observation 

wells for the first tumulus). 

 Belt 2: Observation wells approximately 70 to 100 m from the 

walls of the module; this belt will largely coincide with the 

outer fencing. The expected travel time to this time belt is 

< 10 a (16 observation wells for the first tumulus). 

 Belt 3: Observation wells with an expected travel time of 10 to 

25 a in the direction of the groundwater flow (to the north, 

the observation wells are located approximately 350 m from 

the modules) (9 observation wells for the first tumulus). 

o Before the closure of the facility (< 95 a), the emphasis is on 

monitoring the drainage water within the repository itself, which is 

why fewer observation wells are needed until that time.  

 Four observation wells have already been installed to carry 

out reference measurements.  

 During operation (< 50 a) mainly the first time belt will be 

monitored.  

The second and third time belt will be completed in < 100 a, so that 

the groundwater monitoring system is complete at the start of the 

nuclear regulatory control phase (100 – 350 a). 

 Sampling of surface water and sediments; 

 'Witte Nete/Kleine Nete' river 

 3 ponds near the Witte/Kleine Nete north of the disposal site 

 'Bocholt-Herentals canal' and 'Hooibeek'. 
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9.2 Radiological monitoring of the territory by the 

safety authority 

The radiological monitoring of the territory comprises two complementary parts: 

 Global monitoring of the territory outside the zones where significant nuclear 

activity is carried out. 

 Close monitoring around nuclear sites where an activity liable to have a 

radiological impact on the environment is carried out (Mol-Dessel, Doel, 

Tihange, Fleurus).  

The monitoring is conducted in two ways: 

 In a continuous way, via the automatic TELERAD network for measuring 

local ambient radioactivity. The TELERAD network is supplemented by 

meteorological masts that measure wind speed and direction and by mobile 

measuring stations that can be deployed at any location of the territory. 

 In an intermittent way, via periodic measurement of the soil and taking 

samples for analysis. The sampling and measurement campaigns include air, 

atmospheric dusts, rain, river, sea and drinking water, the soil, river and 

marine sediments, river and marine flora and fauna, milk, meat, fish, 

vegetables, etc. 

Annually, the safety authority publishes a summary report of this monitoring of the 

territory. 

In the event of nuclear emergencies, the TELERAD network helps in assessing the 

seriousness of the accident and taking decisions, etc. 
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9.3 Guidelines for post-closure monitoring by the 

operator  

Table 31 presents information about the different parameters and indicators, which 

will be monitored in relation to the post-closure safety of the repository. 

 

Table 31: Indicators and parameters in relation to post-closure safety, which will 

be monitored during and after closure. 

Closure phase (95 – 100 a) / Nuclear regulatory control phase (100 – 350 a) 

Monitoring theme General objective Specific objectives Parameter/indicator 

Radiological 
monitoring 
programme  

Confirmation of 
target performance 

Radiological and chemical 
situation in the surroundings so 
that any disruptions resulting 
from the repository can be 
detected 

see Table 32  

Confirmation of 
geotransferfactors 
used in the safety 
assessments 

Confirmation of 
geotransferfactors used in the 
safety assessments 

Flow rate, flow 
direction, 
meteorological 
parameters, flow 

rates of watercourses 
in the surroundings 
of the repository 

Physical surveillance 
and structural 
monitoring 

Confirmation of 
expected 
performance of 
concrete components 

To be determined before closure Test items  

Multi-layer cover Protective role (and 
water flow limitation 
function) of the earth 
cover during phases 
Ib, II, III and IV 

Topographical measurements Subsidence and 
movements 

Detection of soil erosion, shear, 
perturbation by fauna and flora 

Deformation, shear,  
perturbation by fauna 
and flora 
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Table 32: Radiological monitoring during the nuclear regulatory control phase 

(100 – 350 a). 

Monitoring activity Method of analysis 

Frequency at 
the start of the 

nuclear 
regulatory 

control phase  

Location(s) 

External radiation 

Integrated dose 
monitoring 

Integrating dosimeters Six-monthly 

Twelve near the outer fence; one 
north and one south of the 
repository; one in the 
administrative building; one in 
the work place/garage and one 
on top of the tumuli 

Continuous dose 
rate monitoring 

Dose rate Continuous One on top of the tumuli  

Groundwater 

Groundwater 
sampling 

Measurements on samples 
(radiological + chemical 
precursors of radiological 
contamination£ ) 

Quarterly (first 
time belt) 

Annually 
(second and 
third time belts) 

Eight at the first time belt; 
sixteen at the second time belt 
and ten at the third time belt 

Surface waters and sediments 

Surface water 
sampling 

Measurements on samples 
(radiological + chemical 
precursors of radiological 
contamination£) 

Annually, 
biennially and 
monthly for 
sediments 

Witte Nete/Kleine Nete; brook 
southwest of the repository, 
Bocholt-Herentals canal south of 
the repository, ponds north of the 
repository 

£ These include 3H, pH, electrical conductivity, boron. 

 

9.4 Collaboration arrangements with neighbouring 

Member States in respect of environmental 

monitoring 

Not applicable 
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