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Radioactive substances and ionizing radiation are used in medicine, industry, agriculture, 
research, education and electricity production. This generates radioactive waste. In the 
Netherlands, this waste is collected, treated and stored by COVRA (Centrale Organisatie 
Voor Radioactief Afval). After interim storage for a period of at least 100 years radioac tive 
waste is intended for disposal. There is a world -wide scientific and technical consensus 
that geological disposal represents the safest long -term option for radioactive waste.  
 
Geological disposal is emplacement of radioactive waste in deep underground formations. 
The goal of geological disposal is long-term isolation of radioactive waste from our living 
environment in order to avoid exposure of future generations to ionising radiation from the 
waste. OPERA (OnderzoeksProgramma Eindberging Radioactief Afval) is the Dutch research 
programme on geological disposal of radioactive waste.  
 
Within OPERA, researchers of different organisations in different areas of expertise will 
cooperate on the initial, conditional Safety Cases for the host rocks B oom Clay and 
Zechstein rock salt. As the radioactive waste disposal process in the Netherlands is at an 
early, conceptual phase and the previous research programme has ended more than a 
decade ago, in OPERA a first preliminary or initial safety case will b e developed to 
structure the research necessary for the eventual development of a repository in the 
Netherlands. The safety case is conditional since only the long -term safety of a generic 
repository will be assessed. OPERA is financed by the Dutch Ministry of Economic Affairs 
and the public limited liability company Electriciteits -Produktiemaatschappij Zuid -
Nederland (EPZ) and coordinated by COVRA. Further details on OPERA and its outcomes 
can be accessed at www.covra.nl . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This report concerns a study conducted in the framework of OPERA. The conclusions and 
viewpoints presented in the report are those of the author(s). COVRA may draw modified 
conclusions, based on additional literature sources and expert opinions. A .pdf version of 
this document can be downloaded from www.covra.nl . 
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Summary 
In the OPERA research programme, performance assessment calculations were performed 
for a disposal concept in Boom Clay, covering a period of 10 million years. However, also 
beyond 10 million years, relevant radiotoxicity concentrations in the biosphere may 
appear. This would be caused by the very slow release and migration of disposed uranium 
and its daughter nuclides though the Boom Clay host rock. In this report, additional 
analyses are performed to address the safety of the OPERA disposal concept in Boom Clay 
on very long terms, i.e. beyond one million years.  
 
Assessment calculations for periods beyond 1 million years are disputable in radioactive 
waste management, because these are accompanied by increasing uncertainties on human 
behaviour, geological processes and other phenomena. In this report it is explored how 
uncertainties on the long term evolution of the disposal and its surrounding environment 
can be addressed. In addition, the outcomes of performance assessment calculations are 
put into perspective, given the fact that the se cond exposure peak occurs in a very distant 
future, far beyond human imagination.  
 
The outcomes of additional analyses show that radiotoxicity concentrations in the 
biosphere on the very long term are dominantly related to 238U and its daughter nuclides. 
Because uranium is a natural abundant element, the radiological consequence of the 
presence of any additional uranium and its daughters can be compared with natural 
background concentrations in the Netherlands and with studies on natural analogues. A  
number of lessons learned and conclusions are presented. 
 

Samenvatting 
Als onderdeel van het onderzoeksprogramma OPERA zijn lange-termijn veiligheids -
berekeningen uitgevoerd voor een eindbergingsconcept in Boomse Klei over een periode 
van 10 miljoen jaar. Aanvullende analyses lieten zien dat ook na 10 miljoen jaar relevante 
radiotoxiciteitsconcentraties kunnen optreden  in de biosfeer , veroorzaakt door de zeer 
langzame migratie van uranium en zijn dochternucliden door d e Boomse Klei. In dit report 
zijn additionele analyses uitgevoerd om de veiligheid van het OPERA bergingsconcept op 
zeer lange termijn, i.e. na meer dan een miljoen jaar in kaart te brengen.  
 
Veiligheidsberekeningen over periodes van meer dan een miljoen jaar zijn in de 
eindbergingswereld omstreden, omdat er naarmate de tijd vordert steeds grotere 
onzekerheden optreden zoals bijvoorbeeld over het menselijk gedrag of geologische 
processen. In dit report is gekeken hoe deze onzekerheid over de langetermijn 
ontwikkeling van de berging en het omliggende milieu geadresseerd kan worden. Daarnaast 
is nagegaan hoe de uitkomsten van berekeningen over zeer lange perioden in het juiste 
perspectief kunnen worden geplaatst gezien de radiologische gevolgen van uranium in de 
eindberging slechts op zeer lange termijn van belang zullen zijn, ver buiten het menselijke 
voorstellingsvermogen. 
  
De resultaten van additionele analysen laten zien dat radiotoxiciteitsconcentraties in de 
biosfeer op zeer lange termijn vooral gerelateerd zijn aan 238U en zijn dochternucliden. 
Omdat uranium een natuurlijk in het milieu voorkomend element is, kunnen de 
radiologische consequenties van de aanwezigheid van additionele hoeveelheden uranium 
worden vergeleken met natuurlijke achtergrond concentraties in Nederland, en met 
resultaten van studies naar natuurlijke analogons. Het rapport bevat tevens een aantal 
conclusies en òlessons learnedó.  
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1 Int roduction  

1.1.  Background 

The five-year research programme for the geological disposal of radioactive waste  
ðOPERA- started on 7 July 2011 with an open invitation for research proposals. In these 
proposals, research was proposed for the tasks described in the OPERA Research Plan [2].  
 
In the OPERA research programme, all safety relevant aspects of a given generic reference 
disposal concept for radioactive waste [ 1] are considered and assessed in order to evaluate 
the long-term safety of such a facility [ 2]. The programme follows in general terms the 
methodology known as 'Safety Case' [3, 4, 5]. The central part of the Safety Case is formed 
by safety assessment calculations that investigate potential radiological risks of a disposal 
concept. In OPERA, safety assessment are performed over a period of 10 million year, 
however, a second peak related to disposed depleted uranium can appear in the bios phere 
far beyond this period.  
 

1.2.  Objectives 

As is generally agreed in radioactive waste management, uncertainty on the long -term 
safety assessment of a disposal facility increases in the long -term, making safety 
assessment calculations after 1 million years disputable. At the OPERA Safety Case Group 
meeting of 21 of April, 2017, the participants were very aware that communication of the 
calculated long -term radiological impact of disposed uranium is not straightforward, and 
there was agreement that there is s ome need to address these long-living radionuclides in 
a different way than the radionuclides that contribute to the earlier peak of the effective 
dose rate in the biosphere.  
 
This report  aims to provide additional arguments for understanding and interpret ing the 
potential hazard related to uranium and its daughters on the very long term  - which, in 
this report, refers to the period beyond 1 million years after disposal - by use of 
independent evidence [ 6], and comparison with ônatural analoguesõ [7, 8, 9].  The main 
objective of this endeavour is to provide additional considerations for argumenting safety 
in the very long -term, consistent with, and in support of the OPERA safety assessment 
results and underlying OPERA outcomes.  
 

1.3.  Realization  

This report has been compiled by NRG. 
 

1.4.  Explanation contents  

Chapter 2 elaborates why it is necessary to look beyond the period of one million years. 
Chapter 3 analyses how risks can be assessed on geological time scales, and explains why 
analyses on the very long term can  be limited to 238U. It also gives a brief overview on the 
uranium waste inventory of OPERA, and summarizes natural background concentrations of 
U in Boom Clay and in the biosphere. In the final section of Chapter 3, observations on 
natural analogue studie s on uranium are presented, and comparisons with the OPERA 
disposal system are made. Chapter 4 explains how uncertainties in the modelling of 
uranium migration are addressed in the OPERA safety assessment, and which additional 
uncertainties need to be cons idered when looking at very long timescales. In Chapter 5, a 
synthesis of the analyses in this report is given and conclusions are formulated.  
 
Additional material in support of the main text can be found in a number of appendices.  
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2 Why addressing timescales beyond 1 million years? 
The long-term safety of a geological disposal facility is a key topic in radioactive waste 
management. An important principle of radioactive waste management with a broad 
support base is that a similar level of protection  should be provided for future generations 
as for the current generation (e.g. [ 10, p.7]). It is recognized that safety assessments 
should be performed sufficiently far into the future to ensure that any peak in the 
potential radiological impact originating  from the disposal facility has been taken into 
account. On the other hand, very long timescales are accompanied by large uncertainties, 
making assessment calculations for periods beyond 1 million years disputable.  
 
The safety assessment calculations performed in OPERA cover a period of 10 million years. 
Within this assessment period, a peak occurs at about 220.000 years, from the contribution 
of radionuclides that migrating relatively fast through the Boom Clay host rock. Thereafter 
the calculated risk in dicators decrease by many orders of magnitude [ 23].  
 
During the first 10 million years no contribution of uranium and actinides to the overall risk 
is visible, du e to (1) the limited solubility of uranium, and (2) the very slow migration of 
these nuclides through the Boom Clay host rock. However, when looking to timeframes 
beyond 10 million years, uranium and its daughter nuclides cause a second peak of relevant 
magnitude ( Figure 2-1). While doubts on the usefulness of model calculation over such long 
times scales are justified, a long -term safety assessment limited to 1 or 10 m illion years 
could be argued as unsatisfying because it does not tell the ôwhole storyõ.  
 
This raises two major questions:  

1. What are the relevant uncertainties on the very long term (i.e. beyond one million 
years), and how can these be addressed? 

2. How can the outcomes of a safety assessment be put into perspective, given the 
fact that the second peak occurs in a very distant future, on a geological timescale 
far beyond human imagination? 

 
These questions will be addressed in the next chapters.  
  

 
Figure 2-1: Radiotoxicity concentration in biosphere water in the central assessment case 
(N1-DV), computed over 1.5 billion years. PA -model 9.3 -multiwaste.  
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3 Assessment of uranium on the very long term  
It can be generally noted that the uncertainty about the long -term evolution of a disposal 
system and its natural environment is higher in the biosphere than in the subsurface for the 
following considerations:  

¶ In the biosphere, assessment calculations apply assumptions on presently existing 
human and animal diets, land use, agricultural practices, as well as water 
management aspects in order to estimate the future human exposure [ 11]. 
However, diets and agricultural practices can already change within decad es. 

¶ The subsurface between the biosphere and the host rock, denoted as ôoverburdenõ, 
can be assumed to be more stable than the biosphere, although water management 
measures may affect local groundwater streamlines in the upper part of the 
overburden in a r elatively short term. Glacial periods that occur in intervals of few 
hundred thousands of years affect this layer more profoundly [ 12]. Within OPERA 
little quantitative information is provided that allows to integrate the effects of 
future glacial periods o n the overburden in a safety assessment model , and more 
detailed analyses of the geological evolution in [ 12] are limited to one million 
years. It can, however, be noted that the overburden representation in the OPERA 
performance assessment model is very conservative: the travel time through the 
system is irrelevant with respect to the considered time scale, and little dilution 
takes place by dispersion.  

¶ The host rock is assumed to be most stable feature of the disposal system, although 
some attention needs to be given to potential future human activ ities in the deep 
underground (e.g. exploration of gas, oil, and shales, geothermal energy, CO 2-
disposal). The host rock is affected by glacial periods in a relatively predictable 
manner that can be covered by performance assessment [ 12, 13]. Major changes of 
the host rock can occur on very long times scales, caused by regional and 
continental processes such as erosion, sedimentation, tectonic plate movements, 
and related uplifts or depressions . However, the analyses performed in  [12] cover 
ôonlyõ a period of one million years, and allows no conclusion on the time scales 
beyond 100 million years . 

 
To address the above identified uncertainties on the very long term, it is recommended to 
use more than one indicator for the long -term safety in a safety case for the geological 
disposal of radioactive waste, with each indicator add ressing different timescales. This is 
briefly elaborated in the next section.  
 
 

3.1.  Suitable assessment endpoints for the very long term  

The outcomes of safety assessments calculations are generally expressed as so-called 
ôsafety and performance indicators õ [14, 15, 16], which provide an indication of the 
performance of components of the disposal system, such as the engineered barriers and 
the host rock, as well as the safety achieved by the overall system.  
 
The ôEffective dose rate õ has been applied widely in radiological safety analyses and can 
be considered as the leading, primary safety indicator  [17]. To cover the large 
uncertainties on the very long term, it is recommended to calculate next to this primary 
safety indicator additional, complementary safety ind icators as assessment endpoints on 
the very long term [ 14, p.92 ff ]. Based on international recommendations [ 18, 19, 20], in 
OPERA, two additional safety indicators we re suggested for the OPERA safety case [15, 16]:  

¶ Radiotoxicity concentration in biosphere water  

¶ Radiotoxicity flux from geosphere  
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The first additional indicator does not depend on assumptions on the biosphere that are 
uncertain already before the first peak in the biosphere occurs (a few hundred thousa nds 
of years). The Radiotoxicity concentration in biosphere water  excludes the biosphere and 
all processes within by focussing on the groundwater that just entered the biosphere.  
 
The second indicator, Radiotoxicity flux from geosphere,  uses fewer assumptions on the 
overburden with respect to its dilution in the interface to the biosphere, by focussing on 
the radionuclide flux out of the Boom Clay host rock: this makes it the most favourable 
indicator on the very long term. However, this latter indicator s uffers from the difficulty to 
provide a reliable reference value that can be used as yardstick to judge whether an 
assessment outcome can be considered safe [21].  
 
The safety indicator  Radiotoxicity concentration in biosphere water  represents the 
radiotoxi city of radionuclides in 1  m3 of biosphere water, in case it is ingested by drinking, 
and is calculated by  
 

Radiotox. conc. [Sv/m 3] = ╬▪▄ ▪

╪■■ ▪◊╬■░▀▄▼

 Equation 1 

 
with cn the activity concentration in [Bq/m 3] of radionuclide n in the biosphere water and 
e(50)n the ingestion dose coefficient [Sv per Bq intake] for adults, based on generally 
accepted conversion values [22].  
 
The Radiotoxicity concentration in biosphere water  provides comparable results as the 
Effective dose rat e in the OPERA PA [23], supporting the suitability of the indicator. With 
this indicator being far more robust on the long term, in the remainder of this document 
the Radiotoxicity concentration in biosphere water will be used as primary assessment 
endpoint.  
 
In OPERA only the safety indicators Effective dose rat e and Radiotoxicity concentration in 
biosphere water were calculated [ 23]. Nevertheless, the Radiotoxicity flux from geosphere  
can be considered a useful performance indicator  on the very long term, when applied to 
compare different scenarios, calculation cases, etc. rather than judging the overall safety 
of the disposal system by comparison with a reference value.  
 
 

3.2.  ôYardsticksõ for the judgement of safety  

As shortly noted above, every safety indicator requires a reference value that can serve as 
ôyardstickõ to judge whether a disposal system can be assumed sufficiently ôsafeõ. In [21], 
a reference values fo r the complementary safety indicator Radiotoxicity concentration in 
biosphere water  was derived: the recommended reference value is 8 µSv/m 3.  
 
In addition to the above -mentioned radiological indicators, alternative risk indicators may 
serve as comparison for assessment outcomes with everyday risks or known background 
concentrations. Figure 3-1 provides an overview of estimators for common risks, natura l 
background concentrations, and exposures. These indicators are subdivided in four 
categories: incidence rates 1, uranium concentrations, radiotoxicity concentrations, and 
dose rates. The scales of the four categories are arranged in a way that allows comparing 
the different categories horizontally: all values at the same height in the figure are 
comparable when assuming a) an annual water consumption of 1000 l with the indicated 

 
1 The incidence rate  is the number of new cases per population at risk in a given time period  
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uranium concentrations, and b) equilibrium of U with its daughter nuclides, as will be 
discussed in next section.  
 
Figure 3-1 shows e.g. that the reference value of the indicator ôRadiotoxicity 
concentration in biosphere waste õ is close to the Annual Average Environmental Quality 
Standard (AA-EQS) of uranium [72], and that the natural background radiation exposure in 
the Netherlands is comparable to the risk of a deadly traffic accident. It can also be seen 
that the reference value for the radiot oxicity indicator is more conservative than the 
reference value of the Effective dose rate . 
 
A familiar indicator that falls outside the scale of the incidence rate in Figure 3-1 is the 
population averaged mortality rate: in the Netherlands the rate is about 8.8ā10-3 [24].  
 
 

 
Figure 3-1: Comparison of several risks estimators and reference values in the Netherlands [ 21, 
23, 24, 25, 26, 27, 28, 29, 37, 38, 39, 40, 42, 72,]. MAC-EQS: Maximum Acceptable 
Concentration of Environmental Quality Standard; QSdw,hh : Quality standard for surface water; 
AA-EQS: Annual Average of En vironmental Quality Standard.  

 
In the next section it is briefly analysed which radionuclides disposed in the facility are 
relevant for the radiological safety in the long term , and which are not. As will be shown in 
a subsequent section, this allows simp lifying and focusing the safety assessment on the 
very long term.  
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3.3.  Evaluation of the safety relevant radionuclides on the very long term  

For the assessment of the Normal Evolution Scenario  (NES) of the OPERA disposal concept 
in Boom Clay on the very long-term, only 238U and its daughter nuclides are of relevance, as 
will be shown below. The ingrowth of daughter nuclides must be carefully considered, 
because these can contribute relevantly t o the overall risk. Figure 3-2 summarizes the four 
actinide decay chains, only considering isotopes with half -lives of more than 10 years, as 
currently implemented in  the OPERA PA-model [ 33].  
 

 

4N: 
 

248Cm O  244Pu W  240Pu O  236U O  232Th W  
stable end member 

244Cm U  
 232U U  

4N+1: 249Cf O  245Cm O  241Pu O  241Am O  237Np O  233U O  229Th O  stable end member 

4N+2: 

246Cm O  242Pu O  238U  W  
234U O  230Th O  226Ra O  210Pb O  stable end member                        ᴻ 

242mAm O  238Pu U  

4N+3: 

247Cm O  243Am W  
239Pu O  235U O  231Pa O  227Ac O  stable end member                 ᴻ 

243Cm U  

Figure 3-2: Simplified actinide decay chains [ 33]  

 
 
In the Normal Evolution Scenario (NES), the leading element determining the radiological 
risks in very long term is uranium. On the long term, 238U and its daughter nuclides 234U, 
230Th, 226Ra, and 210Pb become the most relevant nuclides. After 1 million years these 
nuclides are in equilibrium with 238U (Figure 3-3, see also Appendix A). 
 

 
Figure 3-3: OPERA activity inventory of uranium isotopes and other nuclides of the natural 
nuclide chains relevant after one  million years.  
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Despite that uranium and its daughters are naturally abundant in our environm ent, it has 
to be considered toxic, with e.g. uranium mining tailings a relevant point of concern 
[30; p.291]. To quantify the radiological risk related to disposed uranium beyond 1 million 
years, it is for the system under consideration sufficient to address the 238U-nuclide chain 
only: nuclides of the other decay chains contribute at most only a few percent to th e total 
radiological risk. This allows to simplify the long -term safety evaluation of the OPERA 
disposal concept considerably and avoids the necessity to discuss and understand the 
complex interrelations of the decay chains indicated in Figure 3-2 and Figure 3-3. Besides, 
it increases also the computa tional efficiency of the OPERA performance assessment-
model.  
 
All risk analyses can be limited to 238U, when a correction factor is applied for the 
contribution of the daughter nuclides 234U, 230Th, 226Ra, and 210Pb to the overall risk. This 
correction fac tor can be calculated as the ratio of the overall radiotoxicity of all nuclides, 
and the radiotoxicity of 238U only. 
 
Figure 3-4 shows the evolution o f the total radiotoxicity of the uranium disposed in the 
OPERA facility, the radiotoxicity inventory of 238U only, and the resulting correction factor.  
 

 
Figure 3-4: Temporal evolution of the radiotoxicity inventory of the OPERA disposal concept, for 
238U only and the sum of all natural nuclides chains. The red line indicates the radiotoxicity 
ratio of 238U and the sum of all nuclide chains (ôcorrection factorõ). 

 
 
The correction factor varies after 1 million years only little, a constant values of 29 is 
assumed sufficient accurate for assessing the radiological impact of disposed uranium on 
very long time frames. The computation of the radiotoxicity concentration in biosphere 
water  (Equation 1) related to the presence of uranium and its daughters can then be 
simplified to  

Radiotox. conc. [Sv/m 3] = Ͻ╬
╤
Ͻ▄

╤
 Equation 2 

 
Focussing the very long term safety assessment of the OPERA disposal concept to a single, 
natural occurring radionuclide facilitates the understanding of the general system 
behaviour. It allows also to compare the system behaviour as represented by the OPE RA 
performance assessment model with observations on natural uranium abundance and its 
behaviour in natural systems (Section 3.5 and 3.6): the radiotoxicity concentrations can 
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easily be converted to soluble uranium concentrations. This allows a straightforward 
comparison with measured uranium concentrations in natural systems,  as reported in 
literature: the reference value of 8  µSv/m3 of the radiotoxicity indicator is equivalent to 
14.3 µg/l of uranium without ingrowth, and 0.5 µg/l when accounting for the ingrowth of 
daughter nuclides (i.e. a factor of 29 lower).  
 
To get a better understanding on the additional uranium concentrations in the environment 
due to waste disposal, the next two sections elaborate shortly on the uranium inventory of 
the OPERA disposal concept and provide a brief overview on natural amounts and 
concentrations in the biosphere and in Boom Clay: this allows to bring the amounts of 
uranium to be disposed of ,  and the resulting mobile concentrations into perspective.  
 
 

3.4.  Uranium inventory in the waste disposal facility  

In the previous section it was shown th at by application of a radiotoxicity correction 
factor, the assessment on the very long -term can be limited to uranium only. The total 
anticipated uranium inventory of the OPERA disposal concept is about 110õ000 metric tons. 
99.6% of the uranium consists of depleted uranium mainly from the uranium enrichment 
facility Urenco ([ 31], Table A-1). The tails resulting from this process contain mostly 
(~99,5%) 238U and smaller fractions of 235U and 234U, and are stored as U3O8. The other 
isotopes of uranium are - as shown in the previous section - of minor relevance 2.  
 
Table 3-1 summarizes the uranium inventory of the OPERA disposal concept in terms of 
activity, molar and mass amounts. The total amounts of uranium are considerable, taking 
into account the small nucle ar programme of the Netherlands: the equivalent amount of 
depleted uranium due to all reactor operations in the Netherlands is only 4% of the overall 
amount to be disposed of ([ 32], Fig. 5 -3).  
 
Table 3-1: Uran ium inventory of the OPERA disposal concept (adapted from [ 33])  

Nuclide 
Half-life 

[a] 
Activity  

[Bq] 
Amount 

[mol] 
Amount   

[kg] 
232

U тΦлϊмл
1
 9.3ϊ10

12
 4.9ϊ10

-2
 1.1ϊ10

2
 

233
U мΦсϊмл

5
 2.1ϊ10

9
 2.5ϊ10

-2
 5.9ϊ10

3
 

234
U нΦрϊмл

5
 1.6ϊ10

15
 2.9ϊ10

4
 6.8ϊ10

3
 

235
U тΦлϊмл

8
 3.2ϊ10

13
 1.7ϊ10

6
 4.0ϊ10

5
 

236
U нΦпϊмл

7
 3.7ϊ10

14
 6.7ϊ10

5
 1.6ϊ10

5
 

238
U пΦрϊмл

9
 1.4ϊ10

15
 4.6ϊ10

8
 1.1ϊ10

8
 

sum 3.4ϊ10
15

 4.6ϊ10
8
 1.1ϊ10

8
 

 
 
Because of the very long halve-life of 238U, depleted uranium hardly decays in the long 
term: less than 0.16% of the emplaced depleted uranium decays within the assessment 
period of 10 million years. On the other hand, because of the decay of all other disposed 
radionuclides, the radiotoxicity of the OPERA inventory is dominated after 10õ000 years by 
depleted uranium ( Figure 3-5), and only after billions of years, relevant decay of 238U is 
visible in the graph .  
 

 
2 For a complete overview all uranium isotopes and the related waste sections see Appendix A, Table A-1 
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Figure 3-5: Radiotoxicity evolution of high -level waste  (HLW), depleted uranium, and low - and 
intermediate level waste (LILW), relative to the initial radiotoxicity inventory of the OPERA 
disposal concept.  

 
 
Due to the low solubility of uranium and its slow migration through the Boom Clay host 
rock, the disposed depleted uranium is also strongly confined in the disposal facility and its 
near vicinity: in the OPERA safety assessment calculations of the Normal Evolution Scenario 
([23]), only 0.23% of the uranium has migrated out of the disposal facility after the 
assessment period of 10 million years.  
 

3.5.  Natural background concentration of uranium in Boom Clay  

In Boom Clay present in the subsurface of the Netherlands, uranium concentrations of 
about 0.8 - 8.2 mg/kg are measured, with a median value of about 3 mg/kg [ 34] These 
values are largely consistent with the uranium concentrations reported for Boom Clay in 
Belgium, ranging from a few mg to slightly mor e than 10 mg/kg  [35, 36]. To relate these 
natural abundances of uranium with the amounts present in the OPERA disposal concept: 
about 180 km2 of Boom Clay3 contains a comparable amount of natural uranium as the 
OPERA inventory (110õ000 tons).  

Amounts of uranium in the topsoil of the Netherlands depend on the soil type and depth; 
median values range from 0.6 - 2.4 mg/kg, with an overall range of 0.05 - 10.9 mg/kg [ 37]. 
Thus, in general the total amounts of uranium in Boom Clay are roughly three times larger  
than the mean values found for most soil types in the biosphere in the Netherlands, i.e. 
there is only a small uranium gradient present between Boom Clay and overlying biosphere 
soils.  
 
Soluble concentrations of U in Boom Clay were not measured in OPERA. For Boom Clay in 
Belgium, typically concentrations of several tenths of a Õg to a few ĳg per l of pore water 
are found [ 62, 38]. Incidentally, high  concentrations of 15 µg/l or more are measured as 
well [ 39]. Extractable amounts of U in the topsoil of the Netherlands as reported in [ 37] 
can serve as estimator for soluble concentrations: here, median concentrations range from 

 
3 assuming a layer thickness of 100 m 
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0.03 - 0.2 µg/l, with a maximum concentration of 3.5 µg/l. In [ 40], U concentrations up to 
3 µg/l in groundwater of the Netherlands are reported. Average concentrations in D utch 
river water are about 0.6 µg/l [ 41]. In [ 42], average concentrations of 0.02, 3.3 and 0.9 
µg/l are reported respectively for rainwater, salt water, and river water of the 
Netherlands. In conclusion, soluble concentrations of U in the biosphere are usually below 
1 µg/l, with exception of salt water, and concentrations in Boom Clay are generally higher 
than in biosphere waters.  Figure 3-1 (on p.9) gives an overview on soluble concentrations.  
 
The numbers above provide some global information on total amounts and soluble 
concentrations of uranium in Bo om Clay and the biosphere. However, they are not suitable 
to estimate uranium mobility for the performance assessment of a geological disposal by 
using the solid -solution partitioning  that can be estimated from the above numbers : it 
cannot be assumed a pri ori  that uranium disposed in the waste facility will be as immobile 
as currently is observed for uranium present in the Boom Clay since 30 million years. The 
solubility and geochemical behaviour of uranium  will be elaborated further in the next 
chapter.  
 
In order to get some idea on the level of realism (or conservatism) of the performance 
assessment model used in OPERA, additional calculations were performed to analyse the 
effect of natural uranium background concentrations in the host rock on uranium 
concentrations in the biosphere, and the overall migration of disposed uranium: Figure 3-6 
shows that early concentrations of U due to natural background concentrations in Boom 
Clay are more than 100 times smaller in the biosphere than the assumed initial 
concentration in the Boom Clay. Furthermore, Figure 3-6 shows that the presence of the 
natural background concentrations of uranium in Boom Clay does not affect the peak 
concentrations from uranium migrating out of the disposal system into the biosphere .  
 

 

Figure 3-6: 238U concentrations in biosphere water for natural background concentrations of 0, 
0.1, and 10 µg/l of uranium in the host rock  and with or without OPERA waste disposal .  

 
In the next section, some lessons learned from so -called ônatural analogue studiesõ on 
uranium are summarized to gain some insight of uranium mobility in natural subsurface 
systems. 
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3.6.  Observations from natural analogues studies on uranium  

Natural analogue studies have been widely used in the past by organizations such as the 
IAEA [43], the European Commissionõs (EC) and Natural Analogue Working Group [44], and 
NEAõs Integration Group for the Safety Case (IGSC [45]). The main reason to consider these 
studies is to build confidence in the ability of disposal systems to perform over the long 
term as predicted by safety assessment models. Several detailed and review studies 
summarize aspects of natural (and anthropogenic) analogues for radioactive waste disposal 
in deep geological repositories, e.g. [46, 47, 48, 49, 50, 51, 52, 53, 54, 58].  
 
The present report does  not intend to summarize and evaluate all these studies. Instead, 
topics of interest for assessing the contribution of uranium only on very long time scales 
are highlighted, and conclusions and recommendations about the application of natural 
analogues in relation to the disposal of significant quantities of uranium are commented.  
 

3.6.1.  Cigar Lake uranium deposit 

A well -known natural analogue with respect to uranium ore isolation in the deep 
underground is the Cigar Lake uranium deposit: the Cigar Lake uranium ore body is one of 
the largest in the world, and is likely the most mentioned and investigated natural 
analogue of deep geological disposal facilities. Cigar Lake is located at the Athabasca Basin 
province in northern Saskatchewan, Canada, at a dep th of 450  m. The uranium ore is 
unusually rich in uranium, with an average ore grade of 21% and a maximum of 60%. 
Although the ore body is located within a rather permeable sandstone, according to ([ 54], 
p.171-174) there is no radiological indication of its  presence at the surface reported. 
Figure 3-7 shows a schematic cross section through the Cigar Lake uranium deposit.  
 

 
Figure 3-7: Schematic cross section through the Cigar Lake uranium deposit showing major 
lithological types, extent of the hydrothermal surroundings and groundwater flow pathways 
(after [ 55], Figure 3).  

 


































