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Site selection procedures for deep geological repositories are driven by the rejection of candidate sites whose degree of long-term protection is insufficient or less sufficient. If long-term protection is defined in relation to future exposures, it has to be operationalized, that is, translated into measurable indicators, such as dose or degree of containment, which, again, have to be evaluated by safety assessments. Site selection procedures, therefore, depend on the quality with which long-term protection is operationalized and assessed. Although it is widely acknowledged that operationalizations and assessments of long-term protection are inherently inaccurate, little attention has been paid to the question whether these inaccuracies prevent site selection procedures from improving long-term protection. Still, there is no theory of site selection that could specify the conditions under which site selection procedures are rational with regard to the target of long-term protection. To contribute to such a theory, a conceptual model is presented that explores how site rejection decisions can be justified by inaccurate operationalizations and safety assessments. The model rests on the assumption that site rejections are justified by logical arguments. By explicating what is needed to support the arguments, the model displays the complex structure of the justification, which, amongst others, rests on the quality of operationalization, safety assessment and system understanding. The presented argument-based approach is novel in the context of site selection. However, it is not meant as an alternative to multi-criteria decision-making, but as a necessary complement to understand the potential and limitations of safety-related decision criteria. The presented model identifies which types of errors are tolerable in the context of site selection and it explains why error tolerance is lowest for safety comparisons. The model points out that the frequently used assessment strategy of conservatism is not suitable for rejecting sites for reasons of insufficient or lower safety. It also shows that consensual requirements for the conditions under which long-term protection is achieved may be powerful tools for site selection.
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1 INTRODUCTION
1.1 Aiming for long-term protection
In many countries, deep geological repositories are the preferred option for the disposal of high-level radioactive waste (IAEA, 2011). Site selection procedures for deep geological repositories are driven by the rejection of candidate sites whose degree of long-term protection is insufficient or less sufficient. In Germany, for example, site selection is a step-wise process in which candidate regions or sites are rejected in accordance with the German Site Selection Act (BT, 2023). The overarching goal is to find a ‘site with best possible safety’ (Liebscher et al., 2020; Hoyer et al., 2021) and for the purpose of this article, we will assume that the term ‘site’ does not only refer to a geographical or geological domain but also the implemented safety concept and repository design, which are crucial to the safety of a site.
In Germany, the most general meaning of safety is the long-term protection of people and the environment for 1 million years (BT, 2023). Generally speaking, the term ‘protection’ may have different meanings: For example, it may refer to future exposures to ionizing radiation or to the quality of the measures that are taken to prevent future exposures. These two interpretations differ in meaning since the taken measures need not succeed in limiting exposures. While the IAEA’s explanation of ‘protection’ (IAEA, 2022) does not clearly prefer one of these interpretations, the ICRP is more specific. It defines protection quantities as dose quantities ‘that allow quantification of the extent of exposure of the human body to ionising radiation’ (ICRP, 2007). This definition clearly connects protection to exposures, which is reflected by the common practice of calculating dose estimates for future populations. The particular problem of connecting long-term protection to future exposures is that the latter cannot be measured directly. The present study will nevertheless follow this interpretation of long-term protection and investigate the problem.
1.2 The need for a safety assessment perspective
Site selection for geological repositories is a decision-making problem that involves multiple decision criteria. Multi-criteria decision analysis is, therefore, often recognised as an appropriate approach (Gutberlet, 2015; Madeira et al., 2016; Anelli et al., 2025) although practical implementation may be challenging (Department for Communities and Local Government, 2009). Since site selection procedures try to improve or reach a sufficient degree of long-term protection, at least some decision criteria must be related to long-term protection. These will be referred to as ‘safety criteria’.
The rationality of the site selection process strongly depends on whether the chosen safety criteria are suitable for improving long-term protection. Assessing this suitability is not an objective of multi-criteria decision analysis. Instead, it requires a safety assessment perspective. While, in the context of multi-criteria decision-making it may be sufficient to justify safety criteria by expert judgement, national regulations or international guidelines (Merkhofer and Keeney, 1987; Petraš, 1997; Taji et al., 2005; Schwenk-Ferrero and Andrianov, 2017; Bilgilioğlu, 2022; NAGRA, 2024), the safety assessment perspective needs to clarify the scientific reasoning behind the choice of safety criteria. This is what the presented study tried accomplish and the reason why it did not adopt a multi-criteria decision-making approach.
1.3 The problem of connecting indicator values with future exposures
From the perspective of safety assessment, the justification of safety criteria depends on the quality with which long-term protection is operationalized, that is, translated into measurable safety, performance or safety function indicators (OECD-NEA, 2012). The suitability of indicators, therefore, does not only depend on properties like communicability, measurability and practicability (Heiermann and Olszok, 2024) but also on the relation between the chosen set of indicators and long-term protection.
Establishing such a relation proves difficult if long-term protection is related to future exposures. With regard to the well-established safety indicator dose, for instance, the International Commission on Radiological Protection (ICRP) pointed out that ‘current judgements about the relationship between dose and detriment may not be valid for future populations’ (Valentin, 1997). This raises doubts as to whether dose indicators can measure future exposures in principle, and this is usually expressed by the statement that ‘dose calculations are no predictions’ (Ewing and Grambow, 2025).
Attempts at solving the problem have been made by arguing that dose indicators are no measures of safety, thereby implying that establishing a close relation between dose and future exposures might not be necessary. In accordance with this argumentation, the OECD-NEA considered the estimated dose to be ‘only an indicator of safety and not a measure of safety’ (OECD-NEA, 2002) so that it can be used ‘for testing against regulatory and design targets’ (ibid.). However, this does not relieve the indicators and associated targets from connecting with future exposures in order to be meaningful. Consequently, it remains necessary to specify this connection instead of leaving it vague. This is also true if indicators are prescribed and, thus, justified by regulations. The reason is that if limiting future exposures is indeed a regulatory goal, regulators should be able to explain how the prescribed indicators are connected to future exposures.
The most promising candidate for such a connection is a causal relation. In the context of site characterization and safety assessment, indictors are, therefore, often regarded as suitable if the measured physical quantities exert a considerable effect on future exposures. This holds for many geological indicators (Turner et al., 2023; Müller et al., 2024), such as hydraulic conductivity, porosity, age of fluid inclusions (Mallants et al., 2024) or repository-induced effects on the long-term stability of the geological and engineered barriers (Papafotiou et al., 2022), as well as for indicators that evaluate the repository’s overall behavior, such as degree of containment or dose (BT, 2023).
Yet there are reasons not to be content with causal relations alone: As will be shown, they do not guarantee that the indicators values are arguably connected to future exposures. In other words, they do not guarantee that the operationalization and assessments of long-term protection are sufficiently accurate. We will use the term ‘accuracy’ here as a general term to refer to the suitability for making reliable statements about the level of long-term protection or its boundaries. The term is introduced for the sake of brevity and to provide a term that does not only refer to the errors of measurement and safety assessment, but also to those of operationalization. We will try to further specify the meaning of ‘accuracy’ in this article.
1.4 Sources of inaccuracy
Before we pursue the question, which accuracy is needed in the context of site selection, we will first ascertain how acute and ubiquitous the problem of inaccuracy is. As the following examples show, inaccuracies are connected to the choice, evaluation and aggregation1 of indicators, and in many cases, they should be difficult to quantify.
Example 1 (indicator choice): Performance and safety function indicators, such as degree of containment and age of fluid inclusions, measure the fulfilment of repository functions (because performance depends on function fulfilment). However, fulfilment of functions is not equivalent to the avoidance of future exposures: Even a non-functioning repository that does not ensure containment might sufficiently limit future exposures if radionuclides are effectively dispersed in the repository’s geological overburden or in the biosphere. Consequently, performance and safety function indicators are inaccurate operationalizations of future exposures (or of their absence).
Example 2 (indicator evaluation): Some indicators, such as dose and degree of containment, must be evaluated for possible evolutions of the repository system. Technically, this is achieved by assessing scenarios. Scenarios are often called potential or possible evolutions of a repository system (OECD-NEA, 2012). However, if there is a misperception of the system’s real possibilities, some scenarios may be impossible. The assessment of impossible evolutions will not assess the long-term protection that is provided by the real system but subjective ignorance. Unfortunately, the inaccuracy of such an assessment cannot be quantified, as misperceptions of system possibilities may go unnoticed. Whether this problem is likely to occur depends on the nature of scenario uncertainties. Some authors consider scenario uncertainties to be mostly aleatoric (OECD-NEA, 2012; Tosoni et al., 2018; Kuhlman et al., 2024), in which case most scenarios would be real possibilities of the system. An assessment of impossible evolutions would then indeed be unlikely. However, there are compelling reasons to believe that many uncertainty contributions to scenario uncertainties are epistemic, that is, caused by a lack of knowledge of something that could be known in principle:
	1. Scenarios often refer to existing heterogeneous system properties, such as heterogeneous permeability fields or properties of joint or fault networks. Even if these properties are generated by random processes, the uncertainty about them is not aleatoric, as it may seem, but epistemic: It is caused by the limited perception of properties that already exists.
	2. Aleatoric uncertainty is caused by repository processes that respond sensitively to small state changes, which often applies to threshold-dominated processes like fracture generation. However, many repository processes, such as contaminant diffusion through a clay host rock or heat flow through a salt host rock, are not sensitive enough to produce such a behavior.
	3. A repository system cannot be dominated by aleatoric uncertainties if claims of robustness are true. A shaft seal, for example, could never be called robust if its failure were a matter of chance. Repository systems and safety functions are usually called robust if they are insensitive (OECD-NEA, 2012; BT, 2023), which makes them more predictable. This, in fact, is the opposite of random behavior. A dominance of epistemic uncertainties should therefore be characteristic of robust systems.

On this account, epistemic uncertainties should be a major constituent of scenario uncertainty. Consequently, every comprehensive set of scenarios should contain impossible evolutions. Indicators that have to be evaluated for comprehensive scenario sets, such as dose or degree of containment, therefore cannot be accurate.
Example 3 (indicator aggregation): If performance and safety function indicators, such porosity or conductivity, are used, they must be weighted and combined to arrive at a statement about future exposures. The indicator’s individual weights must reflect their relative physical effect on future exposures. This effect, however, is difficult to determine due to the complexity and uncertainty of repository processes. For example, it should be difficult to ascertain the physical importance of the indicator porosity relative to other (not necessarily independent) indicators. Aggregation rules, therefore, can only be rough approximations of physical relationships. Consequently, they provide inaccurate operationalizations of long-term protection.
The examples given show how difficult it is to establish an arguable connection between indicator values and future exposures even for indicators that are established in the expert community like material flux, permeability, mechanical stability and dose (Heiermann and Olszok, 2024). This difficulty is not only caused by the uncertainties and errors that are connected to the estimation of indicator values. It is also caused by the possibility that the chosen indicators and their further processing might not be particularly suited for providing statements about future exposures. Consequently, not only the assessment but also the operationalization of future exposures can be inaccurate in the above-mentioned sense.
We now turn to the question of how accurate operationalizations and assessments of long-term protection need to be in the context of site selection. Are they accurate enough to steer a site selection procedure towards the site with the highest level of long-term protection? It is known from safety cases and other safety demonstrations (IAEA, 2012; OECD-NEA, 2012; OECD-NEA [Organisation for Economic Co-operation and Development - Nuclear Energy Agency, 2013]) that safety assessments need not be accurate predictions of long-term protection, in particular if they aim at implementing a conservative assessment strategy (Finsterle and Lanyon, 2022). However, this need not be true for site selection procedures because site rejections do not necessarily aim at demonstrating safety. Sites can also be rejected because they are not safe enough, which does not call for demonstrations of safety but for demonstrations of insufficient safety. The question of how accurate operationalizations and assessments of long-term protection need to be, therefore, should require an answer that is specific to the context of site selection. This answer requires an in-depth understanding of how site rejection decisions are justified with regard to long-term protection. Unfortunately, a theory of site selection that could improve this understanding is still not available.
1.5 Towards a theory of site selection
To contribute to the development of such a theory, a conceptual justification model is presented in this article. The model takes an integrated view on site rejection decisions, safety operationalizations and safety assessment. By doing so, it describes possible ways of justifying site rejections with regard to long-term protection and identifies acceptable types of errors. Practical conclusions are draw with regard to site selection and safety assessment.
The model construction was based on the notion that argumentation theory (Kelly and Hutchins, 2021) should play a more prominent role in justifying site rejection decisions. The model was, therefore, constructed around a set of logical arguments that may be used to justify site rejections. Starting with these arguments, additional conceptual elements were introduced that were required for their support.
With its focus on argumentation, the presented approach to decision-making in site selection procedures is novel and deviates from the common approach of multi-criteria decision-making. However, it is not meant as an alternative to multi-criteria decision-making. Rather, it should be understood as a necessary complement that allows to understand the potential and limitations of safety criteria that are used in multi-criteria decision-making. Enhancing this understanding is still necessary to prevent site selection procedures from improving long-term protection only nominally.
The empirical basis of the presented model is the common practice of long-term safety assessment (OECD-NEA, 2012). As a representation of how site selection decisions can possibly be justified by safety assessments in practice, the model can be tested against empirical evidence and, thus, be considered a scientific model.
The model’s purpose is not to provide a step-by-step guide to justifying site rejection decisions with regard to long-term protection. Instead, its main purpose is to consistently explain the nature of this justification and unfold its complex structure. However, since scientific theories and models are inductively underdetermined by empirical evidence (Okasha, 2003), the model cannot claim to provide the only possible explanation of that justification. Furthermore, it must omit some details of justification, as will be pointed out in the discussion. For this reason, the model should be regarded as a first step towards clarifying safety-related justifications of site rejection decisions.
Chapter 2 describes the justification model. It will explain the model from the perspective of safety assessment and not from that of science theory (which would be worthwhile, but was not intended for this study). Chapter 3 will highlight important practical conclusions for site selection and long-term safety assessment. Amongst others, it will point out possible ways of accelerating site selection procedures and clarify the conditions under which sites with different host rocks and safety concepts can be compared and ranked according to their level of protection, which is a specific challenge of the German site selection procedure.
2 THE JUSTIFICATION MODEL
2.1 Basic structure
From a general point of view, the model was constructed by defining site rejection requirements and identifying the elements that are needed to satisfy these requirements. The novel aspect of the approach is that the model does not refer to regulatory or design requirements, but to the requirement that there should be sound logical arguments for rejecting a site with regard to long-term protection.
The model’s main structure becomes visible if we consider how site rejection decisions relate to empirical evidence. Site rejection decisions do not draw directly on empirical evidence, but on statements about long-term protection. For example, we might reject a site because it does not seem to provide a sufficient degree of long-term protection. Long-term protection is a quantity that cannot be measured directly. Consequently, it must be operationalized, amongst others, by means of indicators. These indicators are evaluated by safety assessments that, eventually, draw on empirical evidence.
Basing site rejection decisions on empirical evidence, therefore, involves three steps, which are described by the model via the concepts rejection argument, operational definition of the level of long-term protection and safety test (see Figure 1). Auxiliary concepts are introduced to support these main concepts. For example, the auxiliary concept safety dimension is used to construct the concept rejection argument. We will therefore start by introducing this auxiliary concept.
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Safety is often related to protection (IAEA, 2022). In the context of site selection, safety can be described as a multidimensional property. The reason is that decision-makers may define independent site selection targets for different safety aspects, such as long-term safety, operational safety or the safety of retrieval, as it is the case in Germany. Site selection targets may differ with regulatory context and may be different for repository construction, operation and the post-closure phase.
The presented model will focus on long-term safety and assumes it to have the following safety dimensions.
	1. The level of long-term protection. In Germany, this includes the protection of the environment (BT, 2023). The model is constructed on the assumption that long-term protection is a matter of future exposures. According to this assumption, the level of long-term protection is a latent (i.e., not observable) variable because future exposures cannot be measured today. (Note that the alternative assumption that long-term protection refers to the quality of the measures that are taken to prevent future exposures can also be covered by the model, as will be pointed out in the discussion.)
	2. The conditions under which long-term protection is achieved. This safety dimension is, for example, addressed by the principle of containment and isolation (IAEA, 2012). The principle prescribes that long-term protection should be achieved under the condition that radionuclides are isolated and contained (and not diluted and dispersed). If sites do not implement this principle, they would not usually be accepted, even if the level of protection were sufficient.
	3. The certainty of statements on the level of protection. Whether this is a safety dimension is debatable since the protection that is provided by a system does not depend on the epistemic uncertainty about that protection. However, uncertainties bear the possibility of safety deficits and are thus, in a way, related to safety. For this reason, uncertainties have been regarded as suitable criteria for site selection by Fischer-Appelt and Baltes (2010).

The model will try to connect safety assessments with statements about long-term protection. This is difficult if the terms ‘safety’ and ‘protection’ differ in meaning. It was, therefore, necessary to postulate a close connection between safety and protection. According to IAEA (2022), both terms refer to radiation risks or exposures. The term ‘safety’ however seems to have a broader range of application. For example, safety indicators are usually not called ‘protection indicators’. For this reason, we will postulate that protection is a particular form of safety, with safety being the more general term. On this basis, it will be possible in principle to derive statements about long-term protection from statements about safety.
We will consider safety to be a continuous quantity. This opposes the view of Fischer-Appelt and Baltes (2010), who consider safety as equivalent to the achievement of protection targets. According to that view, there are no continuous levels of safety, but only the two states safe and unsafe. This dichotomous interpretation of safety, however, does not square with site selection procedures that try to maximize safety levels, even for safe sites. It also contradicts the common notion that safe repositories should become safer if barriers are added or improved.
2.3 Rejection arguments
We will now introduce the concept rejection argument, which is a key concept of the justification model. It is based on the notion that it should be possible to make the logical arguments explicit that justify site rejections from a safety assessment perspective, for example, because a site cannot afford the necessary level of long-term protection.
Rejection arguments will be constructed in relation to the following safety-related site selection targets, which are based on the above-mentioned safety dimensions (numbers in brackets refer to a safety dimension):
	• Ensuring a sufficient level of long-term protection (1).
	• Ensuring that a sufficient level of long-term protection can be demonstrated (1, 3).
	• Maximizing the level of long-term protection (1).
	• Ensuring that long-term protection is achieved under acceptable conditions (2).

These targets are primary site selection targets, which may be achieved with the help of secondary targets like, for instance, the increase of scientific knowledge. The model does not claim to cover all primary site selection targets that are possible.
Site rejection decisions shall be called justified if the rejection is based on a rejection argument that is sufficiently sound. A rejection argument shall be called sufficiently sound if and only if its conclusion follows logically from its premises and if the premises are either true or sufficiently probable. It is the main intention of the presented model to identify what is needed to render rejection arguments sufficiently sound and additional concepts will be introduced to this end.
2.3.1 Rationale 1: the level of long-term protection is insufficient
Sites whose level of long-term protection is insufficient can be rejected. The rejection argument reads as follows and will be used to explain the general structure of the rejection arguments.
	Premise 1: The rejection of a site is justified if its level of long-term protection is insufficient. (general rationale)
	Premise 2: Safety test Tnc, which is called a non-compliance test, yields a positive result for site S. (safety assessment result)
	Premise 3: If safety test Tnc yields a positive result for site S, its level of long-term protection is insufficient. (operationalizing premise)
	Conclusion: The rejection of site S is justified.

The first premise holds the general rationale for site rejection. The premise is true if decision-makers accept the material implication2. Whether the level of long-term protection is insufficient, is determined by the following two premises and does not affect the truth value of premise 1.
The second premise claims that a safety test has yielded a positive result. A safety test shall be a binary classifier, which yields either a positive or negative result. These results are derived from safety assessments. Normally, safety assessments do not provide binary results. The rejection decision, however, must be based on a criterion that provides a binary result (meaning ‘reject’ or ‘do not reject’). It is the task of the safety test to implement this criterion.
The meaning of the test result is determined by the third premise. This premise claims that the level of long-term protection is insufficient and, for this reason, the safety test is called a non-compliance test. The term was chosen under the assumption that non-compliance with regulation is translated to ‘insufficiently safe’, which need not be true in every case. The test name, however, is not relevant to the rejection argument.
The third premise infers a statement on the level of protection from a test result. The inference requires some additional information, which will be identified later. Premises of this kind shall be called operationalizing premises because they require an operationalization of long-term protection.
Premise 3 is uncertain. For example, there might be uncertainty as to whether the assessment tools and workflows are flawless. A more general source of uncertainty is that assessment models are underdetermined by the given body of knowledge and that assessment models are justified by auxiliary hypotheses whose truth cannot be established (Oreskes et al., 1994). The truth of operationalizing premises, therefore, can only be claimed with some degree of certainty. This degree of certainty can be expressed as a degree of belief or epistemic probability (Chuaqui, 1991) that the premise is true. It is the objective of the justification model to identify the factors that influence the epistemic probability of premise 3.
Let us now characterize the non-compliance test of the above argument. A positive test result will lead to a site rejection, whereas a negative result will not (see Table 1). For example, a non-compliance test might be testing the presence of active vulcanism. A positive test result will cause a site rejection, whereas a negative test result will not lead to any decision, which accounts for the fact that reliable safety statements cannot be inferred from a lack of active vulcanism without further information. Apparently, negative test results do not reduce the number of candidate sites. This may be problematic from the perspective of efficiency, but it is not problematic from the viewpoint of safety-related justification.
TABLE 1 | Consequences of positive and negative test results if the operationalizing premise is sufficiently probable (otherwise, no decision is made).	Rejection argument	Test names	Test requirement	If test result
positive	If test result
negative
	1	non-compliance test	anticonservative	reject site	no decision
	2	compliance test	conservative	reject site	no decision
	3	suboptimality test	anticonservative	reject site	no decision
	3	ranking test (A < B?)	correct sign of safety difference	reject site A	reject site B
	4	concept violation test	consensual requirements	reject site	no decision


Since negative test results do not prompt any decision, they are allowed to be erroneous. This tolerance towards erroneous negative test results is important. It allows non-compliance tests to overestimate safety in order to make the safety statement that is derived from a positive test result more reliable, that is, to increase the epistemic probability of the operationalizing premise. This strategy of overestimating safety shall be called anticonservatism. It increases the test’s positive predictive value and lowers its negative predictive value.3
Anticonservatism is not a common assessment approach. In the face of uncertainties, safety assessment often underestimate safety, which is usually called ‘conservative’. (Note that this notion of conservatism is slightly broader than that of Vigfusson et al., 2007). Anticonservatism is defined here as the contrasting approach that aims at overestimating safety. If an anticonservative assessment states that a site is unsafe, we can be sure that it is because safety was overestimated. How anticonservatism should be implemented depends on the assessment approach (see chapter 3.2) and is, therefore, not part of the model description.
We will assume that it is possible in principle to identify whether an assessment model is conservative or anticonservative by investigating how the safety effect of the chosen model assumptions differs from the safety effect of more probable model assumptions.
2.3.2 Rationale 2: it cannot be demonstrated that the level of long-term protection is sufficient
It is pointless to select a site if it is sure that its safety cannot be demonstrated in the ensuing licensing procedure within a reasonable time and with reasonable use of resources. Decision-makers might, therefore, want to reject such sites.
To construct a rejection argument, we will first introduce an auxiliary licensing argument. The latter aims at demonstrating safety and, therefore, requires a safety test that checks for compliance with regulations.
	Premise 1: The licensing of a site is justified if its level of long-term protection is sufficient.
	Premise 2: Safety test Tc, which is called a compliance test, yields a positive result for site S.
	Premise 3: If safety test Tc yields a positive result for site S, its level of long-term protection is sufficient. (operationalizing premise)
	Conclusion: The licensing of site S is justified.

The operationalizing premise refers to positive test results only. So, like non-compliance tests, compliance tests require a high positive predictive value and tolerate false negatives. According to the operationalizing premise, positive compliance tests express a sufficient level of safety. In the face of uncertainties, this requires an underestimation of safety, i.e., a conservative assessment strategy.
We now construct the rejection argument:
	Premise 1: The rejection of a site is justified if its licensing cannot be justified within a reasonable time and with reasonable use of resources.
	Premise 2: No positive compliance test can be achieved for site S in a licensing procedure within a reasonable time and with reasonable use of resources.
	Premise 3: If premise 2 is the case, the licensing of site S cannot be justified.
	Conclusion: The rejection of site S is justified.

The argument acknowledges that resources for safety demonstrations are limited. Note that an impossibility to demonstrate safety during the site selection procedure does not imply that safety cannot be demonstrated in the ensuing licensing procedure, where resources can be focused on a single site.
2.3.3 Rationale 3: the level of long-term protection is not optimal
The following rejection argument refers to differences in safety and allows for two different types of safety comparison: Suboptimality and ranking tests.
	Premise 1: The rejection of a site is justified if another site exists whose level of long-term protection is higher.
	Premise 2: Safety test Tno, which is either called a suboptimality test or a ranking test, yields a positive result for site S.
	Premise 3: If safety test Tno yields a positive result for site S, then another site exists whose level of long-term protection is higher. (operationalizing premise)
	Conclusion: The rejection of site S is justified.

Suboptimality tests assess whether a considered site is not optimal without specifying alternative sites. For example, decision-makers might believe that, if the seismicity of a site exceeds a critical level, it should be possible to find safer sites.
Suboptimality tests take the form of exclusion criteria that refer to a single dominant indicator like, for instance, seismic activity, groundwater age or thickness of the natural barrier. Consequently, they do not differ from non-compliance tests in form, but only in the type of safety statement, which is a statement of relative safety.
In their formal simplicity, exclusion criteria are rough estimates and, for this reason, suboptimality tests must strongly overestimate safety. Suboptimality tests, therefore, must be anticonservative (we will investigate in chapter 3.2 what an anticonservative exclusion criterion is). If an anticonservative suboptimality tests yields the positive result that there should be safer sites than the one under observation, the statement will be reliable due to the overestimation of safety. However, for the same reason, a negative test result will not be reliable. In other words, suboptimality tests achieve a high positive predictive value at the price of a low negative predictive value.
Ranking tests shall be thorough, site-specific safety assessments that are used to compare and rank two specific sites according to their level of protection. We will assume that decision-makers aim for a complete ranking of all candidate sites, which they can accomplish by pairwise comparisons. When comparing two sites, A and B, the questions “Is A safer than B?” and “Is B safer than A?” should both be answered correctly. For this reason, ranking tests must also have a high negative predictive value, although this cannot be derived directly from the rejection argument. In other words, ranking tests need to assess the signs of safety differences correctly. It is important to note that this assessment does not depend on system properties or assessment errors that are shared by the compared sites and, thus, do not affect safety differences.
Please note that definition of a ranking tests does not necessarily imply that the test implements a total safety order on the set of candidate sites and that it is suitable for supporting the operationalizing premise. Which qualities ranking tests need to have will be described in chapter 2.8.
The question whether a certain site is the best candidate in a certain region (without specifying alternative sites inside that region) is not directly covered by suboptimality and ranking tests. However, the question can be answered by ranking tests if alternative sites are specified within the region. For this reason, no separate rejection argument will be introduced for this particular question.
2.3.4 Rationale 4: long-term protection cannot be achieved under acceptable conditions
Safety concepts that achieve safety mainly through dilution and dispersion of radionuclides are usually not accepted, even if they would ensure sufficient long-term protection. Hence, there may be unconditioned conceptual requirements regarding the safety dimension conditions under which safety is achieved. Consensual requirements of this kind provide comparatively strong arguments for site rejection because they relate to safety.
We will allow conceptual requirements to apply to all characteristics of the repository system and its environment, including system-specific uncertainties, since they all shape the conditions under which safety is achieved.
If the violation of a conceptual requirement is considered unsafe, the site can be rejected because of insufficient safety (chapter 2.3.1). If the requirement is unconditioned, so that it even holds for safe sites, the following argument can be used.
	Premise 1: The rejection of a site is justified if the conditions under which long-term protection could be achieved are not acceptable.
	Premise 2: Safety test Tcv, which is called a concept violation test, yields a positive result for site S.
	Premise 3: If safety test Tcv yields a positive result for site S, the conditions under which long-term protection could be achieved are not acceptable.
	Conclusion: The rejection of site S is justified.

Premise 3 is an operationalizing premise only if the concept violation tests use indicators that cannot be measured directly.
Note that concept violation tests are just one way of expressing conceptual preferences. Every cross-conceptual evaluation of safety levels attaches weights to concept-specific indicators, which reflect conceptual preferences. However, concept violation tests communicate conceptual preferences more transparently.
2.4 Operational definition of the level of long-term protection
The main challenge of achieving sound rejection arguments is to establish a sufficiently high probability of uncertain premises. The material implications of these premises draw an inference about the level of protection from a safety test result. Amongst others, this inference requires that the level of protection has been accurately operationalized. Before specifying what an accurate operationalization is, we first introduce the concept operational definition of the level of long-term protection, which prescribes how the level of long-term protection should be measured. The prescription is not only normative but also descriptive insofar as it should reflect the decision-maker’s and regulator’s understanding of safety.
An operational definition of the level of long-term protection shall consist of the following elements, some of which are optional. They allow for the practice of complementary indicators or indicator sets (OECD-NEA, 2012). An indicator set shall consist of indicators that require an aggregation rule to calculate a safety level. We will assume that indicator sets contain more than one indicator. Multiple indicator sets may be used to provide complementary assessments of safety levels.
	1. Indicators, possibly grouped into complementary sets of indicators to compensate for specific shortcomings of other indicators or indicator sets, respectively (mandatory). For example, a dose indicator might be complemented by a containment indicator: While the latter is more loosely connected to future protection, it is less affected by uncertain processes in the biosphere and geological overburden. Some indicators may be able to indicate a safety level.
	2. An aggregation rule for each complementary set of indicators that combines the indicators into a complementary safety level indicator (mandatory for indicator sets). For example, a set of safety function indicators might be used for deriving a safety level.
	3. An aggregation rule that combines complementary safety level indicators into an overall safety level (mandatory if there are complementary safety level indicators). Independent safety levels might, for example, be derived from a dose indicator and from a set of safety function indicators. Since these levels can differ, they must be combined by an aggregation rule in order to provide an unambiguous safety level. The aggregation rule may include the instruction that certain complementary safety levels are neglected.
	4. Methods for evaluating indicators (optional). These could, for example, specify scenario classes for the evaluation of a dose indicator.
	5. A list of mandatory safety factors that must be assessed, either by indicators or by the method of indicator evaluation (optional). For example, decision-makers or regulators could demand the assessment of certain safety factors that could act as safety reserves.
	6. Criteria for sufficient and insufficient safety formulated with regard to the specified indicators and evaluation methods (mandatory). These might, for example, be dose limits.

We will need to define the conditions under which the operational definition of the level of long-term protection is accurate. In order to do so, we must first introduce the two auxiliary concepts operationalizing postulate and system understanding.
2.5 Operationalizing postulates
The difficulty of establishing a causal relation between dose indicators and long-term protection was already pointed out. With regard to the dose indicator, a possible solution is indicated by the ICRP’s basic principle ‘that individuals and populations in the future should be afforded at least the same level of protection from actions taken today as is the current generation’ (Valentin, 1998). Indeed, a dose indicator could be justified under the postulate that the relationship between dose and detriment remains constant. Very likely, this postulate is not true. Yet it may be acceptable if stakeholders believe that any deviation between the postulate and reality remains small or if the postulate’s error appears to be acceptable with regard to the alternative of not measuring long-term protection at all.
Accepted (but not necessarily true) postulates, which are used to establish a justifying connection between indicators and the level of long-term protection, shall be called operationalizing postulates. It is to be expected that operationalizing postulates are indicator-specific. For example, performance and safety function indicators require the additional postulate that function and long-term protection are equivalent.
Operationalizing postulates provide the missing link between indicators and long-term protection. By doing so, they help in exchanging negative characterizations of indicators (‘dose calculations are no predictions of long-term protections’) by positive characterizations (‘dose calculations are predictions of the level of long-term protection or of its boundaries under the assumption that the relationship between dose and detriment remains constant’). Note that the negative characterization ‘dose indicators are no predictions of long-term protection’ is problematic for two reasons. Firstly, the statement remains unclear if it is not clarified what it means that something is a prediction of long-term protection (in particular, if long-term protection relates to future exposures). Secondly, the justification of dose indicators rests on the assumption that the estimated dose tells us something about the level of long-term protection or its boundaries. In this sense, dose indicators do provide predictions. Operationalizing postulates help to specify the boundary conditions of these predictions.
2.6 System understanding
Establishing causal relations between indicators and long-term protection requires an understanding of physical causes and effects and, thus, system understanding. The acceptance of containment indicators, for instance, rests on the understanding that containment will cause protection. This also holds for the contra-factual conditions of impossible evolutions.
We will define system understanding as a system of accepted propositions about direct or indirect physical causes of long-term protection. This includes empirical knowledge, expert judgement and propositions of accepted theories and models.
We now need to define the conditions under which the system understanding is adequate. Such a definition cannot claim consistency. The reason is that, due to the complexity of repository systems, the system understanding is composed of individual knowledge contributions, which might contradict each other (Ewing and Grambow, 2025). Moreover, theories and models may contradict empirical evidence due to idealizations and other simplifications. For this reason, we will not claim consistency, but only sufficient justification. This justification depends on the acceptability of inconsistencies, inaccuracies and uncertainties, which was not investigated in this study. We will nevertheless assume that decision-makers are able to assess whether a system understanding is sufficiently justified.
On this account, the adequacy of the system understanding shall be as the epistemic probability that the particular part of the system understanding that is used for the support of rejection arguments is sufficiently justified, which has to account for given empirical evidence and the epistemic probability that important empirical evidence is still missing.
2.7 Accuracy of the operational definition of the level of long-term protection
The accuracy of the operational definition of the level of long-term protection can now be defined as the epistemic probability that the following conditions are satisfied:
	1. The operationalizing postulates are acceptable and the system understanding is sufficiently adequate.
	2. The indicators, rules, methods and mandatory safety factors used to operationalize the level of protection are sufficiently justified with regard to the system understanding and operationalizing postulates. (Again, justification does not require consistency since operationalizing postulates, the system understanding, conservative and anticonservative assumptions, as well as idealizations and simplifications of models and theories, may introduce tolerable inconsistencies).
	3. The mandatory safety factors and their physical relevance are sufficiently captured by the specified indicators, aggregation rules and evaluation methods.
	4. With regard to the given safety understanding, the mandatory safety factors and evaluated indicators capture all causes of safety that need to be considered for the given rejection argument.

2.8 Accuracy of safety tests
The accuracy of safety tests shall be the epistemic probability that the safety test does not render the operationalizing premise false by itself. A safety test shall be sufficiently accurate if it is sufficiently valid, objective and reliable.
Roughly speaking, validity shall describe whether a safety test evaluates what it should evaluate. Objectivity and reliability shall refer to errors caused by assessment assumptions that are subjective and uncertain, respectively. However, this characterization needs to be refined because it refers to errors directly and without further distinction, which is problematic for the following reasons. Errors are deviations from true values. For many aspects of a safety assessment, error quantification should be difficult either because the true state and behavior of the system is unknown or because statistical inferences about errors are not available. Referring to errors is also problematic because not all errors reduce the epistemic probability of operationalizing premises. For example, systematic overestimations of safety are tolerable when demonstrating insufficient safety. For this reason, test quality will not be defined with regard to errors but with regard to the probability of operationalizing premises. We will first consider, how this can be done for the reliability of a safety test.
Assessment results usually vary in the given range of uncertainty. This indicates how the given uncertainties might affect long-term protection. This piece of information becomes important when inferences about long-term protection are drawn from the result of safety tests (which is what operationalizing premises do). A compliance test, for example, may state that a site is safe, but it may be uncertain as to whether the test has neglected important repository processes. This uncertainty opens up the possibility that the level of long-term protection is insufficient, which would render the operationalizing premise untrue. Compliance tests can avoid this by implementing a strategy of conservatism. The ability to prevent operationalizing premises from being falsified by uncertainties is, therefore, a quality of the safety test, namely, its reliability.
Following this example, the validity, objectivity and reliability of safety tests are defined in the following way.
	1. The validity of a safety test shall be the epistemic probability that the following propositions are true:	a. The operationalizing premise of the rejection argument is not false solely because the test does not measure what it should measure according to conceptual requirements (for concept violation tests) or to the operational definition of the level of long-term protection (for all other tests).
	b. The part of the system understanding that is needed to understand how long-term protection is affected by deviations from what should be measured is sufficiently adequate.


	2. The objectivity of a safety test shall be the epistemic probability that the following propositions are true:	a. The operationalizing premise of the rejection argument is not false solely because of subjective assumptions.
	b. The part of the system understanding that is needed to understand the effect of subjective assumptions on long-term protection is sufficiently adequate.


	3. The reliability of a safety test shall be the epistemic probability that the following propositions are true:	a. The operationalizing premise of the rejection argument is not false solely because of the given uncertainties.
	b. The part of the system understanding that is needed to understand the effect of uncertainties on long-term protection is sufficiently adequate.



2.9 Epistemic probability of operationalizing premises
We conclude the model description by defining the epistemic probability of operationalizing premises, which is needed to decide whether a rejection argument is sufficiently sound.
The epistemic probability of an operationalizing premise shall be the epistemic probability that the following propositions are true.
	1. The operational definition of the level of long-term protection is sufficiently accurate.
	2. The associated safety test is sufficiently accurate, that is, sufficiently valid, objective and reliable.

It is outside the scope of this model to explain how epistemic probabilities and sufficient probabilities can be ascertained (see discussion). For this reason, the model cannot offer a step-by-step guide to justifying site rejection decisions. Nevertheless, the it explains the nature and structure of the justification and leads to the following practical conclusions.
3 PRACTICAL CONCLUSIONS
In this chapter, practical conclusions for site selection and safety assessment are presented. Please note that these conclusions draw on additional information on the practice of site selection and long-term safety assessment. Hence, they are not derived from the model alone.
3.1 Dealing with uncertainties
Rejecting sites whose characteristics are uncertain involves an increased risk of rejecting a safe or even the safest site. The acceptability of this risk is probably higher if promising sites remain.
There are different ways of accounting for uncertainties. For example, it is possible to ignore uncertainties and to base decisions on the apparent level of safety. In the presented model, this can be realized by lowering the expectation as to how reliable safety tests must be in order to be sufficiently reliable. The rejection arguments will then remain sound and the reduced reliability requirements will transparently display that the priority of safety targets has been reduced.
Alternatively, uncertainties could be interpreted as safety deficits, which is a risk-averse approach. A similar method was chosen by Fischer-Appelt and Baltes (2010) with regard to robustness deficits. However, the approach cannot be justified by the presented model. Interpreting subjective uncertainties as safety deficits could impair the objectivity of safety tests (according to the definition of ‘objectivity’ given in chapter 2.8, which is tolerant towards certain forms of subjectivity). Moreover, there is no causal relationship between epistemic uncertainties and the system’s level of long-term protection, which would render the latter’s operational definition inaccurate.
3.2 Non-compliance tests
It was shown that non-compliance tests need to be anticonservative. In practice, non-compliance tests probably take the form of exclusion criteria. For this reason, it must be explained what an anticonservative exclusion criterion is.
An exclusion criterion shall be understood as a condition under which a site can be rejected. Often, it takes the form in > cn or ip < cp, where in and ip are indicators for negative and positive safety factors, respectively, and cn, cp are constants that represent critical indicator levels. For example, ip could be a barrier thickness and cp a critical thickness; or in a could be a seismicity indicator and cn a critical level of seismicity. Usually, the indicators in, ip can be evaluated without comprehensive site characterization and scenario development.
Non-compliance test are not accurate enough if they exclude sites that might provide a sufficient level of long-term protection. An exclusion criterion must, therefore, overestimate the effect of positive safety factors that can falsify a statement of insufficient safety. Due to this (anticonservative) overestimation of safety, the critical indicator levels cn or cp must be raised or lowered, respectively, to ensure a high positive predictive value. This again reduces the number of sites that can be rejected by the test. Hence, the applicability of exclusion criteria decreases with increasing reliability. Reformulating exclusion criteria to let them reject as many sites as possible threatens their reliability and, thus, their capability of justifying site rejections.
3.3 Compliance tests
It might be necessary to assess certain sites so conservatively that their safety cannot be demonstrated. For sites of that kind, safety demonstrations require that conservatism is reduced by advancements in research, assessment methodology or site characterization. Whether there will be such advancements in the future is difficult to tell in the early phases of a long-lasting site selection procedure. Consequently, the truth of the rejection argument’s second premise (chapter 2.3.2) is difficult to establish. Compliance test, therefore, should not be effective tools for site rejection in the early phases of a long-lasting site selection procedure.
Compliance tests are usually based thorough, site-specific and conservative assessments. Although it is not necessary for conservatism, it should be a reasonable practical requirement that the underlying assessments cover all important negative safety factors and detrimental scenarios that could falsify a statement of sufficient safety. An assessment of impossible evolutions is tolerable if it increases conservatism.
3.4 Ranking tests
It was mentioned that the accuracy of ranking tests does not depend on system properties and assessment errors that are shared by the compared sites. Increasing site dissimilarity should, therefore, increase the difficulty of safety rankings.
If sites are so dissimilar that they have to be assessed with differing scenarios (where the probability of a scenario shall be considered a scenario feature), the assessment inaccuracies caused by the assessment of impossible evolutions may differ too. Consequently, these inaccuracies cannot be ignored when the sites are compared. Unfortunately, they cannot be quantified because misperceptions of system possibilities are usually not detectable. For this reason, the accuracy of the ranking test remains unknown. This leads to the important conclusion, that cross-conceptual safety rankings cannot use indicators that require a comprehensive scenario development to predict possible evolutions of the repository system. Indicators of this type shall be called ‘predictive indicators’ and the dose indicator is an important example.
Cross-conceptual safety rankings, however, may be possible if they use indicators that can be evaluated without predicting possible evolutions (although the evaluation might refer to certain scenarios). Indicators of that kind shall be called ‘non-predictive’ and they are much less affected by misperceptions of system possibilities. Examples of non-predictive indicators are diffusivity, host rock thickness and groundwater age.
Whether the safety function indicators of a multi-barrier concept are non-predictive indicators, depends on their formulation. For example, canister thickness is a predictive indicator if it requires a prediction of how thickness will possibly be reduced by corrosion in the course of time. In contrast, it is not a non-predictive indicator if it refers to the safety margins of the canister layout, which can be determined without predicting future evolutions.
A drawback of non-predictive indicators is their remoteness from future exposures. For example, it should be difficult to determine how much the thickness of the host rock and the thickness of the canister should be weighted to reflect their physical importance for future exposures (without modelling possible evolutions). Consequently, the appropriateness of the weighting must be an operationalizing postulate.
In conclusion, the sources of inaccuracy appear to differ between predictive and non-predictive indicators: While the predictive indicators suffer from inaccurate safety tests, non-predictive indicators involve an inaccurate operationalization. Safety rankings fail if decision-makers do not accept these inaccuracies.
Safety rankings should not achieve different results if sites are compared pairwise and if the succession of pairwise comparisons is changed. Different results would indicate that the ranking test does not implement a transitive safety order. In this case, the ranking test is not accurate enough.
Cross-conceptional safety rankings will not be possible if decision-makers hold the view that different safety concepts cannot be compared in principle. This view is possible and not contradicted by the existence of a regulatory minimum level of safety. The reason is that the regulatory minimum level of safety may be concept-specific. In this case, repositories with different safety concepts are sufficiently safe at this level but not necessarily equally safe.
In conclusion, there can be indications that safety rankings are not accurate enough. The absence of such indications, however, does not imply that safety rankings are sufficiently accurate. In this case, test accuracy becomes a matter of subjective judgement. The model expresses this by defining the accuracy of the safety test as an epistemic probability.
Inaccurate safety rankings may be perceived as a failure of safety assessment. Nonetheless, they might increase the efficiency of a site selection procedure by opening ways for other types of rejection arguments that do not require site characterizations. They might, instead, refer to other relevant aspects, such as conceptual requirements, operational safety or technical feasibility.
The model indicates that site similarity is important for accurate ranking tests. For this reason, cross-conceptual ranking tests might be facilitated by modifying existing safety concepts in order to increase site similarity and simplify safety rankings. Clay and crystalline concepts, for example, focus on different barriers. While the first utilizes the advantages of a low-permeability clay barrier with high sorption capacity, the latter concentrates on technical barriers with high performance. It might be possible to construct a combined safety concept by combining the geological barrier of the clay concept with the technical barriers of the crystalline concept. The similarity between the original concepts and the combined concept should then reveal a safety order that indicates a superior safety of the combined concept. The original concepts could then be rejected at the price of a more complex and expensive combined concept and this might increase the efficiency of the site selection procedure. Of course, the feasibility and long-term safety of such a concept must be demonstrated first. Moreover, the decision target of resource limitation can be a reason for not pursuing a combined concept. It is, therefore, not possible to derive a recommendation for this approach from the justification model.
3.5 Concept violation tests
Safety-related conceptual requirements considerably increase the scope of safety-related reasons for site rejections. In principle, every exclusion criterion that should turn out to be insufficiently reliable as a non-compliance or suboptimality test can be saved by repurposing it to a concept violation test.
Conceptual requirements can be used to reject certain safety concepts as a whole. For example, safety concepts could be rejected because they involve certain risks or types of uncertainties with which decision-makers feel uncomfortable. Such preferences can be elicited in an early stage of a site selection procedure to increase the efficiency of the site selection procedure.
The use of conceptual requirements is restricted by the fact that the requirements need to be consensual. Decision-makers might also want to limit the number of conceptual requirements because they do not prevent the rejection of sites that provide a high level of long-term protection.
4 DISCUSSION
The difficulty of establishing an arguable connection between indicator values and long-term protection is a fundamental problem of site selection procedures if long-term protection is related to future exposures. This problem might not be obvious at first sight. For example, the permeability of the host rock appears to be a reasonable indicator because increasing permeability should also increase future exposures. The indicator can therefore be used for comparing two sites that only differ with regard to this parameter. For this application, it is sufficient to know that permeability and future exposures are positively correlated.
Yet there are situations in which we need to know more about the relation between indicator values and future exposures. Regulators might, for instance, want to formulate an exclusion criterion based on the permeability of the host rock. But what permeability value would imply inacceptable future exposures? This is difficult to tell. To circumvent this difficulty, the criterion must prescribe a high permeability value, which again reduces the number of sites that will be excluded. Or take the example that decision-makers might want to compare sites that differ with regard to more than one indicator: Can they really find out, to what degree the individual indicators contribute to long-term protection physically? In these examples, it matters that the operationalization and assessment of future exposures is inaccurate. It is now necessary to understand how the justification of site rejections is affected by these inaccuracies.
The presented justification model clarifies this point. It shows that rejection arguments are tolerant towards specific types of errors. The model also points out that the justification gap between indicators and future exposures can be closed by operationalizing postulates, which do not claim to be true, but only to be acceptable. These postulates are indicator-specific and their acceptability must be ascertained.
The model is consistent with the notion that operationalizations and assessments of long-term protection aim at predicting or measuring the level of long-term protection or its boundaries. The general term ‘accuracy’ has been introduced to describe the suitability for making such predictions or measurements. The model specifies the meaning of this general term with regard to the accuracy of the operationalization and the accuracy of safety tests, both of which depend on the rejection argument.
Although the justification model was constructed under the assumption that long-term protection is related to future exposures, the model can also handle the assumption that long-term protection is defined in relation to the fulfillment of safety functions, i.e., to the quality of the measures taken to prevent future exposures. In this case, operationalizing postulates are not needed and showing that the operationalization of long-term protection is sufficiently accurate is a trivial task.
The OECD-NEA (2012) stated that ‘it is also commonly understood that safety assessments are analyses that cannot and do not constitute absolute proof of safety, but efforts are made to design and conduct these analyses such that a high confidence in their results is achieved’. The presented model goes a step further by specifying how these analyses must be designed and conducted in order achieve confidence and on what this confidence depends. By doing so, the model displays that absolute proof is not required if the justification draws on subjective beliefs, for example, in the adequateness of the system understanding or in the validity, objectivity and reliability of safety tests. Nevertheless, the model does not clarify all details of justification, in particular with regard to inconsistencies of the system understanding. Future research should investigate which inconsistencies are tolerable and how indicators and aggregation rules can be justified by an inconsistent system understanding.
The justification model operates with sufficient degrees of belief. It would have been possible, instead, to connect to evidence theory (Zhang and Jiang, 2021) and consider how degrees of beliefs combine. Yet this was not undertaken for the sake of clarity and because there seem to be more urgent practical problems at hand: The difficulties of measuring degrees of beliefs and of agreeing on sufficient degrees of belief.
The underlying problem is that degrees of belief are probably not uniform, i.e., not fully determined by the given body of knowledge. If beliefs are not uniform, both credulity and false beliefs are a matter of concern. False beliefs may form independently from or in contradiction to scientific evidence, for example, if stakeholders find scientific arguments too fragmentary or too complex to follow. False beliefs may even be caused by political ideology and affiliation, which, for instance, can influence the perception of uncertainties (Broomell and Kane, 2017). This shows that the justification of site rejection decisions cannot be understood by natural science alone. It requires interdisciplinary research. It also makes clear that rational site selection procedures should include processes of knowledge transfer and scientific review to reduce the probability of false beliefs. Also, credulity should be avoided by adopting a risk-averse, critical and self-critical attitude.
Aiming at uniform degrees of belief might also be a guiding principle when presenting modelling results and their uncertainties. It would then not be important how much uncertainties are disclosed, but whether the experts’ trust in the modelling results is truthfully conveyed to the audience.
Let us turn to the role of safety assessments in site selection procedures. According to the justification model, safety assessments perform a double role: They must improve the system understanding as well as support the operationalizing premises of rejection arguments. For models that aim at improving system understanding, similarity with reality should be an important aspect of their representational nature. In contrast, models that are used for constructing compliance tests need not be similar to the real world if they only aim at being sufficiently conservative to support the operationalizing premise. It suffices here if ‘the possibility to connect (i.e., to draw a cogent semantic relationship) between the model and the real-world is warranted by how the model is constructed’ (Boon, 2020). The mentioned semantic relationship is given by the material implication of the operationalizing premise and the model’s purpose is to create a sufficient degree of belief in the truth of that implication. On this account, the requirements for safety assessments depend on the assessment purpose.
The assessment purpose also determines the value of conservatism. Conservative assessments can obscure the true behavior of the repository system (Röhlig, 2024), which is problematic if the assessment’s purpose is to develop system understanding. However, conservatism is not problematic for compliance tests that only aim at supporting the operationalizing premise of a rejection argument (assuming that the system understanding is already sufficiently adequate). For this reason, there is no general answer to the question of how conservative safety assessments should be.
The assessment purpose also controls the relevance of uncertainties as sources of inaccuracy. Uncertainties are often considered to be relevant to repository safety (Hoyer et al., 2021; Eckhardt, 2024), but this is only partially correct because the safety of a system does not depend on epistemic uncertainties, i.e., on missing knowledge. More precisely, uncertainties are relevant to the assessment of safety. How relevant they are, depends on the purpose of the assessment. There are uncertainties that are relevant to a certain operationalizing premise, but irrelevant to another. Moreover, uncertainties may be of minor relevance if the safety assessment is not designed to support an operationalizing premise but to generate ideas about how a repository system might behave. For this reason, the relevance of uncertainties cannot be evaluated without accounting for assessment purposes.
We now turn to the differences between site selection procedures and licensing procedures. One difference is that safety demonstrations for licensing procedures require conservative safety assessments, whereas justifications for site rejections mostly call for anticonservatism. Another distinguishing feature is that licensing procedures require reliable safety statements, whereas site selection procedures need to operate with less reliable safety statements if the resources for site characterization are limited. Consequently, site selection procedures must make trade-offs between safety targets and other targets, such as a reasonable limitation of resources. The presented justification model can account for such trade-offs.
An important practical conclusion from the model is that consensual conceptual requirements regarding the conditions under which long-term protection is achieved can be powerful tools for justifying site rejections. For example, a site might be rejected if it does not meet the requirement of radionuclide containment (even if it provided a sufficient level of protection). Although requirements of that kind can conflict with safety maximization targets, they still relate to a safety dimension and, therefore, provide strong rejection arguments. They might also be used to reject certain safety concepts as a whole.
The model also shows that comparisons of long-term protection (i.e., ranking tests) are sensitive to the inaccuracies of operationalization and safety assessment. Increasing site dissimilarity aggravates the problem. For this reason, it may not be possible to compare sites that differ with regard to host rock and safety concept. The model points out under which conditions this is to be expected. Firstly, there might not be any suitable indicators for such a comparison. Predictive indicators that require a comprehensive scenario development, like dose or degree of containment, are unsuitable in principle due to their unknown accuracy, which is caused by likely misperceptions of system possibilities. Non-predictive indicators, which do not require a comprehensive scenario development, do not suffer from this problem. However, they too can be unsuitable if decision-makers do not accept their inaccuracy of operationalization. Secondly, cross-conceptual safety comparisons are not feasible in principle if decision-makers claim that different safety concepts cannot be compared. In this case, no indicator will be able to establish a safety order.
Hence, there can be situations in which it is not possible to rank sites according to their level of long-term protection. Although this may be disappointing from the perspective of safety assessment, it can increase the efficiency of site selection procedures by opening the way for alternative comparison criteria that do not require extensive site characterizations, such as fulfillment of conceptual requirements, technical feasibility or required resources. In other words, site selection procedures may benefit from foundering safety assessments.
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	In this article, ‘evaluation’ denotes the process of assigning values to indicators and ‘aggregation’ the process of weighting and combining indicators.




	“If A, then B″ is called a material implication. It is true unless A is true and B is false.




	The positive predictive value is the proportion of positive test results that are true; this shall be interpreted as the epistemic probability that a test result is true. Accordingly, the negative predictive value shall be the epistemic probability that a test results is false.
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