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Abstract 
Geosphere retention of radionuclides can be an important component of the safety case for 
deep geological disposal of radioactive wastes. Methods to evaluate and model the migration 
of radionuclides in the geosphere have been developed intensively over many years. The 
RETROCK project, "Treatment of Geosphere Retention Phenomena in Safety Assessments", 
has examined how the retention and transport of radionuclides are dealt with in performance 
assessment (PA) models for deep geological repositories and how this could be further 
developed and improved. RETROCK is a part of Euratom's research and training programme 
and, as a Concerted Action, its work is based on existing background knowledge. 
 
The environment considered in RETROCK is saturated, sparsely fractured rock in the so-
called ‘far-field’ (between the repository and the biosphere), where the interconnected 
fracture network provides flowpaths for groundwater that could transport radionuclides. The 
results of the project are also applicable, with some constraints, to other geological environ-
ments. The phenomena in the focus of RETROCK are related to matrix diffusion, sorption 
and the distribution of groundwater flow. These, along with radioactive decay, provide the 
key terms to the transport equations of PA models. Some other processes are discussed but 
more cursorily: colloid-facilitated transport, the influence of microbes, gas-mediated 
transport, precipitation and dissolution, off-diagonal Onsager processes, effects originating in 
the near-field and the impacts of climate change. 
 
The RETROCK participants acknowledge that the currently applied priorities to develop the 
treatment of the processes under discussion are well-reasoned  –  considering also that the 
project did not reveal new issues that could call for significant reprioritisation. It looks likely 
that further work on retention mechanisms and modelling will be at the level of gradual 
improvements within the existing main directions. The participants believe that sorption, 
matrix diffusion, the distribution of groundwater flow, and radionuclide decay continue to be 
the main processes that need to be dealt with in future PAs. A high level of consensus exists 
on geosphere retention and transport processes, their definition and their generic importance. 
 
In recent years, performance assessments have been able to handle these processes 
adequately, if not in all cases explicitly, at particular stages of programmes. Basic data may be 
lacking or site-specific data may be difficult to obtain also for processes for which the level of 
understanding is good. In such cases, comprehensive utilisation of the available information 
to substantiate the choice of parameters for each set of PA calculations is essential. 
Supporting models are expected to handle processes with better coverage of phenomena and 
with more realism as more data will become available. They can be utilised in selecting PA 
parameter values so that the top-level PA models produce conservative results, which is a 
necessity in the demonstration of compliance. 
 
On the whole, the assessments have been considered fit-for-purpose at the time they were 
produced and have not subsequently been significantly challenged. However, as a repository 
programme moves towards implementation there will be a greater need for completeness and 
adequacy of the models and data as well as for supporting arguments. 
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Executive summary 

Background and aim 

Geosphere retention of radionuclides can be an important component of the safety case for 
deep geological repositories for radioactive wastes. It is an element of the multi-barrier 
concept and, for some wastes and repository concepts, and for certain radionuclides, it can be 
a key element of the safety case. The importance of geosphere retention in relation to other 
safety functions (such as the containment provided by the waste packages and the buffer 
materials) depends on the repository concept and host rock, and to some extent reflects the 
priorities in the strategy to demonstrate long-term safety. The strategies, in turn, are 
influenced by our ability to analyse the performance of the different parts of repository 
systems quantitatively. 
 
Methods to model the migration of radionuclides in the geosphere have been developed 
intensively over decades. As the waste management organisations proceed towards the 
implementation of repositories, the representation and exclusion of processes in performance 
assessments (PA) need to be based on increasingly comprehensive and profound scientific 
basis. The RETROCK Concerted Action, "Treatment of Geosphere Retention Phenomena in 
Safety Assessments", has examined how the retention and transport of radionuclides are dealt 
with in PA models for deep geological repositories in fractured rock and how this could be 
further developed and improved. The project participants have evaluated in depth our current 
understanding of retention processes, their conceptualisations, detailed process models that 
describe them, simplified PA models, and how experimental data are obtained on relevant 
spatial and temporal scales. An additional aim was to enhance communication between the 
different parties involved in PAs, particularly between PA modellers and process researchers. 
A main focus was in examining whether the simplifications adopted in PAs can be defended 
using complex process models, experiments, natural analogues and other scientifically valid 
sources. 

Scope 

The environment considered in RETROCK is saturated, sparsely fractured rock in the so-
called ‘far-field’ (between the repository and the biosphere), where the interconnected 
fracture network provides flowpaths for groundwater that could transport radionuclides. The 
results of the project are also applicable, with some constraints, to other geological environ-
ments. The rock domain lies between the repository near-field and the biosphere. Fractures 
exist from microscopic to kilometre scales, in complex configurations. They make up a very 
small fraction of the total volume of the bedrock and the flow capacity of the rock can thus be 
very limited, whereas the pore system in the rock matrix between the fractures contains the 
majority of the groundwater and offers a large solid-liquid interface area. Radionuclides can 
migrate with the groundwater in various chemical forms and interact with other matter present 
in water, fracture surfaces, fracture infills and the rock matrix adjacent to the fractures. These 
interactions typically result in significant retention (compared to the velocity of the ground-
water) and decay of radionuclides. 
 
The phenomena in the focus of RETROCK are related to matrix diffusion, sorption and the 
distribution of groundwater flow. These, along with radioactive decay, provide the key terms 
in the transport equations of PA models. Some other processes are discussed but more 
cursorily in the project: colloid-facilitated transport, the influence of microbes, gas-mediated 
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transport, precipitation and dissolution, off-diagonal Onsager processes, effects originating in 
the near-field and the impacts of climate change. 

Organisation 

The RETROCK Concerted Action is part of Euratom's research and training programme. A 
regulator, along with several waste management organisations and a number of research 
institutes, universities and consultants constitute the project team, and assure a diversity of the 
backgrounds. A Specialist Workshop was held in the mid-term of the project to acquaint 
specialists in the field with the interim outcome of RETROCK and to acquire their critical 
views, which were then considered in the remaining term. The duration of the project was 
three years. 
 
At the beginning of RETROCK, within Work Package 1, a questionnaire was developed and 
used to acquire information on the level of understanding and on the treatment of retention 
processes in several published safety cases. A synthesis report on the responses was produced 
and the findings were fed into Work Package 2 for further processing. In Work Package 2, the 
current theoretical basis, modelling practices and data needs were judged in-depth. The work 
resulted in a comprehensive report. In Work Package 3, the findings were integrated, 
discussions were focussed upon any contentious issues, and development needs were 
appraised. This report summarises the whole project and is intended to present the common 
understanding of the project partners and external collaborators that prevails at this time. 

How retention is handled in published performance assessment studies 

All the processes discussed in this report were dealt with in the responses to the questionnaire 
mentioned above. The responses indicated a high degree of confidence in the completeness of 
the list of potentially relevant transport and retention processes, although new facts and new 
interpretations of results can never be excluded. A common problem encountered in PAs is 
how to use data obtained from small scale experiments, when the PAs address greater 
temporal and spatial scales and repository conditions with possibly different temperature, 
geochemical conditions etc. Typically, there are very few differences between the PAs in 
terms of the transport and retention processes that are actually included in transport models. 

Current understanding, modelling approaches and assessment of development needs 

The fundamental processes have been studied for decades and are well known at a general 
level. This understanding underpins the PA models, which take the processes into account 
using simplified approaches. The use of simplifications is defended by making conservative 
assumptions and by choosing conservative values for model parameters. The simplified 
modelling is supported by a variety of more detailed and more realistic process-oriented 
models. The difficulties in obtaining qualified data for the models tend to hinder the utilisa-
tion of the most sophisticated mechanistic models, but major challenges are also encountered 
in obtaining relevant and defensible data for the simplified PA models. A common need is to 
enhance the handling of time dependencies. Couplings between processes, in particular 
couplings to geochemistry, are also regarded as a direction to be continued. 
 
For a range of processes that are commonly excluded from PA modelling, the work within 
RETROCK indicates that, in most cases, it is defensible to handle them separately. Sensitivity 
analyses can be used to check whether there are conditions for which a particular process 
should be explicitly included in PA. 
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The dominant transport mechanism for solutes in fractured rock is groundwater advection. 
Since water flow is restricted to the fractures, the dimensions, shape, orientation and 
connectivity of the fractures determine the properties of the flow paths in the rock. There is 
general consensus that flow and bedrock structures affect retention, together with the material 
properties, meaning that there is hydrodynamic control of retention.  The possibilities to 
investigate geometrically complex flow paths and flow distribution in detail are limited. 
However, geostatistical tools are available that do not require an exact knowledge of the 
flowpaths and that nevertheless allow an adequate description of the flow field. 
 
The concepts to describe flow paths differ considerably between some PA models. There are 
continuum models that employ average properties of the local geosphere and consider either 
large-scale deterministic streamtubes, streamtubes in fracture scales or random trajectories of 
particles. The streamtube formalism has been found to be difficult to defend on conceptual 
grounds when applied at large scales in fracture networks. 
 
An alternative to continuum modelling is the employment of stochastic particle tracking in 
discrete-fracture or channel-network models. In discrete-fracture network models, the 
fractures are explicitly or stochastically described and the individual flow paths are modelled 
physically more explicitly and realistically. 
 
For PA applications, the transport resistance and the water flow distribution are important 
flow-related entities representing the hydrodynamic control of retention. The complexity and 
difficulty of upscaling the hydrodynamic control from small to large scales is a paramount 
reason for using multiple approaches in describing flow paths and in estimating model 
parameters. 
 
Within both continuum models and discrete-fracture models, transport of radionuclides is 
usually modelled by applying either a dual- or multiple-porosity transport model that includes 
some form of the advection-dispersion equation. As a rule, central input parameters for the 
transport models are obtained from separate flow models, but integrated flow and transport 
modelling has also been developed. 
 
The chemical mechanisms for radionuclide retention include sorption and (co)precipitation. 
In the geosphere, where radionuclide concentrations in general can be expected to be very 
low, sorption is the dominant process and precipitation can usually be neglected. Precipitation 
has more relevance in the near-field. For certain radionuclides, these mechanisms are strongly 
dependent on geochemical conditions in the geosphere and their evolution with time. 
Hydrogeochemistry also influences radionuclide speciation, the conditions for microbial 
growth, the formation and stability of colloids, and the generation of gases. 
 
Sorption is usually considered as the reversible attachment of dissolved species to surfaces. It is 
handled with a strongly simplified concept, where the partitioning of a solute between a 
solution and a solid phase is usually described by a linear equilibrium constant, Kd, which is 
derived experimentally. The Kd concept can capture several retention mechanisms, making it 
powerful yet vulnerable. Despite its limitations it is regarded as a highly valuable approach. 
Typically, the pore surfaces of the rock matrix totally dominate sorption, while the sorption 
on the fracture surfaces or fracture infills is minor and often neglected in PA. 
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In a developing group of complementary approaches for sorption modelling, thermodynamic 
sorption modelling is an area of ongoing research. Sorption reactions are represented by 
thermodynamic formulations rather than empirical ones. Thermodynamic sorption models can 
be utilized in support to the selection of Kd values. Reactive transport modelling couples 
thermodynamics and transport, but this most demanding category of models will not be ready 
for explicit inclusion in PA models in the near future. 
 
Precipitation and coprecipitation can act as a sink for radionuclides, while the reverse process, 
dissolution of precipitates, provides a source. These ‘sinks’ are currently not taken into 
account in PAs, which can be regarded as conservative, based on the apparent underestima-
tion of retention. However, the assumption implies a need to evaluate whether later rapid 
dissolution of precipitated radionuclide sinks could take place, due to geochemical and 
hydrogeological changes. The modelling of precipitation, coprecipitation and dissolution calls 
for more data on radionuclides, especially involving less common minerals and those 
exhibiting complex solid solutions. 
 
Matrix diffusion is a physical process by which solutes are transferred from the flowing 
groundwater to the stagnant water in the pores of the rock matrix adjacent to the fractures. 
Matrix diffusion is considered as a very important retardation process. Fundamental under-
standing is deemed to be good and convincing evidence of its existence has been discovered. 
The conceptual and mathematical treatment of matrix diffusion is highly consistent among the 
organisations contributing to RETROCK. The uncertainties mostly pertain to the empirical 
data. In addition to the diffusion coefficient and the penetration depth, the efficiency of matrix 
diffusion is largely controlled by the transport resistance. For the non-sorbing radionuclides, 
matrix diffusion is the only retarding mechanism considered in PAs. The main open questions 
concern the depth of connected porosity and whether the pore system is uniform and stable 
over long periods of time, so that constant diffusivities in the pore water can be assumed. 
 
In disposal systems, colloids may enhance the migration of radionuclides so that radio-
nuclides become fixed to colloid particles moving at similar velocities as the groundwater. 
Naturally occurring colloids can usually be neglected in PAs, based on their very low 
concentrations, but colloids formed in the repository near-field may need to be considered in 
some cases. Colloid models are directly incorporated in only a few current PA transport 
models. Studies to enhance mechanistic models and to improve the realism of PA modelling 
with respect to colloid-related processes, are underway. 
 
Microbial processes can alter the mobility of radionuclides in many ways, both immobilising 
and mobilising them. Further, microbial metabolic reactions have a significant ability to 
control the geochemical conditions of the environment  –  for example by decreasing the 
redox potential, which is regarded to be beneficial. Microbes add a metabolic, catalytic 
dimension that is difficult to predict. However, understanding in this field is advancing 
rapidly and more capable models will become available. These processes are generally not 
included in PAs in a quantitative sense, which is usually regarded to be conservative. It can be 
argued that, to some extent, they already implicitly influence any experimental results 
acquired in-situ. 
 
Gas in the far-field could affect groundwater flow paths and flow rates, accelerate transport 
through attachment of colloids at gas-water interfaces, or it can itself be radioactive. The 
generation of gas varies substantially between repository concepts and the potential mecha-
nisms affecting the transport of radionuclides are very case-specific. In PAs, the effects of gas 
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have usually been evaluated by a combination of bounding estimates and simple calculations. 
Gas-mediated migration can be an important issue only if gas releases and radionuclide 
releases happen to overlap in time. 
 
In the so-called ‘off-diagonal Onsager processes’, chemical, thermal, hydraulic or electrical 
potential gradients provide the driving forces for fluxes of solute, thermal energy, fluid or 
electrical current. Studies suggest that these processes are usually not relevant in the 
repository far-field. 

General project statements 

The RETROCK participants acknowledge that the currently applied priorities to develop the 
treatment of the processes under discussion are well-reasoned  –  considering also that the 
project did not reveal new issues that could call for significant reprioritisation. It looks likely 
that further work on retention mechanisms and modelling will be at the level of gradual 
improvements within the existing main directions. The participants believe that the 
distribution of groundwater flow, sorption (processes captured by Kd), matrix diffusion and 
radionuclide decay continue to be the main processes that need to be dealt with in future PAs. 
The geosphere and its retention properties are regarded as essential components of a safety 
case and its analysis. A high level of consensus exists on geosphere retention and transport 
processes, their definition and their generic importance. 
 
In recent years, performance assessments have been able to handle these processes 
adequately, if not in all cases explicitly, at particular stages of programmes. Basic data may be 
lacking or site-specific data may be difficult to obtain also for processes for which the level of 
understanding is good. In such cases, comprehensive utilisation of the available information 
to substantiate the choice of parameters for each set of PA calculations is essential. 
Supporting models are expected to handle processes with better coverage of phenomena and 
with more realism as more data will become available. They can be utilised in selecting PA 
parameter values so that the top-level PA models produce conservative results, which is a 
necessity in the demonstration of compliance. 
 
On the whole, the assessments have been considered fit-for-purpose at the time they were 
prepared and have not subsequently been significantly challenged. However, as a repository 
programme moves towards implementation there will be a greater need for completeness and 
adequacy of the models and data as well as for supporting arguments. 
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1 Introduction 

Aim 

Methods to model the migration of radionuclides in the geosphere have been developed 
intensively over decades. As the waste management organisations proceed towards the 
implementation of repositories, the representation and exclusion of processes in performance 
assessments (PA) need to be based on increasingly comprehensive and profound scientific 
basis. During the advancement of repository programmes, the data for the migration models is 
expected to become refined and more site-specific. In the RETROCK Concerted Action, 
"Treatment of Geosphere Retention Phenomena in Safety Assessments", it is examined how 
the retention and transport of radionuclides are and should be represented in the PA models 
for deep geological repositories in fractured rock. The project participants judge in-depth the 
current understanding of the processes, their conceptualisations, detailed process models, 
simplified PA models, and obtaining  experimental data on relevant spatial and temporal 
scales. An additional aim is to enhance communication between the different parties involved 
in the PAs, especially between the PA modellers and the process researchers. A main focus is 
in examining whether simplifications adopted in PAs can be defended using complex process 
models, experiments, natural analogues and other scientifically eligible sources. A final aim is 
to produce a well-founded assessment of needs for the future PA endeavours. 

Scope 

The environment in question is saturated, sparsely fractured rock in the repository far-field, 
where the fracture network provides flowpaths for the groundwater carrying radionuclides 
released from a repository. The results are limitedly applicable also for other geological 
media. The domain lies between the repository near-field and the biosphere. Fractures exist 
from microscopic to kilometre scales in complex configurations. They make up a very small 
fraction of the total volume of the bedrock and thus the flow capacity in the rock can be very 
limited, whereas the pore system in the rock matrix between the fractures includes the 
majority of the groundwater and provides a large solid-liquid interfacial area. The radio-
nuclides migrate with the groundwater in various chemical forms and interact with other 
matter in water, fracture surfaces, fracture infills and the rock matrix adjacent to the fractures. 
These interactions typically result in significant retention (compared to the velocity of the 
groundwater) and decay of radionuclides. 
 
The central processes in RETROCK are matrix diffusion, sorption, and the spatial and 
temporal distribution of flow. These, together with radioactive decay, provide the key terms to 
the transport equations of the PA models. The following processes are handled more cursorily 
in the project: colloid-facilitated transport, influence of microbes, gas-mediated transport, 
precipitation and dissolution, off-diagonal Onsager processes, and effects originated in the 
near-field and climatic changes. 
 
In order to appraise the relative significance of the open issues linked to the processes, a 
graph on the uncertainties versus the PA relevance was jointly drawn early in the project 
(Figure 1). 
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Figure 1. The uncertainties in the treatment of retention and transport processes versus 
their PA relevance were assessed early in the project with this kind of graph. The partici-
pants' opinions on the sketch were not fully coherent, but the graph was found to be a useful 
tool in communicating the views. A difficulty in placing many of these processes in a simple 
graph stems from their site- and concept-specificity. 

Organisation of project and reporting 

The RETROCK Concerted Action is a part of Euratom's research and training programme. A 
regulator with several waste management organisations, research institutes, universities and 
consultants constitute the project team and assure the diversity of the backgrounds. Several 
external collaborators contributed to the project either by responding to a questionnaire or by 
reviewing the draft reports. A Specialist Workshop was held in the midterm of the project to 
make the specialists of this field acquainted with the interim outcome of RETROCK and to 
acquire their critical views to be considered in the remaining term. The contractual duration of 
the project is three years. 
 
At the beginning of RETROCK, in Work Package 1, a questionnaire was put together and 
used to acquire information on the level of understanding and on the treatment of the 
processes in several published safety cases (RETROCK, 2002). A synthesis of the responses 
was then fed to Work Package 2 for further processing. In Work Package 2, the current 
theoretical basis, modelling practices and data needs were judged in-depth. The work resulted 
in a comprehensive report (RETROCK, 2004) that leaves room also for the individual views 
of its authors. At the end of RETROCK, in Work Package 3, the findings were integrated, 
discussions on contentious issues continued, and development needs were appraised. The 
final report, the Work Package 3 report (i.e. the present report), summarises the whole project 
and strives to deliver the prevailing common understanding, following the views of the 
project partners and the external collaborators as closely as possible. No original work was 
carried out within RETROCK owing to its nature as a networking project. Hence the 
conclusions are based on the background work. 
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This report continues with Chapter 2 by illustrating how retention and transport are thought to 
take place in reality. Chapter 3 puts the geosphere retention into perspective in relation to the 
other safety functions of the safety cases. Chapter 4 discusses the theoretical basis, current 
modelling approaches and input data. Chapter 5 synthesizes the responses to the question-
naire. Chapter 6 presents an assessment of the development needs, as recognized at the end of 
the project. Chapter 7 concludes the findings of RETROCK and appraises its achievements 
against the set objectives. Appendix 1 summarizes the discussions at the midterm Specialist 
Workshop. 
 
In spite of the attempts to arrive at the generally accepted definitions for the terms 'retention' 
and 'retardation', different definitions and usages of the terms are found in scientific papers. 
This report employs retention as a general term, including the meanings "the condition of 
being held in a particular place" and "the condition of being delayed". Retardation refers to 
the condition of being delayed or is used in the entity 'retardation factor'. 
 



 

 4 

2 Illustrative description of the retention and transport 
processes 

Before examining ways to conceptualise and model the retention and transport in the 
geosphere, it may be useful to illustrate how the migration of radionuclides is commonly 
understood to take place. The starting point of this illustrative description is that radionuclides 
have leached from the waste form, spread through the Engineered Barrier System and entered 
the geosphere. The influence of the various factors on the radiological safety is not appraised 
in this chapter. Chapter 4 in this report and the Work Package 2 report of RETROCK 
(RETROCK, 2004) discuss the processes in greater detail and extend the perspective to the 
conceptualisations and modelling used in performance assessment. 
 
The domain under consideration is sparsely fractured saturated bedrock, in which the 
transport routes available for radionuclides are formed by intersecting fractures that are filled 
with groundwater. In sparsely fractured rock the average fracture spacing is typically on the 
order of metres. When the fracture aperture varies from microscopic to millimetre scale, the 
volume of water in fractures is a very small fraction of the total bedrock volume, e.g. typically 
about 10-4. In fault zones the fraction is larger, but repository layouts may be adapted with the 
aim of avoiding major water bearing zones. The repository rooms will also  –  even after their 
backfilling and sealing  –  contribute to flow routes in the geosphere in combination with the 
natural flow routes. 
 
The fractures of the rock may have fillings composed of various minerals with varying 
porosity, or organic matter. The fracture fillings reduce the cross-sections of flow paths and 
diversify the chemical properties of fractures. 
 
Mineral grains and the pore spaces between them constitute the rock matrix. The pores of the 
matrix form water-filled, often heterogeneous networks with varying tortuosity and constric-
tivity of the pores. For example, in granitic rock the matrix porosity is typically a few tenths 
of a percent. Thus the pores contain roughly ten times as much water as the fractures in 
sparsely fractured rock. In addition, the surface area of pores can be orders of magnitude 
larger than the surface area of fracture walls. Hence the matrix provides a very large reactive 
surface area. 
 
The groundwater pressure gradient (more correctly the gradient of hydraulic head) and/or the 
differences in density provide the energy that drives flow of groundwater. Due to spatial 
variation of fracture apertures and the competing flow paths, the flux of water can be 
extremely unevenly distributed in the fracture network. 
 
If the flow is concentrated in narrow paths, it is said to flow in “channels”.  Channelling 
reduces the effective reactive surface area of fracture walls. The existence of channels with a 
very small area for interaction between flowing water and rock has been speculated on, as a 
case which could lead to a combination of high flow velocity, short travel time and poor 
retention. Such channels may exist on a local scale, but it is considered unlikely that they 
constitute important transport pathways on a large scale. 
 
Contrasting travel times between flow routes which connect (with potential for mixing) at 
irregular intervals lead to network or kinematic dispersion. The mixing of groundwater 
between the flow routes of different origin causes dilution of contaminants. The lower the rate 
of water flow, the greater is the role played by diffusion of solutes within the fractures. 
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Regarding the fracture intersections, there is no common understanding on the details of 
mixing of solutes at intersections and on the flow along them. 
 
The migration rate of a radionuclide is usually much lower  –  typically orders of magnitude 
lower  –  than the velocity of water. This is due to mechanisms in two categories: 1) 
radionuclides in the fracture network entering the internal porous network of the rock matrix 
by diffusion, and 2) radionuclides being removed from the aqueous phase by chemical 
precipitation or adsorption, and deposited onto the mineral surfaces of the rock or fracture 
fillings. These mechanisms are discussed below. 
 
Radioactive solutes can enter the pore system of the rock matrix. Since the pore water does 
not significantly participate in the flow of groundwater, movement in the rock matrix is 
restricted to a process called matrix diffusion. The diffusion is caused by the random 
movement of the solutes, which in the presence of concentration gradients causes a net 
movement of solute. It is not exactly known how deep in the rock matrix the pores are 
connected, but some studies suggest this can occur to depths of at least tens of centimetres. 
Depths of a few centimetres are sufficient to make matrix diffusion an effective retarding 
process. 
 
After entering the pore system, the solutes may sorb on the extensive pore surfaces. It also is 
important that matrix diffusion extends the time that non-sorbing species spend on their 
migration route, increasing the time for them to diminish by radioactive decay. Since the 
mineral surfaces are most often negatively charged under natural conditions, there is a 
repulsion of negatively charged ions close to the surfaces, which can inhibit matrix diffusion. 
Another potentially inhibiting effect could be pore clogging caused by the precipitation of e.g. 
cementitious compounds from the engineered barriers. An analogous effect in fractures, 
fracture clogging, would reduce the water flow and thus increase the travel times. 
 
The radionuclides can be dissolved in groundwater in ionic form, as constituents of chemical 
compounds, or attached to various waterborne particles like colloids or microbes. The number 
of chemical factors affecting concentrations of radionuclides in groundwaters is large. 
Mineralogy, aqueous speciation and the solubility of derived phases are likely to constitute 
the major controls. The potential of geologic formations to provide reactants is vast, but the 
groundwater brings reactants also from the repository near-field and from the ground surface. 
The conditions deep in the bedrock are normally strongly reducing, which promotes the 
retention of some radioelements. 
 
For most radionuclides and their carrier compounds, retention occurs at low concentrations, 
due to adsorption and desorption. These are processes acting at the water-solid interface, by 
which a solute is bound or released by sites on the surfaces of minerals and organic matter. 
Examples of mechanisms responsible for these processes are ion-exchange, physical 
adsorption and surface complexation. Generically these processes are referred to as sorption. 
Sorption takes place onto fracture surfaces, fracture fillings and pore surfaces of rock matrix. 
Some elements, such as iodine, are characterised by relatively weak sorption in a range of 
geochemical environments, whereas others, such as many actinides, typically sorb very 
strongly and are virtually immobile. 
 
If a radionuclide is present at concentrations exceeding the solubility of a solid phase, it 
precipitates from solution. The solubility depends strongly on the existence of complexing 
agents and solubility-limiting solid phases. The concentrations of the radionuclides in the far-
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field groundwaters are negligible from the chemical viewpoint. As a consequence, the 
influence of radionuclides on other substances in the geosphere is negligible. In some cases it 
should be taken into account that a radioelement can migrate together with much more 
abundant inactive isotopes of the same element. It is possible that radionuclides first 
precipitate and later, following a change in groundwater chemistry, become rapidly dissolved. 
However, owing to the buffering capacity of the geosphere, the potential for such transient 
situations becomes smaller with increasing depth. 
 
The attachment of radionuclides to minute particles in groundwater involves a large variety of 
possible developments. Site investigations have revealed typically low concentrations of 
colloids and other particles suspended in groundwater, which suggests a low relevance to 
migration of radionuclides in natural groundwaters. The attachment can be reversible or 
irreversible, and the particles can be mobile or immobile. Furthermore, the size and composi-
tion of particles can change with time, and microbes add complexity to the system with their 
metabolic processes. The largest particles are mechanically filtered off within a fracture, 
whereas the smallest ones are transported with the water flow, carrying radioelements 
possibly faster than they would move alone. 
 
Microbes can produce carriers for radionuclides, add a catalytic dimension to the radio-
chemistry through metabolic reactions, actively participate in the generation of mineral 
coatings on rock surfaces, and effectively control chemical systemic parameters like redox 
potential and pH. 
 
Gases are generated in repositories and in the geosphere at very case-specific rates. Gas 
bubbles in the far-field can induce groundwater flow by entrainment of water in a bubble 
stream and thus increase the migration rate of radionuclides. Further, small particles can 
attach onto gas bubbles and thus move at the velocity of bubbles. Lastly, radioactive gas 
originating in the high-level waste may need to be taken into account. 
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3 Geosphere retention as a safety function in the 
safety case 

3.1 Geosphere retention and other safety features 

The aim of this section is to relate the utilisation of geosphere retention to other frequently 
used safety features in current safety cases. The section is focussed on repositories located 
deep in saturated sparsely fractured low permeability rock. 
 
The concept of deep geological disposal is partially based on the fact that most of the sorbing 
radionuclides exhibit a very slow movement in the geosphere environment, with typical 
estimated travel times from repository depths to the surface environment exceeding half-lives 
of many radionuclides. The transport through the geosphere also mitigates peak releases of 
non-sorbing or weakly-sorbing radionuclides due to hydrodynamic dispersion and dilution. 
The transport through the geosphere also mitigates peak releases of radionuclides. These 
favourable aspects of the geosphere result from a combination of slow groundwater move-
ment and favourable chemical retention through sorption and precipitation mechanisms. 
However, our current understanding of geosphere retention and groundwater flow in fractured 
media, such as crystalline bedrock, suggests that some relatively mobile radionuclides in 
spent nuclear fuel or other nuclear waste will not be retained sufficiently to prevent them from 
reaching the surface environment. Geological disposal in such media therefore must rely on 
technical barriers in addition to the geological one as well as on other safety functions apart 
from retention. The relative importance of different barriers and barrier functions in a safety 
case depends on the selected repository concept and host rock, and to some extent reflects the 
priorities in the overall strategy to demonstrate long-term safety. 
 
Isolation or containment, as well as retention and attenuation are the principal safety functions 
in the geosphere utilised in the demonstration of long-term safety for the disposal of spent 
fuel or other nuclear waste in a deep underground repository. In addition, dilution is an 
important factor in a consequence analysis, but is usually regarded as a circumstance that 
must be considered rather than a safety function. Complete containment takes place for a 
limited amount of time in the inner technical barrier termed the waste package, overpack, 
container or canister. Containment could also take place within the fuel cladding and possibly 
within the ceramic matrix of spent fuel itself. Retention becomes important when the 
containment is broken and the spreading of radionuclides is initiated. Retention has its 
clearest significance within the waste matrix, buffer and the geosphere, but in principle occurs 
in all parts of the technical barriers, the geosphere and the biosphere. Attenuation of 
radionuclide releases to the environment is provided by a number of processes during 
transport towards the surface environment, including radioactive decay during slow transport 
through the host rock and the spreading of radionuclides in time and space by, for example, 
diffusion, hydrodynamic dispersion and dilution in the geosphere and the biosphere. 
 
For the justification of deep geological disposal of spent nuclear fuel and other nuclear waste, 
the geosphere serves a multitude of functions that can be categorized as in the list below. The 
geosphere provides 

– long-term physical protection to the Engineered Barrier System against the effects of 
surface dominated events including natural disruptive processes such as deep weather-
ing, glaciation, river and marine erosion or flooding, asteroid or comet impact, earth-
quake shaking etc, and human activities such as terrorism and war, 
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– a geochemically stable, and benign environment to maximise the longevity of the 
engineered barriers such as containers, buffer and backfill in the facility, 

– a mechanically stable environment for constructing and operating the facility safely, 
– a natural radiation shield around the wastes, 
– reduced likelihood of human intrusion deep into the repository, due to vandalism, 

excavation, drilling, quarrying and mining etc., and 
– potentially long and slow groundwater return pathways from the facility to the 

biosphere along which retention, dilution and dispersion processes operate to reduce 
radionuclide concentration in the groundwater. 

 
In the context of the RETROCK project, the primary concern is the capacity of the geosphere 
to retard and attenuate those radionuclides that are released from a repository. This safety 
function can be convincingly shown to be effective for strongly sorbing nuclides. However, 
the assessment of non-sorbing and weakly sorbing nuclides is much more sensitive, and 
requires a detailed understanding of bedrock conditions and groundwater flow. A few key 
technical problems are, for instance, characterisation and description of the highly hetero-
geneous geometry of the fractured bedrock that surrounds the repository, as well as under-
standing the impact of changes in the system due to the future climate evolution. An approach 
for dealing with these problems has been developed over several decades, which involves a 
cautious, conservative utilisation of geosphere retention and dispersion as a safety function by 
focussing on the most rapid plausible transport pathways, as well as the retention mechanisms 
that can be experimentally quantified. Compared to safety assessment work a couple of 
decades ago, there is an increased realisation of the need for caution in utilisation of 
geosphere retention, mainly due to the uncertainties associated with the characterisation of 
geologic features. Recent PAs for fractured rock have used geosphere retention more as a 
complementary safety function than as a main one. 
 
A potentially favourable feature of the natural barrier is that an observational foundation for 
assessing at least some aspects of site-specific flow and geochemical processes during 
extended time periods is available. This is based on the previous evolution of groundwater 
conditions, which can be characterised by an analysis of geochemical tracers in the bedrock; 
the prospects for such an analysis have improved in recent years. However, it should be 
recognised that the usefulness of some of the available methods is still controversial and that 
complicating factors exist, such as that the long-term influence of the repository on the 
bedrock conditions must be added, and that future climate evolution, which may influence 
bedrock conditions, is highly uncertain. Available methods tend to provide more convincing 
data for characterisation of slow groundwater movement from the surface to the repository 
depth, rather than for the return pathway from the repository depth to the surface1. 

3.1.1 Containment provided by waste containers 

The complete containment of radionuclides within a waste package can be regarded as the 
most well-defined safety function, since it precludes any movement and spreading in the 
natural environment. In order to be effective in the long-term, the containment period has to 
be considerably longer than half-lives of significant radionuclides (significant in terms of e.g. 
radiotoxicity and mobility). The demonstration of containment within a waste package 
                                                 
1 The compounds originating in deep groundwaters become strongly diluted by the groundwater cycle closer to 
the surface and are, therefore, difficult to be distinguished from the compounds of the more superficial waters. 
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includes assessments of corrosion processes, mechanical properties, future mechanical and 
geochemical evolution of the host rock, etc. A limitation is that it is difficult to demonstrate 
that manufacturing errors or damages caused by future disruptive events (e.g. future 
earthquakes), which could jeopardise containment, can be completely avoided. In addition, 
future human activities (e.g. inadvertent deep drilling into a repository area) could also 
partially destroy the barrier. Failure of waste-package containment therefore must be 
considered in some way. Containment is the principal safety function for repository concepts 
with waste-package materials (e.g. copper or alloy-22) that are predicted to provide a life time 
similar to the required assessment period. 

3.1.2 Near-field processes 

After the confinement of a waste package is broken, the radionuclides have to leach from the 
fuel matrix before being able to spread through the engineering materials (the near-field) that 
surround the waste packages. Only after that can they migrate in the geosphere. The retention 
and dispersion in the near-field may be a significant safety function especially if the 
repository involves relatively large quantities of engineering materials such as a thick 
bentonite buffer or large amounts of concrete. Slow diffusion provides, as the only feasible 
transport mechanism through compacted bentonite, a spreading of radionuclide releases that 
substantially mitigates high peak releases. Moreover, both bentonite and concrete are highly 
effective in sorbing many of the safety-critical nuclides, and provide suitable chemical 
environments for radionuclide (co)precipitation. Some retention processes on engineering 
materials are usually neglected for simplicity, e.g. sorption on waste-package corrosion 
products. 
 
The advantage with the near-field retention function is that the environment in which it 
operates is reasonably well defined. The spatial extent can be substantially controlled through 
repository design. The chemical conditions within the materials are expected to be stable over 
long time periods because of the capacity for chemical buffering within the engineering 
materials (chemical buffering is here defined as the capacity to resist changes in chemical 
conditions due to changes in the surrounding groundwater chemistry). The significance of 
near-field retention and attenuation varies between repository concepts, e.g. due to differences 
in the amounts or types of engineering materials. 

3.1.3 Dilution 

The required effectiveness of the geosphere retention in a particular case depends also on 
factors not directly related to the geosphere and the engineered barriers, in particular the level 
of radionuclide dilution and possible accumulation in the biosphere. Dilution in the biosphere 
may in reality be very important for a repository located close to large water bodies such as 
the sea or a large lake. In cases where such an extensive dilution is relied upon in dose 
calculations, safety assessment has to demonstrate that radionuclides are unlikely to escape 
through routes that are associated with less dilution and that such dilution remains effective 
during future climate states when sea levels and evapotranspiration may differ. 
 
There are reasons for being cautious when putting an emphasis on dilution in the biosphere, 
since the model outcome then becomes very sensitive to the selection of transport pathways 
and an often very uncertain future evolution of the biosphere. In addition, reliance on a "dilute 
and disperse" strategy has been questioned in various contexts in the past. In recent PAs for 
the deep geological disposal of spent nuclear fuel, cautious assumptions about dilution in the 
biosphere have generally been used. However, dilution in the biosphere is a more essential 
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element in some cases of low and intermediate level waste disposal (e.g. the Swedish SFR 
repository for low and intermediate level waste and the Finnish VLJ Repository). 
 
Dilution takes place not only in surface waters, but also in deep groundwater. This process is 
explicitly coupled with the assessment of geosphere retention, since a key mechanism is 
hydrodynamic dispersion, which is caused by the unevenly distributed groundwater flow in 
the fractured bedrock. The generally very small amount of groundwater from a repository area 
that may be contaminated with radionuclides is significantly diluted when these waters 
encounter much larger flows in rapid transport pathways, such as major fracture zones. 

3.1.4 Multi-barrier principle and evaluation of the role of geosphere retention in 
performance assessments 

There is an international consensus about adopting the multi-barrier principle (e.g. NEA 
2000) and some type of demonstration of this is usually required in regulations (e.g. SKI 
2002, NRC 2001, STUK 2001, HSK & KSA 1993). Geosphere retention may be relevant in 
the demonstration of the multi-barrier principle, e.g. when such calculations involve otherwise 
disregarded cases with waste-package failures. Demonstration of the multi-barrier principle 
can be made by purposely unrealistic, "what if" calculations, in which entire safety functions 
or barriers are neglected (e.g. what if all containers disappear, what if all spent fuel dissolves 
immediately). The importance of geosphere retention may be evaluated by comparison with a 
"what if" case that completely neglects this function (but not other safety functions of the 
geosphere). 
 
The multi-barrier principle can have slightly different meanings, but usually goes further than 
simply stating that there should be several barriers. One interpretation is that a certain degree 
of redundancy should exist and that moderate damage to a single barrier, e.g. the waste 
package, should not significantly affect overall safety. However, the multi-barrier principle 
does not mean that any particular barrier or barrier function, such as geosphere retention, need 
be sufficient by itself (i.e. complete redundancy between barriers and safety functions). 
 
An overall compliance evaluation with respect to dose or risk criteria is included as a critical 
part of all PAs. In this context, all safety functions, as well as dilution and accumulation in the 
biosphere, are weighted together to determine if their combined effect is sufficient to ensure 
long-term safety. By analysing the compliance evaluation in recent PAs, it is possible to gain 
a rough picture of how much emphasis a particular safety function is generally given in 
relation to total repository performance. This emphasis may well change during a repository 
development programme, as new knowledge and more data becomes available. A quantitative 
approach for finding proportions of safety allocation could in principle be adopted, but here 
we limit ourselves to a brief discussion. 
 
As the scientific understanding and modelling capability for predicting geosphere retention 
and dispersion is gradually improved, it may be feasible to decrease conservatism within 
geosphere transport modelling, e.g. to avoid an unnecessarily large reliance on waste package 
confinement. A superficial assessment of the conservative assumptions, that support present 
day safety assessments, suggests there is a potential for an increased reliance of geosphere 
retention based on a more realistic description of both flow and retention mechanisms. As 
ongoing and planned site investigations expand the knowledge base of the actual conditions at 
repository sites, it will become easier to judge whether or not this safety function could carry 
more weight in the future. Although an increased understanding of, and reliance on, 
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geosphere retention is probably not a necessity to demonstrate the long-term safety of a 
repository, it could further enhance the weight of the overall safety case. 
 
A safety function can be significant in reality, even if it does not play a direct role in the 
quantitative part of a PA. Potential safety functions for which there is a limited framework for 
quantitative evaluation may be kept in reserve unless and until a need to explore new safety 
features becomes apparent. In addition, data deficiencies, at early stages of repository 
development, may force a safety assessment modeller to consider only a small fraction of the 
potential significance of a safety function. 
 
The next section discusses the relative role of geosphere retention in the following recent 
PAs: ENRESA 2000, SITE-94, SR 97, TILA-99 and WLB-GDS-II. Only cases within or 
closely related to the scope of RETROCK (sparsely fractured, saturated rocks such as 
crystalline bedrock) are included, since the priorities may be totally different for other 
geologic media such as clay and salt. 

3.2 Significance of geosphere retention in a few performance 
assessments 

3.2.1 SR 97 

SKB´s SR 97 assessment (SKB, 1999) was conducted as a basis for the start of site investiga-
tions in Sweden in 2002. It is based on data from three real sites, but it is emphasised that 
these are selected just to exemplify conditions in various places in Sweden. The copper 
canisters are expected to retain their containment function throughout the whole assessment 
period of 1 million years. Containment is therefore the main safety function with other safety 
functions having a complementary role for a small number of canisters that may be initially 
defective. The role of the geosphere was nevertheless proven to be important, since the 
consequences of the few defective canisters vary significantly among the different sites. A 
sensitivity analysis shows that the “transport resistance” (see Chapter 4.2.1) of the geosphere 
migration paths has a large impact on calculated dose (or risk) for the site with the poorest 
geosphere performance. The diffusivity of the rock matrix is somewhat sensitive, while the Kd 
values in the rock matrix are in general of limited sensitivity. The sensitivity of these 
geosphere parameters is less important for the two sites with medium and good geosphere 
barrier performance (i.e. sites with high transport resistance of the migration paths). 

3.2.2 TILA-99 

POSIVA´s TILA-99 assessment (Vieno and Nordman 1999) was carried out as a basis of the 
Decision in Principle process, which is the first licensing step towards a disposal facility of 
nuclear waste according to the Finnish regulations. Four investigation sites were considered 
as potential alternatives for the location of a spent fuel repository. The safety concept is 
similar to SR 97 with an estimated duration of the complete containment period provided by 
initially intact copper-iron canisters exceeding 100 000 years. In the geosphere-transport 
analyses of radionuclides, matrix diffusion was the only phenomenon assumed to cause 
retention and dispersion. In the different calculation cases, the transport resistance WL/Q (a 
half of the flow wetted surface of the transport pathway divided by the flow rate along the 
pathway) ranged from 5·103 to 5·104 year/m, which corresponds to a groundwater transit time 
from 2.5 to 25 years, when the volume aperture is taken to be 5·10-4 m (Vieno et al. 2001). 
According to the results, geosphere is an efficient barrier for the strongly and moderately 
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sorbing nuclides (Kd ≥ 0.1 m3/kg), while it appears to be ineffective for weakly or non-sorbing 
nuclides. It was concluded that from the point of view of post closure safety, all four 
candidate sites are suitable to host a repository for spent fuel. The safety assessment did not 
give reasons to reject any of them, neither did release and transport analyses of radionuclides 
provide grounds to rank one site above the others. Posiva proposed Olkiluoto as the location 
of the repository. Posiva’s site selection was approved by the Government in December 2000 
and confirmed by the Parliament in May 2001. 

3.2.3 WLB-GDS-II 

Nagra's WLB-GDS-II study (Nagra 2000) is an internal safety assessment for a repository for 
low- and intermediate-level waste in marl host rock at the Wellenberg site. The aim of the 
project was to evaluate the recently completed geological synthesis of the site (Nagra 1997) 
from the point of view of long-term safety. This geological synthesis included additional 
information compared to that available at the time when the safety assessment supporting an 
application for a general licence was completed (Nagra 1994). 
 
The WLB-GDS-II safety assessment makes use of a novel approach to modelling radio-
nuclide transport through heterogeneous geological media (Schneider et al. 1998). Ground-
water flow and transport are treated using separate models. A nested system of three 3-
dimensional hydrodynamic models is used in order to obtain a fundamental understanding of 
groundwater flow. This system, which makes extensive use of sophisticated geostatistical 
tools, generates detailed 3-dimensional distributions of the hydraulic conductivity which are 
compatible with measurements of the transmissivity of water conducting features in all deep 
boreholes on the site ("K model", Nagra 1997). A simplified 1-dimensional model, which 
uses the hydraulic conductivity distribution from the more complex K model, is used to 
provide input for the transport model. 
 
Relative significance of geosphere barrier: Since this study relates to a cementitious 
repository for low- and intermediate-level waste, where no credit is taken for container 
lifetime, the geosphere barrier plays an important role in the multi-barrier concept required by 
the Swiss regulator (HSK & KSA 1993). The approach described in Schneider et al. (1998) 
was specifically developed to make better use of the updated, detailed geodataset available for 
the site (Nagra 1997) than was previously possible. This allowed conservatism to be reduced 
and to more fully exploit the potential of the geosphere barrier. 

3.2.4 ENRESA 2000 

ENRESA 2000, presented in (ENRESA, 2001), is a performance assessment of a repository 
for spent nuclear fuel carried out by ENRESA between 1998 and 2001. The hypothetical site 
consists of an outcropping granitic batholith which was described using a synthesis of actual 
local data obtained at the surface (topography, fracture strikes, surface hydrology) and sub-
surface data. The latter data were extrapolated from different locations using expert opinion 
and a diversity of methods to make the overall set of characteristics self-consistent. Geo-
statistical methods have been applied to define hydraulic conductivity fields but given the 
limitations of the project the hydrogeological modelling has been computed only for a single 
set of data. Nevertheless, transport modelling followed two alternative approaches: determi-
nistic and probabilistic. 
  
The hydrogeological setting in ENRESA 2000, is characterised by comparatively long 
groundwater travel times (7,000 to 230,000 year) and distant discharge points (4,600 to 
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11,000 m). In the probabilistic transport model, based in the DFN concept, the hydro-
geological parameters controlling the transport of solutes through the geosphere are: 
groundwater travel time, pathway length, Peclet number, flow-wetted surface and kinematic 
porosity. The distributions for the two former parameters are taken from the spatial variability 
of the results obtained with particle tracking modelling. The probability density function for 
the latter reflect the uncertainty in their values. The solute retention processes considered are 
diffusion and sorption in the matrix. Retention in the fracture surfaces and infillings, 
precipitation and coprecipitation were neglected; transport by colloids was not considered. 
 
The contribution of the geosphere to both the containment and retention safety functions of 
the multi-barrier disposal system proved to be very important. In the first category, contain-
ment, the role of the geosphere lies in providing a favourable mechanical, geochemical and 
hydrogeological environment to the engineered barrier. The geosphere contributes to the 
limitation of releases after the loss of the canister integrity (the lifetime of the carbon steel 
canisters was assessed to be only a few thousand years). The performance of the buffer as a 
diffusive barrier is conditional on a low groundwater flow in the near-field rock; a Darcy 
velocity ten times the reference value results in twice the dose. 
  
The retention function may be illustrated by a selection of cases. The ratio of peak releases for 
14C from the geosphere and from the engineered barriers is more than two orders of magni-
tude. Peak releases from the engineered barriers for 239Pu is in the order of 106 Bq/year, and 
the peak release from the geosphere is less than 1 Bq/year. For the actinide chains, which in 
general exhibit high sorption coefficients, the releases for most of the members are delayed 
very far into the future: at 107 year, the resulting doses are still increasing but at very low 
values (10-8 Sv/year). On the other hand the releases of the higher short-lived members of the 
chains are attenuated by decay in the geosphere as it is illustrated by the case of 239Pu. Finally 
for non-sorbing long-lived radionuclides, as 129I, the role of the geosphere in limiting the peak 
releases is marginal, only a factor less than two. 

3.2.5 SITE-94 

The SITE-94 (SKI, 1996) performance assessment study was conducted by the Swedish 
regulator SKI to exemplify different aspects of long-term safety for a spent nuclear fuel 
repository in Swedish granite (with data from the Äspö Hard Rock laboratory). A thorough 
evaluation of groundwater flow and its couplings to geosphere retention was conducted with 
alternative conceptual models, but SITE-94 does not contain any quantitative judgements 
about canister integrity. An evaluation of safety allocation is not possible, since calculated 
doses are only reported per failed canister. Conclusions are otherwise similar to other PAs for 
the Scandinavian bedrock (TILA-99 and SR 97), with significant release to the biosphere of 
mainly non- and weakly-sorbing nuclides (129I, 36Cl, 14C, 135Cs), and conservatively estimated 
dose rates on the order of 10-6 Sv per year and per canister within 1 million years. The 
effectiveness of the geosphere barrier is, to a large extent, governed by flow rate and the flow-
wetted surface area, while other parameters appear to be less sensitive. 
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4 Theoretical basis, modelling approaches and input 
data 

This chapter gives a broad overview of the current understanding, modelling concepts and 
practices concerning how geosphere retention phenomena are treated in performance 
assessments. The text is based on the more extensive RETROCK Work Package 2 report 
(RETROCK, 2004), the content of which was not only shortened for this chapter, but also 
modified and amended in order to be accepted by all the project partners. The responses of the 
participating organisations on the RETROCK Work Package 1 questionnaire (RETROCK, 
2002) have also been used. 
 
The chapter starts with Section 4.1 giving a conceptual description of flow and transport in 
fractured rock in a performance assessment perspective and defining the relevant questions. 
The Sections 4.2, 4.3 and 4.4 give an overview of the flow and transport processes, retention 
processes and other processes commonly modelled in performance assessments, respectively. 
 

4.1 Conceptual description of flow and transport in fractured rock from a 
performance-assessment perspective 

Flow and transport in a fractured medium, such as crystalline rock, mostly takes place in 
fractures of the rock mass. The permeability of the rock blocks in between fractures is 
sufficiently small to give an advective flow within the rock blocks that is negligible in most 
situations. The fractures and joints only make up a very small fraction of the total volume and 
thus the flow capacity of the rock can be very limited. Furthermore, in rocks with a sparse 
network of fractures the probability of fractures intersecting is low and as a consequence, the 
hydraulic conductivity of such rocks is generally small. However, there may exist a limited 
number of continuous flow paths2 extending over long distances in the rock. Since the volume 
of the fractures where flow takes place is limited, this often gives rise to relatively high 
velocities in the continuous flow paths available, typically in the order of meters per year. 
However, most solute species interact with the fracture surfaces through physical and 
chemical processes. These processes can cause retardation, i.e. delay the release of radio-
nuclides from the geosphere, or retention i.e. hinder radionuclides from being released from 
the geosphere. If the solute species can penetrate into the rock matrix by diffusion they gain 
access to the very large internal surfaces in the pore space of the rock. Chemical processes 
such as sorption and precipitation can immobilize the solutes causing a large long-term 
retention of radionuclides in the geosphere. The retention capacity of the rock is thus great 
enough to cause a significant reduction in radionuclide concentration as well as retardation of 
radionuclides in time. For radionuclides with a half-life shorter than, or comparable to, the 
transport time through the rock, the retardation of the release is large enough for radioactive 
decay to result in a complete retention. 
 
In performance assessment (PA) it is therefore important to evaluate the effect of these 
processes and in particular address questions like: 

– What are the properties of the flow paths relevant for radionuclide transport? 
– What chemical reactions and sorption processes will occur in the rock and what are 

their effects on radionuclide mobility? 
                                                 
2 The term "flow path" is used as an informal term without a strict definition. 
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– How can the solutes penetrate into the rock matrix and what is the extent of rock matrix 
available in the time frame of the transport? 

– What are the effects of radioactive decay and the build-up of daughter nuclides in the 
decay chains? 

– Are there other processes that directly or indirectly affect the transport of solutes and 
therefore need to be taken into consideration? 

 
Examples of such other processes are the presence or formation of colloids, possibly 
enhancing transport, precipitation, coprecipitation and dissolution of minerals, microbial 
processes or effects of gas being formed and transported in the rock. Furthermore, the effects 
of coupled processes (e.g. interactions between flow, heat transport and mass transport) may 
need to be considered. 
 

4.2 Influence of flow on transport and retention processes 

4.2.1 Description of flow paths 

The dominating transport mechanism for solutes in fractured rock is transport with the 
flowing water. Since water flow is restricted to the fractures, the dimensions, shape, 
orientation and connectivity of the fractures determine the properties of the flow paths in the 
rock. Very small scale features of the fractures such as aperture variations may have an 
important influence on the flow paths. Preferential flow paths or channels may develop 
through parts of the fractures with larger aperture. Of special interest are fast flow channels 
with very small interaction area with the rock. Such channels may exist on a local scale, but it 
is unlikely that they prevail over such long distances that they constitute important transport 
pathways on the scale of interest for a performance assessment. One hypothesis for the 
occurrence of fast channels is along fracture intersections where they may act as essentially 
one-dimensional connectors. 
 
The flow paths are often conceptualised as meandering “streams” following the fractures 
through the rock, although in reality it is a complex flow field within the fractures. The flow 
paths should not be considered as fixed but variable depending on the direction of the 
gradient. In a stationary flow field only limited mixing due to molecular diffusion occurs 
within the flow paths. At fracture intersections flow paths can combine and separate after 
mixing of the water. The extent of mixing in fracture intersections is largely unknown. 
 
Since it is not possible to investigate or model the flow field or even the physical fractures 
within the large rock volumes of interest for PA, simplifications and assumptions have to be 
made in the modelling. These simplifications have generally been based on available model 
concepts and their restrictions. However, recently more and more efforts have been put into 
evaluating which properties are of vital importance for the radionuclide transport and what 
level of simplification can be made while still obtaining results that are suitable for the 
purpose of performance assessment. The simplifications made in the modelling are also 
closely linked to the type of data that is possible to obtain in site investigations. Simplifica-
tions can be made in many ways and from different starting points. Thus, a multitude of 
different model concepts have evolved that differ in many aspects, but also have many 
similarities. 
 
Flow-related entities of importance for the radionuclide transport are: 
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Water residence time distribution. The water residence time is determined by the fracture 
aperture or flow porosity, entities which generally are poorly known. Furthermore, the 
distribution of the water residence time is affected by the variation in flow rate and aperture 
between different flow paths, number of flow path intersections and by the type of mixing 
that occurs at flow path intersections. However, it can be shown that for sorbing radionuclides 
the water residence time in itself is of marginal importance. In most PA-studies, the non-
sorbing radionuclides of importance have such long half-lives that they are not affected by 
radioactive decay within reasonable water residence times. 
 
Water flow rate distribution. The flow rate determines the capacity for transport by advection 
through the rock. Flow rates in borehole sections can relatively easily be measured and 
average flow rates in fractures or rock domains can be modelled with help of measured 
transmissivities or hydraulic conductivities. These types of flow rates are also easily 
implemented in models. The distribution of water flow rates between different flow paths 
gives rise to a spreading (dispersion) of the release over space and time, which reduces peak 
releases even of poorly-sorbing and long-lived radionuclides. 
 
Transport resistance. The flow conditions in the rock have a large effect on the capacity of 
different retention processes, e.g. surface sorption and matrix diffusion. The coupling between 
retention and flow conditions is usually referred to as transport resistance or hydrodynamic 
control of retention. The important quantity is the ratio between the mass flux into the matrix 
and the mass flux in the flowing water. In the simplified case of a uniform fracture of width W 
and length L this ratio is proportional to the area of the fracture (2WL or “flow wetted surface 
area”, abbreviated FWS) divided by the groundwater flow rate Q in the fracture. In the more 
general case of heterogeneous and intersecting fractures it can still be shown that the 
important entity WL/Q for the flow paths always can be determined once the flow and the 
geometry of the flow field is known. 
 
WL/Q as introduced in many model concepts is a very important entity in assessing the 
retention capacity of a fractured rock in combination with measures for matrix diffusion and 
surface sorption, see Section 4.3.1. A distribution of WL/Q could, for example, be measured 
locally in boreholes using flow logs and injection tests in short packed off sections, as it is 
directly related to the transmissivity distribution of the fractures intersecting the borehole. 
However, due to the spatial variability of fracture networks and its properties, upscaling these 
local measurements into values valid for entire migration paths is non-trivial. Various 
modelling approaches are used to handle this upscaling (see Section 4.2.2). 

4.2.2 Modelling concepts for the flow paths 

The complexity of the flow paths in the fractured rock necessitates simplification in the 
modelling. The basic differences between the modelling concepts for far-field radionuclide 
transport lies in how simplifications are made and in the degree to which details of the rock 
structures are described in the model. There are two basically different modelling concepts for 
describing the flow paths, see Figure 2: 

– Continuum models using average properties of the rock, including fractures and rock 
blocks, to describe the water flow. Pathlines are derived from the water flow field and 
these are used to define the radionuclide transport paths. 
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– Discrete-fracture network (DFN) models wherein the discrete fractures of the rock are 
explicitly or stochastically described in the model and pathlines for the radionuclide 
transport are generated along the network of fractures or channels. 

Continuum models 

Continuum models can assume homogeneous rock properties, with the possibility to include 
different properties in large scale zones as in the Equivalent Porous Media model (EPM 
model) or include variations in rock permeability block wise in a stochastic way as in the 
Stochastic Continuum model (SC model) so as to capture the effects of large-scale hetero-
geneity. In both cases transport paths are obtained by producing pathlines, e.g. through 
particle tracking, and from these derive streamtubes. Streamtubes are imaginary one-
dimensional domains where the radionuclide transport is assumed to take place. In the 
continuum model a streamtube is macroscopic in the sense that it encompasses both fractures 
with flowing water and the pore space within the rock matrix with presumed immobile water. 
In the streamtube approach a number of assumptions are made: the boundaries of the 
streamtubes are impermeable, i.e. no solute can escape from the streamtube and as a 
consequence there can be no mixing between streamtubes; no detailed geometrical description 
of the pore space within the streamtube is given. Instead, it is assumed that the relevant 
transport parameters can be averaged within the streamtube, e.g. the water flow rate, the 
transport resistance measures or the matrix diffusivity. The geometrical properties of the 
streamtube are given implicitly from flow calculations, e.g. the length is given by the 
pathlines and the changes in cross-section area is determined by the water flow rate. The 
modeller therefore has little control over the geometry of the streamtube, and cases can occur 
where the streamtube has a geometrical shape that infringes the basic assumptions, e.g. the 
assumption of no mixing between the streamtubes. 
 
An alternative to the streamtube approach is the trajectory approach where flow paths are 
derived by following the movement of particles in a random flow field. The transport 
resistance, which is controlled by the velocity and aperture fields, is described by a statistical 
distribution. Subsequently transport is solved for along the trajectories. 

Discrete-fracture models 

Discrete-fracture models have been developed to obtain a better description of the water flow 
and radionuclide transport at a more detailed level. The idea is to model the individual flow 
paths as physically explicitly as possible. A network of fractures or channels is generated 
stochastically in a three-dimensional space, e.g. based on data on fracture frequency, 
orientation, dimension and transmissivity. Known large-scale features are put in deterministi-
cally. The individual fractures are often modelled by simple geometrical shapes such as discs 
or rectangles. 
 
The flow paths are derived by following the flow along the fracture network. In this case the 
flow paths may be converging or diverging. Different assumptions could be made on mixing 
at fracture intersections. Various assumptions are usually made regarding the geometry of the 
flow paths within the fracture plane, either as covering the entire fracture plane or as channels 
within the fracture plane, see Figure 2. In some models the fracture planes are assumed to be 
heterogeneous and also the flow paths within the fractures are described by the model. The 
transport properties of the flow paths, such as WL/Q, are thus a result of the properties or the 
property distribution assigned to the individual flow paths. 
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Radionuclide transport modelling 

There are many similarities in how the radionuclide transport modelling is performed within 
the continuum models and the discrete-fracture models. A dual or multiple-porosity radio-
nuclide-transport model is often applied either to a macroscopic streamtube derived from the 
flow field in a continuum approach, or in the case of discrete-fracture models, to fracture-
scale streamtubes made up of the individual segments of the flow paths within the network. 
The dual-porosity models take into consideration a zone with mobile water and a zone with 
immobile water. In the multiple-porosity models one mobile zone and several immobile zones 
are included. 
 
In both the continuum approach and the discrete-fracture network approach advection is the 
main transport process with retention due to interaction with the rock materials. In modelling 
the transport often some form of the advection-dispersion equation is applied. However, due 
to the way the flow paths are described there are differences in how the distribution in the 
flow field is treated and how it relates to dispersion and transport resistance. 
 

 

Figure 2. Illustration of various approaches for obtaining the flow paths for radionuclide 
transport from the flow field. From top to bottom: a) equivalent porous medium, b) stochastic 
continuum, c) discrete-fracture network model, d) discrete-fracture model with channelling. 
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Dispersion 

In the streamtube approach, a dispersion term (commonly with a constant dispersion 
coefficient) is introduced in the transport equation (advection-dispersion equation) to take into 
account the spreading in flow rate between the different flow paths “averaged” into the 
streamtube. One of the concerns with the advection-dispersion model is that it does not 
reproduce the increase of the dispersion length with distance that is observed in tracer tests. 
Thus, extrapolation to longer travel distances can underestimate dispersion if appropriate 
modification of the dispersion coefficient is not made. 
 
In a discrete network model the transport within an individual network segment is usually 
described by the advection-dispersion model. The dispersion within an individual flow path is 
often considered to be of minor importance compared to the dispersion caused by variations 
between flow paths, and is therefore treated in a simplified way or even neglected. However, 
this has been questioned as it may underpredict the beginning of the breakthrough curve, 
which in turn may result in underpredicting the peak value of the release rate of radionuclides 
with half-lives comparable to the release time. 

Transport resistance 

In the continuum approach the flow calculations do not provide any information on the 
detailed flow within fractures needed to determine the transport resistance. Instead the 
parameters must be derived from other sources. The flow wetted surface is often given as an 
averaged property defined as flow wetted surface per volume of rock or per volume of water. 
Since the flow within the streamtube in reality is divided into several flow paths, and may 
differ substantially between different flow paths, it is important to use averaged values of the 
WL/Q (a half of the flow wetted surface per flow rate) rather than using averaged values for 
the flow wetted surface together with averaged values of the water flow rate. This may give 
very different impact on retention of sorbing radionuclides. 
 
In a discrete-fracture model the surface area of the fractures is given implicitly by the fracture 
geometry. However, if homogeneous fractures are used there is no explicit description of how 
the flow field is distributed within the fracture and therefore the transport resistance cannot be 
directly obtained. Usually the flow is assumed to be located to a fraction of the total surface 
area or alternatively, the width of the flow paths within the fracture is specified. Using 
heterogeneous fracture planes the flow wetted surface may be calculated by modelling 
discrete flow paths within the fracture planes. Since both the area and the flow rate are given 
locally by the model, an integrated value of the ratio of flow wetted surface and water flow 
rate can in principle be derived taking into account local variations in transmissivity. 
 
In the trajectory approach the distribution of transport resistance is derived by integrating the 
velocity-weighted aperture along the trajectories. By following multiple trajectories in a 
random flow field the water residence time and the transport resistance are defined by random 
variables which can be treated statistically. However, this method also requires knowledge of 
the flow path properties (e.g. aperture distributions) and how these affect the flow field. 

4.2.3 Flow and transport processes in performance assessments 

The principal way of dealing with flow and transport is very similar in recent performance 
assessments in crystalline rock, e.g. SR 97 and TILA-99. The methodology is a development 
of that used in earlier performance assessments, e.g. SKB-91, TVO-92, Kristallin-I and SITE-
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94. The main transport processes are the same: advection and dispersion. However, the way 
dispersion is dealt with varies between different assessments. Also, there are differences in 
the way the flow paths are conceptualised and how the transport resistance is defined and 
determined. For example the recent Finnish and Swedish performance assessments are based 
on the same principles but differ in modelling strategy. 
 
In many performance assessments it is, for practical reasons, common to assume steady-state 
when modelling the groundwater flow field used for deriving radionuclide migration paths 
and properties. Within the long timescale of interest for the performance assessment, variation 
in gradients and flow rates is likely to be experienced. Furthermore, geological and 
geochemical processes may affect the fractures causing changes in the flow paths. These 
questions are to a varying degree addressed in the safety assessment, but are so far rarely 
included in the actual flow and transport modelling. 
 
As a rule, flow and transport are evaluated using separate models, with flow models providing 
input parameters for transport models. These parameters relate principally to advection, 
dispersion and channelling, and include, for example, the lengths and locations of transport 
paths, advective travel times, and flow rates through excavation-disturbed zones. In addition, 
integrated flow and transport modelling has been used in some cases. 
 
Below follows a brief description on how flow and transport were treated in recent perform-
ance assessments for crystalline rock. A more detailed description can found in the Work 
Package 2 report (RETROCK, 2004). 

TILA-99  –  Finland 

In the POSIVA study, TILA-99, four different sites were studied. A porous media flow model 
was used on the regional and site scale, while a discrete-fracture network model was used on 
the canister scale. The pathlines from the canister locations to a major fracture zone consid-
ered as the endpoint were obtained by particle tracking. 
 
The transport modelling was based on deterministic modelling of selected critical release 
paths. The release paths were divided into sequential legs through different fracture popula-
tions, including background fractures, the excavation disturbed zone and the disposal tunnel. 
The local scale DFN model was used to derive values for the transport resistance for the 
different fracture populations. For each leg the transport resistance (FTILA) is defined as: 

Q
WLF TILA=  

Several realisations were made each calculating the transport through several release paths. 
The range of the transport resistance over the entire release path ranged from 104 to more than 
106 years/m for three of the sites. 

SR 97  –  Sweden 

In the SKB study SR 97 three different sites with fractured rock masses intersected by 
fracture zones were modelled. The three-dimensional flow fields were calculated using a 
stochastic continuum approach. The conductivities of the blocks varied stochastically and 
could also be dependent on depth and location in the rock mass. Central cases and a number 
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of variants were modelled to study the influence of boundary conditions, changes in hydraulic 
conductivity and impact of anisotropy. 
 
Advective travel times from different canister positions to the biosphere were calculated using 
particle tracking assuming a constant flow porosity (set to a typical value of 10-4). Further-
more, it was assumed that the rock mass had a constant (although uncertain) flow wetted 
surface area per volume of rock, aR. 
 
The surface area per volume of rock aR was obtained from estimates of the conductive 
fracture frequency (CFF), which in turn is estimated from the fraction of conductive sections 
observed in the bore hole tests. Assuming an even flow distribution between the fractures 
there is a one-to-one relation between aR and CFF. However, in reality only few migration 
paths carry most of the flow and the CFF might overestimate the aR corresponding to the 
actual migration paths, something which was also indicated by discrete network analyses. On 
the other hand, deriving CFF from the number of flowing test sections generally under-
estimates CFF since only one fracture per flow test section is assumed to contribute to the 
flow. Consequently, the use of CFF was considered a reasonable estimate of aR, but a ten 
times lower value was suggested as a pessimistic case. The estimate of aR was 1 m2/m3 for 
two of the sites and 0.1 m2/m3 for the third site. 
 
With the assumptions of constant aR and porosity, the transport resistance (or F as it was 
called in SR 97) could be directly obtained from the advective travel times using: 

F =  (aRL/q) = twaw            (compared to TILA-99 notation: FTILA = F/2) 

Where aw is the flow-wetted surface per volume of water, tw the advective travel time 
calculated using the constant porosity, and q the Darcy velocity. 
 
Resulting values of F ranged between 104 years/m to about 107 years/m. Typical mean water 
travel times ranged from years to a few tens of years at two of the sites and 1000 years at the 
site with much lower conductivity with a spread ranging over three orders of magnitude 
(where spread is defined as the 95 percentile minus the 5 percentile). Estimates of F were also 
made by direct integration along particle tracks obtained in a discrete-fracture model. The 
resulting F values were in the same range as the base case values. 
 
The transport parameters were subsequently used to simulate the radionuclide residence time 
distribution using an advection-dispersion model with matrix diffusion and chain decay. 
Matrix porosity, diffusivity and sorption data were obtained from laboratory measurements. 
Dispersion was modelled with a Peclet number = 10, but it was found that the differences in 
travel time for the nuclides along the different flowpaths had a much larger influence on the 
spread of the release curves than the “hydrodynamic” dispersion. The analyses in SR 97 
clearly demonstrate the very strong impact of the F value on the radionuclide residence time. 

ENRESA 2000  –  Spain 

In ENRESA 2000 geo-statistical methods have been applied to define hydraulic conductivity 
fields. The hydrogeological modelling has been computed only for a single set of data given 
the limitations of the project. Nevertheless, transport modelling followed two alternative 
approaches: deterministic and probabilistic. 
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The hydrogeological setting in ENRESA 2000 is characterised by comparatively long 
groundwater travel times (7,000 to 230,000 years) and distant discharge points (4,600 to 
11,000 m). In the probabilistic transport model, based on the DFN concept, the hydro-
geological parameters which control the transport of solutes through the geosphere are 
groundwater travel time, pathway length, Peclet number, flow-wetted surface and kinematic 
porosity. The distributions for the two former are taken from the spatial variability of the 
results obtained with particle tracking modelling. The probability density function for the 
latter reflects the uncertainty in their values. The solute retention processes considered are 
diffusion and sorption in the matrix. Retention in the fracture surfaces and infillings, 
precipitation and coprecipitation were neglected; transport by colloids was not considered. 

Nagra  –  Switzerland 

In the most recent Swiss study considering fractured rock (Nagra, 2000), a methodology was 
adopted that takes into account the fact that, in such a rock, there is typically a large number 
of paths along which radionuclides released from a repository can migrate through the 
geosphere; much larger, for example, than the number of model paths (“legs”, in Nagra 
terminology) that can, in practice, be explicitly modelled by the radionuclide transport codes 
used in safety assessment. Thus, each leg should be considered, not as a single transport path, 
but rather as grouping of paths with similar transport properties, the most important nuclide-
independent property being the transmissivity. A methodology was developed that assigns 
transmissivities to legs, starting from a distribution of path transmissivities in the geological 
conceptual model, taking into account that: 
 

– the transmissivity of the leg should be chosen conservatively  –  i.e. it should be biased 
towards the upper end of the range of transmissivities of the constituent paths; 

– the flow through a leg should equal the combined flow through the paths that the leg 
represents; 

– the relatively small number of “fast paths” that dominate the performance of the 
geosphere transport barrier should be well represented (using most of the legs)  –  
conversely, only a few legs are required to represent the large number of slow paths, 
within which most radionuclides decay to insignificant levels. 

 
In applying this methodology, 15,000 paths were sampled and grouped into 5 legs for the 
calculation of radionuclide transport in the Reference Case. However, an increase in the total 
number of samples or an increase in the number of legs was shown to only marginally affect 
the calculated radionuclide release rates from the geosphere to the biosphere. This indicates 
that a sampled ensemble was chosen that is large enough and that the properties of fast paths 
are well represented by allocation of paths to only five legs. This methodology is summarised 
in Schneider et al. (1998). 

4.2.4 Example of influence of transport resistance on transport and retention 

The retention capacity of different transport processes depends on the flow conditions. It is 
possible to define a quantity that defines the coupling between retention and flow conditions. 
This is usually called hydrodynamic control of retention or transport resistance. In this section 
the influence of transport resistance on transport and retention is illustrated for a simple 
parallel plate channel. In this case the transport resistance can be presented by e.g. WL/Q over 
the channel (W is the width, L length and Q flow rate of the channel). 
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Figure 3. Breakthrough curves for three different transport (retention) processes modelled 
using the same transport channel and an instantaneous release of the tracer mass at the inlet 
of the transport channel 3. Note the logarithmic scale, the total mass under each curve is 
same. 

Three different processes are discussed here: pure advection, advection with surface sorption 
and advection with matrix diffusion. Figure 3 shows the release rates for these three processes 
through the same transport channel and under three sets of flow conditions. In each case a 
short pulse of the solute is introduced at the inlet of the transport path. The figure illustrates 
the dynamic behaviour of the different processes as the flow rate changes. In all three cases 
the blue curve represents something that may be seen in the site investigations, while the 
green and red curves show the behaviour when the flow rate is reduced towards what is 
expected under PA conditions. In the example the flow rates differ by a factor of 4, while in a 

                                                 
3Breakthrough curves for the advective transport are calculated using plug flow and a Gaussian breakthrough 
curve that corresponds to flow rate of Q = 0.438 litre/a through a channel that has a width of W = 0.01 m, 
aperture of 2b = 5e-4 m and length of L = 100 m. 

The breakthrough curves for the advection and surface sorption are calculated by assuming Ka = 4e-4 m, that 
leads to retardation coefficient of Ra = 3. Breakthrough curves of the pure advection are then scaled by Ra. Note 
that, the level of the peaks for the breakthrough curves of the advection and surface sorption are also a factor of 
Ra lower than for the pure advection. 

Breakthrough curves for the advection and matrix diffusion are calculated assuming matrix porosity of 
ε = 0.005, Kd = 5e-4 m3/kg, pore diffusivity of Dp = 1e-11 m2/s and matrix density of ρ = 2600 kg/m3. 
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real case the differences in flow rates studied in site characterisation may be orders of 
magnitude larger than flow rates under PA conditions. 
 
In this example the pure advection is represented by a plug flow, which only causes a shift in 
time between the source and release curves, while the level of the release rate remains more 
or less unchanged. Coupling of the surface sorption to the flow rate is the same as for the 
advection only (it may be noted that in case of dispersion surface sorption causes spreading of 
the release pulse and a corresponding lowering of the peak by the retardation factor). Finally, 
matrix diffusion is modelled using the average flow rate for each case. In this case the results 
are very sensitive to the flow conditions, and a lowering of the flow rate causes significant 
delay and spreading of the release pulse and corresponding lowering in the release rates. 
 
Closer examination of these processes leads to simple dependencies between the release rates 
and flow conditions (see Table 2). For the pure advection it is clear that the time of the peak 
depends linearly on the flow rate, but the level of the peak release remains unchanged (plug 
flow). For the advection and surface sorption (or other interaction with instantaneous 
equilibrium) the temporal dependency of the peak release is similar to that of pure advection, 
but in this case the spreading (and level) of the peak release also depends linearly on the 
retardation factor. For the matrix diffusion the dependence of the retention on the transport 
resistance is strong. The retention time that describes the retardation caused by the matrix 
diffusion (in addition to the advective delay) depends on the square of the transport resistance, 
while the level of the release peak depends on the inversed square of the transport resistance. 
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Table 2. The time and level of the peak release rate for three transport and retention 
processes (for an instantaneous pulse release). The time of the peak shows here only the 
contribution of the given process, e.g. in the case of advection and matrix diffusion the peak 
time is a sum of the advection and matrix diffusion contributions, although it can be seen that 
for given matrix properties and sufficiently small flow rates the matrix diffusion part is 
dominant. 

Process Time of the peak Level of the peak 
Advection 

Q
LWb2  

~ 1 

Surface sorption 

Q
LWKa2  

~ 1      
(see footnote 4) 

Matrix diffusion 2
2

3
2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Q

WLRD ppε  ~ 
2−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Q

LW
 

Note: The table is based on different assumptions than Figure 3. The table is aimed to 
represent the contributions of the single processes to the break-through curves in a very 
simple manner. In the case of advection and sorption the figure includes some dispersion, 
since otherwise the corresponding break-through curves would be infinitely high and narrow, 
and thus less educational. 

4.3  Retention processes 

4.3.1 Matrix diffusion 

On a microscopic scale rock has an intricate network of micro fractures and interconnected 
pores. The void space arises from processes such as crystallisation sequence, brittle or ductile 
deformation, dissolution and alteration of minerals. The void space is affected by geochemical 
processes and pores may be opened, closed or isolated. The dimensions of the voids are also 
dependent on the lithostatic pressure. 
 
The pores in the rock matrix are so small that there is no or very little water flow in them. 
However, solutes (e.g. dissolved radionuclides) may enter these pores through molecular 
diffusion. This process is called matrix diffusion. Through matrix diffusion radionuclides 
have access to the stagnant water inside the rock matrix and can thus be removed from the 
water flowing in the rock fractures. Matrix diffusion is a very important process for retention 
of radionuclide transport in the geosphere, especially for sorbing radionuclides that through 
matrix diffusion has access to the very large inner surfaces of the rock matrix. These surfaces 
can typically be 3 to 6 orders of magnitude larger in area than the surfaces of the fractures 
where the water flows. An extensive overview of matrix diffusion can be found in the Work 
Package 2 report (RETROCK, 2004) and also published in Jakob (2004). 

                                                 
4 Sorption causes spreading of the release curve by the retardation factor and corresponding decrease in the 
release rates contrary to advection that causes only a shift in time between the source and release curves. The 
present example represents an extreme case of a plug flow, where the difference between sorption and advection 
does not show up. However, this case exemplifies the difference between matrix diffusion and the other two 
processes. 
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Geological evidence for matrix diffusion 

A number of investigations and experiments have been devised in order to provide evidence 
for matrix diffusion and evaluate the effectiveness of matrix diffusion as a retention process. 
The studies range from in-situ and laboratory experiments to the evaluation of natural 
evidence of matrix diffusion. 
 
Laboratory measurements of matrix diffusion have been performed on rock samples from a 
broad range of rock types, either as through-diffusion tests or as penetration tests. Through-
diffusion tests measure the actual transport of solutes through a thin slice of rock and have 
been performed for non-sorbing and weakly sorbing species. Also more mobile tracers such 
as gases have been used as well as methods based on the analogy with electrical conductivity. 
However, for sorbing radionuclides the transport is too slow to follow in these types of 
experiments. Instead, the radionuclides are allowed to diffuse into a rock sample and after 
some time the sample is recovered and ground or sliced in order to measure the penetration 
profile. 
 
In laboratory measurements on rock samples there is a possibility of inducing fractures as 
rock stresses are released in the process of obtaining the samples. In order to avoid that 
problem in-situ diffusion measurements are performed on rock samples that have been made 
accessible with as little disturbance as possible. 
 
In-situ tracer experiments have been performed in the last two decades at many locations such 
as old mines, tunnels and underground laboratories with the aim of evaluating transport and 
retention processes. These experiments are generally performed on a scale of few meters to 
many tens of meters. These types of experiments are complicated to perform due to the 
inherent difficulties in understanding and controlling the flow in fractured rock. In laboratory 
experiments, core samples with natural fractures have been studied over shorter distances 
under more controlled conditions. By evaluating the tracer-breakthrough curve, various 
transport phenomena, including matrix diffusion can be addressed. However, evaluation 
exercises have shown that the interpretation of field tracer breakthrough is ambiguous, and a 
clear distinction between different processes is often difficult to make. Nevertheless, many 
field tests have clearly shown that matrix diffusion is a relevant process which has to be 
considered in geosphere modelling. 
 
Also natural analogues for matrix diffusion have been found, for example in connection with 
oxidation fronts in uranium mineralisations. In Poços de Caldas, infiltrating oxygen-rich 
water from the surface has caused an oxidation along the fracture, but also an oxidation of the 
unfractured rock. The red colouring typically found along fractures in granite is also an 
indication that matrix diffusion occurs in nature. 

Diffusion into stagnant water 

The efficiency of matrix diffusion depends on the transport resistance, see further Section 
4.2.2. However, domains of the fracture plane with more or less stagnant water are accessible 
by diffusion within the fracture plane. Diffusion into stagnant zones has been used to explain 
pronounced tailing in the breakthrough of short term experiments that could not be explained 
by diffusion into the rock matrix. Diffusion into stagnant zones is generally treated as a short-
term process with limited capacity. However, at longer time scales diffusion from stagnant 
zones into the matrix of the adjoining rock can provide further retention. 
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Limited extent for matrix diffusion 

Although there is a consensus among experts that matrix diffusion occurs in nature there are 
still different opinions as to which depth diffusion can reliably be assumed to occur. A 
number of studies have been performed in the laboratory and in the field to increase the 
understanding of the extent of a connected pore space. These studies show that there is an 
increased matrix porosity (and thus most likely an increased diffusivity) within the first few 
centimetres from a water bearing fracture. Also fracture coatings and fracture filling materials 
may have a highly increased porosity. However, the variability of matrix diffusivity and 
connectivity on a larger scale and the possible effect of long-term alterations are not yet fully 
understood. 
 
For strongly sorbing radionuclides, the amount of rock available for matrix diffusion and 
sorption (usually determined by a maximum penetration depth) has a very small effect on 
their release rates from the geosphere, since only a few mm of matrix penetration is needed 
for significant retention to occur. Thus, it could be sufficient for site-specific investigations to 
focus on establishing the minimum ascertained extent of matrix porosity. Highly porous fault 
gouge and fracture-coating material may be important for short term migration experiments, 
but their sorption capacity becomes saturated in the long-term. The importance of other zones 
of high porosity also diminishes with time. For non-sorbing radionuclides, an important 
question is whether the intact rock is available for diffusion to a great extent, or if the pore 
connectivity is limited making the deeper parts inaccessible for diffusion. 

Anion exclusion 

Mineral surfaces are most often negatively charged under natural groundwater conditions; 
thus there is a repulsion of negatively charged ions close to the surfaces. For very small pores 
this means that anions are excluded from an important fraction of the pore space resulting in a 
smaller effective area for diffusion and lower diffusion rates. Anion exclusion promotes 
transport of anions through the geosphere, since matrix diffusion is the most important 
retention mechanism for anions. Anion inclusion is believed to be of less importance in 
crystalline rock compared to other geological host media. The effect is more pronounced in 
groundwater at low ionic strengths than in highly saline waters. 

Surface diffusion 

Surface diffusion has been proposed as a process explaining observations of increased 
diffusion rates for some cations. This means that sorbed radionuclides may be affected by 
concentration gradients and thus become transported along the solid surfaces in a diffusion-
like process. The phenomenon is well known in science and has been argued to be important 
for the diffusion in bentonite buffers. However, its effectiveness in crystalline rock has not yet 
been commonly accepted. Thus surface diffusion is usually neglected in safety assessment, 
which is regarded as a conservative approach, since an increased diffusivity in the rock matrix 
would increase the retention in the geosphere. 

Stability of the matrix pore system 

The stability of the matrix pore system over longer time periods is a crucial and difficult 
question. Alterations in the flow field due to geological and climatic alterations may change 
which fractures or which parts of a fracture surface where matrix diffusion is possible. 
Precipitation and dissolution of mineral phases may be caused by changes in water composi-
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tion from natural causes or by materials introduced in the repository. Changes in mineral 
phases may affect the available transport porosity both in the fractures and in the rock matrix. 
Such changes may be both detrimental and beneficial for radionuclide retention in the 
geosphere. Clogging of fractures may reduce water flow in the rock and provide new material 
for sorption, while clogging of pores in the matrix, a possibility predicted in some recent 
modelling work, may reduce the efficiency of matrix diffusion. These issues are of particular 
concern for those repository concepts where large volumes of cement are included in the 
repository design. 

Basic assumptions for modelling matrix diffusion 

Matrix diffusion is a physical process based on fundamental thermodynamic principles which 
occurs if there is a connected porosity and the radionuclides are in such a chemical and 
physical form that they are small enough to access these pores. The driving force for diffusion 
is the thermal movement of the water molecules, solutes and small particles in the solution 
(Brownian movement). 
 
The diffusive flux through the porous medium is generally considered to follow Fick’s law, 
i.e. the mass flux is proportional to the solute concentration gradient. This implies some 
simplifications, e.g. that the radionuclides are present as tracers (infinite dilution) and that the 
Brownian movement can be treated as a random process. Since radionuclide concentrations 
are low, the first assumption may be valid. However, Brownian movement is only a random 
process in a homogeneous and isotropic medium. For heterogeneous media, like a rock with 
irregular pores and a limited pore connectivity, the molecular movement is correlated to the 
pore structure leading to non-Fickian behaviour over the correlation scale. Since the 
information on the details of the pore structure is very limited, it is an unsolved question over 
what scale diffusion in rock matrices becomes truly Fickian. 
 
The diffusion constant used in Fick’s law is dependent on the mass and charge of the solute, 
temperature and viscosity of the fluid and the geometry of the pores. The variation between 
different solutes is limited, while the effect of the geometry of the pore system can be very 
pronounced. The diffusion coefficient is therefore often divided into two parts, the first part 
describing the solute diffusion in an unconfined fluid and the second part describing the effect 
of the pore system geometry, the formation factor. 
 
Ranges of formation factors for various rock types have been evaluated from diffusion 
experiments and electrical conductivity measurements. These show a large variation between 
different rock types and between samples from different locations. At smaller scales there is 
evidence of significant heterogeneity in formation factors and diffusion coefficients especially 
away from fracture surfaces. 

Dealing with matrix diffusion in performance assessments 

There are many similarities in how matrix diffusion has been treated in recent performance 
assessments in Sweden, Finland and Switzerland. All organisations acknowledge the idea of 
matrix diffusion and conclude that matrix diffusion, together with bulk sorption, is the main 
retaining mechanism in the geosphere. No new process which would impair the barrier 
efficiency of the geosphere could be recognised. This is based on a wealth of laboratory and 
field investigations on various host rocks and on natural analogue studies performed in many 
countries, as is indicated in the participant organisations responses to the questionnaire 
(RETROCK, 2002). 
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A high degree of consistency can also be noted when following the model evolution over the 
last two decades. All organisations describe the matrix diffusion as a Fickian process using a 
one-dimensional porous medium model applying time-invariant parameters. The diffusion-
accessible rock matrix is treated as homogeneous and matrix diffusion is spatially limited 
assuming pessimistic values regarding the extent of the connected porosity. For sorbing 
radionuclides the effect of matrix diffusion is not critically dependent on the assumptions 
made concerning the extent of the diffusion-accessible rock matrix. However, for non-sorbing 
radionuclides (e.g. 129I) the possible matrix penetration depth may be larger and a limited 
extent would affect the capacity for matrix diffusion. 
 
Since values for the diffusivity for the safety relevant nuclides do not differ by many orders of 
magnitude, one single value only is often specified for all the species in the base case. Some 
organisations account for anion exclusion by species-dependent values for the porosity and 
diffusivity. Due to the lack of reliable data, diffusion into stagnant fracture water was always, 
and surface diffusion was in most cases, neglected in the performance assessments in order to 
be conservative. Uncertainties associated with the values for the transport parameters are 
generally handled by making conservative assumptions and performing sensitivity analyses. 

4.3.2 Water chemistry and sorption 

Water chemistry 

The water chemistry in the geosphere has a direct influence on a number of processes 
important for radionuclide retention, such as radionuclide speciation, redox conditions, 
sorption, precipitation and dissolution, conditions for microbial growth, formation and 
stability of colloids. Furthermore, it indirectly affects transport and retention by its influence 
on the formation of fracture coatings and infillings which in turn affects water conductivity 
and flow, and on the clogging of pores that may affect matrix diffusion. Understanding the 
water chemistry of a site is also very important for interpreting the present day hydrogeology, 
its history and future evolution. 

Sorption 

Sorption is a general term describing a number of different processes that attach dissolved 
species to mineral surfaces. Examples of processes are ion-exchange, physical adsorption and 
surface complexation. Sorption is generally considered as a reversible process, but may also 
be partly irreversible, especially in the case of surface complexation. Sorption can also act as 
the first step to form a solid solution leading to precipitation (see Section 4.3.3). 
 
Sorption of aqueous species on solids has been described according to different models. The 
first group of models are empirical, where the partitioning of solute in solution and adsorbed 
solute is described by coefficients derived from experiments. Another group of models aims 
at representing the mechanism of sorption reactions with a thermodynamic formulation 
(Thermodynamic Sorption Models, TSM), e.g. surface complexation models and ion-
exchange models. 
 
In most performance assessment models radionuclide sorption is described as linear equilib-
rium sorption (the Kd model). The constant Kd model is based on considerable simplifications 
of the sorption processes. For example it is assumed that the number of sorption sites is very 
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large with no competition between species for a particular site, both solutes in solution and 
sorbed species behave ideally and there is only one species of a given solute in solution. 
 
The sorption coefficients or Kd values are empirically derived for conditions as similar as 
possible to the conditions prevailing at the site. However, using a lumped parameter such as a 
Kd value means that variations in water chemistry cannot be directly taken into account. 
 
Alternative empirical models are the Freundlich and the Langmuir isotherms. The Freundlich 
isotherm allows for non-linear sorption while the Langmuir isotherm also allows for a limited 
amount of sorption sites. However, these empirical models do not take into account competi-
tion effects with other solutes and are thus only valid for a specific water chemistry. 

Surface complexation models 

Many minerals commonly found as fracture fillings exhibit electrically charged surfaces (e.g. 
Al2O3, TiO2, FeOOH, SiO2, kaolinite, etc). These surfaces contain functional groups that can 
be ionised and which are responsible for chemical surface reactions. The surface complexa-
tion model provides a method to model the surface reactions from experimentally derived 
parameters describing the solid phase, the reactions with ions and complexes in the solution 
and a number of adjustable parameters describing the electrical double layer. 

Ion exchange models 

Fracture filling minerals such as zeolites, smectites and vermiculites, exhibit a fixed charge 
developed by substitutions in the mineral lattice (e.g., substitution of Al3+ for Si4+). The 
charge is compensated by cations (mainly Na+, K+, Ca2+, and Mg2+) in intracrystalline sites. 
 
Cation exchange describes the process when an exchangeable cation located in an intra-
crystalline or surface site of a mineral is exchanged with a cation from the solution. The main 
difference between cation exchange models and the non-electrostatic surface complexation 
models is that no free sorption sites are assumed in cation exchange, and the capture of a 
cation from the solution is always coupled with the release of a cation from the surface. 
Therefore, the exchange of cations can be described as a reaction for which an ‘equilibrium 
constant’ can be defined. The ability of a mineral to sorb through an ion exchange mechanism 
is commonly expressed as the cation exchange capacity (CEC). CEC is usually expressed as 
meq/100 g solid and is characteristic of each mineral. 

Water chemistry and sorption implementation in performance assessments 

So far in performance assessments, geochemical modelling of the water chemistry has not 
been directly coupled to radionuclide transport modelling, but has been used as a tool to 
provide the necessary background information to derive Kd values. Typical examples are 
studies of aqueous complexation and redox reactions. 
 
A number of sources are used when selecting Kd values for performance assessments. The 
selection of Kd values for the relevant radionuclides under the geochemical and physical 
conditions of a repository is usually based on information originating from sorption or 
sorption/transport experiments, thermodynamic databases and expert judgement and review. 
Sorption values are defined specifically for each type of host rock (mineralogy and water 
chemistry). The uncertainties associated with the definition of the relevant scenarios, the 
conceptual models and the quality and reproducibility of data are considered by defining 
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reference-case Kd values together with “optimistic” and “pessimistic” values. Alternatively, a 
stochastic approach can be used in which a probability density function of the Kd value for 
each radionuclide is determined in order to cover both uncertainties in Kd due to differing 
mineral species and the variations in water chemistry that are likely to occur over the 
timescale of the performance assessment. This is the approach used by SKB and Nirex. 
 
The frequent use of linear equilibrium sorption (constant Kd) in performance assessment 
modelling is to a large extent due to the linear behaviour it gives which introduces a 
mathematical simplicity. Thus, sorption can be incorporated easily in analytical radionuclide 
transport models also describing matrix diffusion, e.g. analytical models or standard 
numerical models. The motivation is the strong need for simple models when performing 
stochastic simulations and a large number of calculations are required. 
 
However, from a conceptual point of view, there are several problems related to the use of the 
constant Kd modelling in performance assessment exercises: 

– It does not take into account the chemistry of the pore solution and its variability. 
– It does not account for the exhaustion of the sorbing capacity of the solids. 
– Other relevant processes, such as precipitation/dissolution or coprecipitation/ codissolu-

tion (those called ‘irreversible sorption’) cannot be represented. 
 
It is often argued, in favour of the constant Kd approach, that neglecting precipitation keeps 
the performance-assessment exercise within a more conservative range. However, the effect 
of the first two points on the final result of the exercises is not easy to determine a priori. For 
example neglecting precipitation of some radionuclides (such as radium) near the ground 
surface could be non-conservative due to this not accounting for the subsequent release of 
mobile daughters. 
 
Thermodynamic sorption models (TSM) can resolve some of the main objections discussed 
above. They account for variations in the chemistry of the solution, including the effects of 
pH, ionic strength, aqueous complexation and other competitive ions (including major 
components). They also account for limitations in the number of sorption sites, although they 
still do not account for possible precipitation and coprecipitation reactions. Moreover, TSM 
supply the theoretical basis for the estimation of unknown values of the equilibrium constants 
of surface complexation reactions. 
 
However, TSM are far from being used in PA exercises, mainly due to the following reasons: 

– The large number of parameters to determine: equilibrium constants, sorption sites or 
exchange capacity, electrostatic corrections, etc. 

– The difficulty of extrapolating from laboratory batch experiments to field conditions. 
– The numerical problems of convergence for multicomponent non-linear problems. 

 
To overcome the first two of these problems a modelling strategy intermediate of the Kd 
approach and TSM coupled to the radionuclide transport has been proposed where TSM 
modelling is used to determine sorption parameters and improve the confidence of PA 
modelling. A combination of radionuclide sorption coefficients measured in the lab and TSM 
can be used to estimate the most appropriate Kd value for each region of the PA model 
(engineered barriers and the different lithologies in the geosphere) and to reduce the 
uncertainty associated with Kd estimates by providing support to expert judgement. 
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The objections concerning the inability of the constant Kd models to account for the variabil-
ity in chemical composition and the limited sorption capacity can be overcome by using TSM 
to optimise the range of Kd values used in the PA exercises. This methodology takes 
advantage of experimental data obtained in recent years and the theoretical interpretation of 
the results through TSM. 
 
The problems of TSM models concerning the large number of parameters to determine, and 
the difficulty of extrapolating from laboratory to field will still be included in the expert 
judgement step. Furthermore, the numerical problems involved in modelling the non-linear 
processes needs to be overcome. 

4.3.3 Precipitation and dissolution 

Precipitation 

Precipitation can be considered as a further step of surface sorption. The aqueous complexes 
can be incorporated to the surface of a solid substrate by losing the hydration water dipoles 
and establishing chemical bonds with molecules of the solid. This mechanism leads to the 
accretion of the solid structure. Dissolution can be understood as the reverse process. 
 
The thermodynamics of precipitation is not linked to the surface area of the solid (unlike 
kinetics, as discussed below), but only to the concentration of aqueous species and to the 
energy of the chemical bonds in the solid phase. Therefore, the thermodynamics of precipita-
tion-dissolution are described by a simpler formulation than that of sorption. Once equilib-
rium between solid and solution is reached, dissolution-precipitation reactions can be 
described by the law of mass action. 
 
The description of the chemical system requires knowing the number of phases present. Some 
minerals are initially present in the system, while others may form during its hydrogeo-
chemical evolution. The formation of all minerals must obey thermodynamic principles. 
Thus, the precipitation and dissolution of mineral phases can be calculated from thermo-
dynamic data. 
 
Thermodynamic chemical equilibrium states only the minimum energy state of the system, 
but says nothing about the progress of the reactions. Kinetics offers a way to analyse the 
chemical evolution of a reaction and allows the incorporation of time, in an explicit manner, 
in the calculations. 
 
Some geochemical processes (such as the dissolution and precipitation of many minerals) are 
known to progress so slowly that they may never reach equilibrium. This is especially true if 
the water moves fast and remains in a given volume of rock less time than needed for 
equilibrium to be achieved. In these cases kinetic rate laws are required. Quantitative data on 
mineral dissolution have been accumulated during the last decades. However, very few data 
on precipitation kinetics are available. A usual practice is to assume equilibrium (or equiva-
lently very fast reaction rates) in the calculation of mineral precipitation. 
 
Precipitation can be thought of as the addition of three sequential processes: nucleation, 
ripening and growth. Nucleation takes place when supersaturation reaches a critical value. 
This is the reason why many groundwaters are supersaturated with respect to certain minerals 
which do not precipitate. For example, most rocks are dominated by silicates whereas most 
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fracture infills in contact with groundwater are carbonates. The explanation is that the silicate  
–  groundwater interactions are kinetically inhibited and very slow, whereas carbonate 
reactions tend to be much faster. 
 
Once nucleation takes place and a large number of nuclei are available, the smaller ones have 
a larger excess surface energy and tend to redissolve, transferring the mass to the larger ones. 
Finally, only a small fraction of the initial nuclei reach the stage of growth and become 
independently growing solids. All these processes can be quantified and modelled. However, 
many parameters are required to model nucleation. These parameters are usually not 
available. Besides, the process of nucleation is highly non-linear. Therefore, the inclusion of 
detailed precipitation-kinetics equations in PA modelling is not realistic. 

Coprecipitation 

Coprecipitation is the removal of a trace element from solution as an impurity or minor 
component in secondary phases formed from the major components of the system. As a 
consequence, the remaining concentration of the trace element in solution is smaller than 
would be predicted from the solubilities of solids containing the trace element as a major 
component. 
 
The treatment of coprecipitation in equilibrium can be based on considerations of the 
thermodynamics of solid solutions and the law of mass action. The equilibrium between two 
end-members of a solid solution can then be estimated using equilibrium constants. 
 
In most cases, the lack of knowledge of the detailed chemistry of the system leads to the use 
of phenomenological partition coefficients. These describe the ratio of the molar fractions of 
the solid end-members in relation to the total concentrations of solute. 
 
Although the phenomenological partition coefficients are more commonly used, their 
applicability is restricted to the range of conditions under which the experimental work has 
been performed. 
 
An alternative way to treat coprecipitation is by means of conditional solubility constants. 
This concept is based on the assumption that the activity of the minor component in a binary 
solid solution is equal to its molar fraction in the bulk solid. 

Treatment of precipitation and dissolution in performance assessments 

Precipitation and coprecipitation phenomena in geosphere transport are usually not taken into 
account in performance assessment exercises (in most near-field models, however, precipita-
tion and redissolution are taken into account). The application of precipitation in PA requires 
a precise knowledge of the geochemistry of the system under consideration and the identifi-
cation of the possible secondary phases that may precipitate. The identification of these 
potential secondary phases is in many cases not an easy task. For instance, the calcium 
silicate/aluminate hydrate phases (CSH and CASH) that would precipitate in the context of a 
hyperalkaline plume are themselves complex solid solutions and also, especially at low 
temperatures, poorly crystalline. Besides, a large amount of experimental work within a range 
of appropriate chemical conditions would be necessary to obtain phenomenological partition 
coefficients for the relevant radionuclides. 
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Although precipitation and coprecipitation in geosphere transport are not considered explicitly 
in PA, the use of solubility limits for many radionuclides is a common practice. These 
solubility limits are the maximum expected concentrations under a given set of conditions 
(e.g. near-field or far-field, or type of repository and host rock) and are based on the 
equilibrium between the solution and selected solid phases containing the radionuclide as a 
major component. Critical factors affecting these solubility limits are parameters such as 
pCO2, pH, Eh and temperature. Another critical issue in the applicability of these solubility 
limits is the quality and availability of thermodynamic data for the relevant chemical species. 
The choice of the solubility limiting phase is also a critical factor. 
 
Precipitation and coprecipitation are considered as a sink for radionuclides and the omission 
of these processes in PA exercises is currently assumed to be conservative. However, 
precipitates could become a source of radionuclides in the future if hydrological or geochemi-
cal conditions were to change. 
 

4.4 Other processes 

4.4.1 Colloids 

Colloids are very small particles, typically in the size range 1 nm to 1 µm, that can remain 
suspended in water. As the transport and retention processes of colloids are different from 
those of solutes the attachment of radionuclides to colloids may provide a faster and possibly 
also increased transport of radionuclides in the rock. 

Generation, sources and concentrations of colloids 

Colloids can be both of organic and inorganic origin. Inorganic colloids are formed by 
alteration or physical erosion of minerals, or by direct precipitation of minerals in the 
groundwater. Inorganic colloids are typically composed of silica, clay minerals, calcite or Fe-
oxyhydroxides. Organic colloids may consist of degrading organic material or organic 
macromolecules, such as humic or fulvic acids. Organic materials may form coatings on 
inorganic colloids, thereby increasing their stability. 
 
Natural colloids are present in all groundwaters with concentrations typically ranging from 
0.1 ng ml-1 to 100 µg ml-1. The colloid concentration in a given aquifer depends on colloid 
stability, and is a function of the chemical composition of the water, its ionic strength 
(salinity), as well as of the hydrogeochemical steady state of the aquifer. 
 
The construction of the repository may also be a source for colloid formation, e.g. due to the 
excavation carried out during repository construction and the degradation of engineered 
barriers, certain waste forms may also produce colloids. Colloids formed in the near-field 
could be transported to the far-field by advecting groundwater, where they would add to the 
natural groundwater colloid population. Colloid concentration may also be affected by 
changes in water chemistry, pH, redox conditions, salinity, etc. 
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Colloid facilitated transport of radionuclides 

The factors governing the importance of colloids for the transport of radionuclides are: 
– the concentration of colloids, 
– the stability of colloids, 
– the type and strength of attachment of radionuclides to the colloidal particles, and 
– the retention of the colloidal particles as they are transported in the rock. 

 
Aquatic colloids are chemically surface active and therefore radionuclides are readily sorbed 
to them. The radionuclide-colloid interaction may vary from weak (e.g. ion exchange within 
clay interlayers), to moderate (e.g. complexation with surface sites or with functional groups 
of humic substances) to strong (e.g. incorporation into the bulk colloid by phase alteration). 
Similarly, the desorption reaction and the leaching rate of the radionuclides from the colloids 
can exhibit a broad distribution range. Highly charged metal ions, such as polyvalent actinide 
ions, with low solubility and strong sorption tendencies, may interact strongly with natural 
colloids present in groundwater, or may themselves form a colloidal solid phase. 
 
The radionuclides may therefore become fixed to a solid phase, which is mobile and may be 
transported without retardation at or close to the speed of the groundwater. In some cases, 
electrostatic effects may keep colloids in the central parts of channels where flow velocities 
are higher than average. 
 
Colloids may be filtered during transport through low-permeability media such as clay. For 
example, bentonite is widely considered to be an excellent filter of colloids. Where it is used 
as a buffer in waste repository designs, it is considered unlikely that near-field generated 
colloids would escape into far-field groundwaters. 
 
In a number of recent observations fast migration of certain radionuclides has been observed 
in connection with previous underground nuclear detonation sites, e.g. the Nevada test site, 
BENHAM Site, and Tomsk. The association of radionuclides with colloids has been 
suggested as a possible explanation for the fast transport although other processes are also 
possible. 

Modelling of colloid transport 

Models for colloidal transport need to deal with questions such as colloid formation, 
aggregation and decomposition, colloid-radionuclide interaction, colloid interaction with 
fractures and hydrodynamic effects on colloid transport. 
 
Mechanistic models of colloidal transport processes can include diffusion-limited aggrega-
tion, colloid transport with exchange of radionuclides between dissolved, mobile sorbed and 
immobile sorbed phases governed by reaction rate constants. The models are in their current 
form suitable only for simple systems (1-D simple fractures with uniform transport proper-
ties). 
 
For example, SKI’s colloid transport code, COLLAGE II, considers radionuclide transport in 
a one-dimensional planar fracture and represents radionuclide–colloid sorption and desorption 
assuming first-order linear kinetics. Radionuclides in solution travel with the groundwater 
flow within the fracture, but interact with the rock matrix or the fracture walls, as illustrated in 
Figure 4. If suspended colloidal material is present in the fracture, radionuclides can sorb onto 
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the colloids and desorb back into solution. Colloid interaction with the fracture walls is also 
included. 
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Figure 4. Illustration of the COLLAGE II conceptual model for colloid transport in a thin 
planar fracture. 

The data available for advanced modelling of radionuclide-colloid interactions is generally 
scarce. Thus, empirical distribution coefficients or isotherms may be used to estimate the 
distribution of radionuclides within a given system. As colloid transport is a dynamic system, 
the assumption of equilibrium is a critical factor for evaluating the effect of colloid transport. 
Because of the lack of kinetic data, it is often only possible to assume that the net rate of 
sorption of radionuclides on colloids lies in between the two extreme cases: reversible 
(equilibrium) sorption and instantaneous irreversible sorption. For saturated systems, a 
conservative approach is to assume that radionuclides are irreversibly bound to colloids. 
 
The modelling of filtration in fractured rock systems (as opposed to idealised filters) presents 
particular difficulties. Some respondents to the RETROCK questionnaire noted that studies to 
enhance mechanistic models and to improve the realism of PA models with respect to colloid-
related processes are currently underway. 

Treatment of colloids in performance assessments 

Mechanistic models of colloid transport are not used directly for PA transport modelling, 
mainly due to their extensive data requirements. However, they have been used as a tool for 
supporting calculations. 
 
The one-dimensional approach used in COLLAGE II has been used in many studies and a 
similar approach is currently also used in the US Yucca Mountain programme. 
 
Another approach of dealing with colloid facilitated transport is to explore whether the natural 
concentration of colloids is low enough to make colloid facilitated transport insignificant. 
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4.4.2 Microbiologically mediated processes 

A microbe is an organism that has all it needs for a complete life cycle in one single cell. 
They are characterised by their almost infinite ability to bio-degrade and bio-synthesize 
naturally occurring compounds in the environment. Microbial reactions control, partly or 
fully, the chemical composition of many, very different environments such as sediments, 
soils, lakes and groundwater. Investigations have shown that there is a diverse, but generally 
low, population of microbes in the deep geosphere. Furthermore, there will be microbes 
introduced into the geosphere from the construction of the repository. 
 
Microbes occur either as unattached planktonic cells passively floating or actively swimming 
in the free water phase, or attached to solid surfaces. Biofilms form on any solid surface, 
living or dead, immersed in a water phase with living microbes. Microbes from the water 
phase become attached to the surface and, if growth conditions are appropriate, they start to 
grow and divide, in an attached mode. 
 
Microbial processes can significantly alter the mobility of radionuclides in the environment. 
Microbial processes can immobilise or mobilise radionuclides depending on the type of 
process and the state of the microbes. Microbes in biofilms can, with exception for those who 
produce complexing agents, be immobilising while the biofilm exists. Planktonic cells, that 
bio-sorb or bio-accumulate radionuclides, can mobilise radionuclides. 
 
The microbial processes can have a direct or indirect action on radionuclide transport in the 
geosphere. A direct action involves contact between a microbe and the radionuclide with a 
resulting change in its speciation. Indirect action is caused by changes in the chemical and 
physical environment generated by microbial metabolism, which in turn influences radio-
nuclide behaviour. 

Immobilisation processes 

Radionuclides can be attached to the surfaces of microbial cells (bio-sorption) or by active 
uptake by microbial cells (bio-accumulation). If the microbes are part of a biofilm they can 
retain the radionuclides while the biofilm exists. Although some microbes may become 
unattached, many may become trapped and fossilised over time. Up to date little information 
is available on the importance of bio-sorption or bio-accumulation for radionuclide retention 
in the geosphere. 
 
Microbial energy metabolism requires a reduced electron and energy donor, and an oxidised 
electron acceptor. The energy donor can be an organic or an inorganic compound. The 
electron acceptor is generally an inorganic compound, with exception for fermentation, where 
the electron donor and electron acceptor is the same organic compound. Electron donors and 
acceptors can be combined in redox couples giving an oxidised donor and a reduced acceptor. 
The microbial metabolism generally lowers the redox potential in the environment. For 
example, microbes play a substantial role in O2 reduction in granitic media, and microbial 
processes implicate a significant added reducing capacity in a repository environment. Also, 
when oxygen rich surface water encounters deeper groundwater, there is an important 
increase in microbiological activities, resulting in oxygen depletion, transformation of organic 
material to CO2 and the formation of biofilms. 
 
Further, some of the reduced electron acceptors may produce ligands that can result in bio-
mineralisation. An example is the formation of sulphide, which may be an important factor 
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for radionuclides that form solid sulphide compounds. Microorganisms that oxidise ferrous 
iron to ferric iron may produce a mix of organic materials and iron oxides in the form of a 
fluffy material with high water content. These materials have been found to have very 
efficient uptake of radionuclides. Such materials can act as radionuclide traps at places where 
there is an outflow anoxic groundwater to an aerobic environment. 

Mobilisation processes 

Microbes need metals for their metabolism. However, these metals are often available only in 
small quantities or not bioavailable. Therefore microbes produce various kinds of chelating 
compounds to increase the bioavailability of the essential elements needed for their metabo-
lism. These ligands are not always highly specific, and several of them can also mobilize 
other elements such as heavy metals and radionuclides. In the process of capturing the metal-
ligand complex, microbes sort toxic metals from essential ones and expel the toxic elements 
back to the environment. The potential for mobilisation of radionuclides from repository 
environments by bacterially produced ligands is unknown. 

Treatment of microbiological processes in performance assessments 

Microbial processes are generally not explicitly included in PA in a quantitative sense, in 
comparison with how, for example, sorption and colloids are treated. However, microbes are 
part of the chemical environment, and their effects on geochemical conditions are thus 
included in in-situ measurements. Microbial processes do in general add “new” concepts. Life 
processes obey the rules of chemistry, thermodynamics, and movement just as any process. 
The difference is that microbial processes add a metabolic, and therefore, catalytic dimension 
that is complicated to predict and sometimes difficult to understand. Modelling life processes 
is consequently more difficult than modelling most non-life processes due to the multi-
component nature of the former. 

4.4.3 Gas mediated processes 

Implications of gas generation and transport 

Gas mediated transport and two phase flow could have an impact on the performance of a 
deep repository for radioactive waste in several ways. The effects are most pronounced in the 
near-field, but can also affect the far-field transport by affecting the groundwater flow paths 
and flow rates, cause rapid transport through attachment of colloids at gas-water interfaces or 
through the release of radioactive gases. The timing of gas release and radionuclide release is 
an important consideration. Only when these overlap is gas migration an important issue. 
 
The effect of gas generation depends largely on the amount and rate of gas formed. Small 
volumes of gas can be dissolved in the groundwater, but once the solubility limit is exceeded 
a free gas phase is formed, either as a continuous phase or as gas bubbles. 
 
The main mechanisms by which gas could be generated in deep repositories are corrosion of 
metals in wastes and packaging, radiolysis of water and organic materials in the packages and 
if organic wastes are present, also by microbial degradation. 
 
Thus, the amount and rate of gas generated in a deep repository can vary substantially 
between different concepts, depending on the type of waste, the type of packaging and the 
repository design. 
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Conceptualisation of gas flow 

The effect of generation of gases in a repository needs to be considered only if the gases can 
not be transported away from the repository near-field in dissolved form, either by diffusion 
or by advection. In such a case a free gas phase can form that has different transport 
behaviour compared to that of water. 
 
The dominant conceptual model for the migration of a free gas phase through water saturated 
fractured rock is that gas advances while displacing water. The displacement takes place in 
the network of fractures of the rock. Since most rocks are water-wetting the capillary pressure 
needs to be overcome in order to force gas into the fractures. The capillary pressure hinders 
gas to enter into very small fractures and thus constrains the gas flow to the larger fractures 
with more rapid transport. In some cases the capillary pressure may be limiting for finding 
continuous flow paths through the geosphere. The displacement in combination with a 
pressure build-up, continues until a continuous flow path of gas is created to the ground 
surface. The pores in the rock matrix blocks are so small that the capillary pressure prevents 
gas from entering the pores. Dissolved gas can diffuse into the pore water of the rock matrix, 
but considering the low porosity the dissolved gas that can diffuse is negligible for the gas 
flow process. 

Effect on radionuclide transport 

The displacement of water may constitute a transport mechanism for potentially contaminated 
water through the geosphere. As long as the gas flow paths are stable this pathway is of 
temporary nature. However, instabilities may lead to groundwater re-entering the previously 
gas-occupied pathways once pathways are formed to the surface. This phenomenon is 
suggested by the results of numerical calculations of gas migration in networks of linear 
channels. When the gas front is moving upwards in the fracture channels and reaches the 
surface there occurs a change in the pressure distribution within the channels that allows 
water to re-enter and close off segments of the channel network. As the gas generation 
continues the gas re-flushes the channels of water, creating a mechanism for a cyclic process 
of water transport to the surface. The phenomenon is also observed in laboratory tests of two 
phase flow in single fractures. 
 
If a flow of gas bubbles occurs it could induce groundwater flow by entrainment of water in 
the bubble stream, so called sparging. Intermediate between the formation of continuous gas 
streams and bubble flow is the possibility of gas moving in the form of larger slugs driven by 
buoyancy forces. 
 
The capacity for all the generated gas to migrate to the surface and the possible amount of 
entrained contaminated groundwater depends on repository type and host rock. Nevertheless, 
it only requires a portion of the gas to migrate as bubbles for the bubble flow mechanism to 
have a potential effect on radionuclide transport. 
 
Gas release at the ground surface may contain radioactive components. The gas constitutes a 
different phase with different properties for containing radionuclides. Thus, the radionuclides 
transported by the gas may not be the same as those transported by the groundwater. 
 
Available information suggests that in a partially-saturated medium, colloids can be sorbed at 
the gas-water interface. The efficiency of this process depends on the surface area available 
for colloid uptake and the affinity of colloids for the gas-water interface. Few data exist to 
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quantify the sorption of colloids at the gas-water interface and thus the possibility for 
transport of colloid associated radionuclides. 

Models for gas transport 

The two-phase flow of gas and water in a fractured medium can be treated by extending the 
hydrological models for one-phase (water) flow. However, the capillary characteristics of the 
flow paths need to be taken into consideration. This is very sensitive to the dimensions and 
shape of the actual fractures and is therefore site-specific and difficult to measure. 
 
A two phase flow continuum model simulation needs a relationship between saturation and 
relative permeability and the corresponding relationship for capillary pressure (K-S-P 
function). The difficulty in obtaining representative data describing the K-S-P function is a 
major obstacle in modelling two phase flow in fractured media with continuum models. 
 
In discrete-fracture models the capillary characteristics can be derived from assumptions of 
fracture properties. The simplest form of discrete-fracture modelling is to represent displace-
ment of water through sets of parallel fractures or channels. Also models assuming irregularly 
shaped fractures have been developed. However, the interface between gas and water needs to 
be tracked, something which makes network models computationally very demanding. 
 
When modelling transport time for radioactive gas-phase tracers, the simplest approach is to 
assume that these arrive at the surface at the same moment as the free gas-phase is developed 
in the repository. This assumption may be sufficient if the concentrations do not exceed the 
limit for a radiological hazard. The next step is to assume that they behave exactly as the bulk 
gases which transport them, i.e. moving at the same speed and dissolving in the groundwater 
at the same extent. More advanced models have been developed for estimating the effect of 
radon release. 

Treatment of gas mediated processes in performance assessments 

The effects of gas generation have been considered in performance assessments usually by a 
combination of bounding estimates and simple calculations. Generally gas mediated transport 
through the far-field has not been considered a problem, even for low- and intermediate-level 
wastes, for which the gas generation rates are highest. 

4.4.4 Off-diagonal processes 

Description of processes 

Off-diagonal processes refer to fluxes caused by the existence of gradients not directly related 
to the fluxes themselves, e.g. fluxes of fluids caused by chemical gradients (chemical 
osmosis) or fluxes of solutes caused by hydraulic gradients (hyperfiltration), among others. 
Chemical osmosis and hyperfiltration are the off-diagonal phenomena that may have certain 
relevance in the far-field of a repository. 

Chemical osmosis and hyperfiltration 

Chemical osmosis is the flow of fluid (solution) caused by chemical potential gradients. 
Chemical-osmotic flow across a semipermeable membrane is up the salinity gradient, or 
equivalently, down the activity-of-water gradient. 
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Rocks containing large proportions of compacted clays (or other minerals characterized by 
significant surface electrical charge, e.g. metal oxides) may act as semipermeable membranes 
due to the existence of ionic double layers on the clay surfaces. If the clay is sufficiently 
compacted so the diffuse double layers of adjacent clay platelets overlap, the distribution of 
electrical charge in solution allows water and non-charged solutes to pass through the pores, 
but prevents anions from doing so. Due to electrostatic coupling, the migration of cations also 
becomes prevented. Under such conditions, a clay-rich rock can potentially act as a semi-
permeable membrane, with chemical osmosis and hyperfiltration playing important roles in 
fluid and solute transport. 
 
Hyperfiltration can be thought of as a correction to the advective flux, due to the fact that an 
ideal semipermeable membrane allows water to flow by advection through the pores but 
prevents solutes from doing so. That means that the hyperfiltration flux, as expressed above, 
would be substracted from the advective flux. 

Treatment of off-diagonal processes in performance assessments 

Off-diagonal phenomena are not explicitly taken into account in performance assessment. 
However, it seems that the effects of chemical osmosis and hyperfiltration are minor. The 
effects of these off-diagonal transport phenomena have been estimated in the Opalinus Clay at 
the Mont Terri underground rock laboratory. The Opalinus Clay is a compacted clay 
formation, and as such, should show some of the characteristics of a semipermeable 
membrane. Although the osmotic efficiency of the formation is measurable its value is small, 
and even if the osmotic efficiency were larger, the low hydraulic conductivity would mean 
that the overall osmotic permeability would still be small and very steep salinity gradients 
would be required to cause any major chemical osmotic fluxes. Even under the significant 
chemical gradients at Mont Terri (salinity gradients of the order of 200 mg/l/m), the effects of 
chemical osmosis and hyperfiltration on the transport of solutes are negligible. 
 
On the other hand, chemical osmosis could play a role in the distribution of water pressures in 
a formation, e.g., as a cause of hydraulic overpressures. Therefore, chemical osmosis could be 
relevant when studying hydraulic regimes in site characterization in those cases where marked 
salinity gradients between formations exist. However, these processes are not expected to be 
of importance for crystalline rock formations. 

4.4.5 Radioactive decay and decay chains 

A distinct feature of radioactive waste is the radioactive decay that leads to a gradual decrease 
in radiotoxicity of the waste with time. Thus, a delay during transport in the geosphere can 
significantly decrease the release rate of the short-lived radionuclides to the biosphere. 
Inversely, processes that give a more rapid transport through the geosphere may give a 
significant increase in the biosphere release. The importance of the retention is determined by 
the relation between the radioactive half-life and the time scale for radionuclide transport 
through the geosphere. As the radioactive half-lives of different radionuclides vary within a 
large range also the effect of radioactive decay varies greatly. For some radionuclides the 
half-life is so short that they in all conceivable scenarios will decay before reaching the 
biosphere (e.g. 90Sr and 137Cs). Other radionuclides have such long half-lives in relation to the 
transport time through the geosphere that radioactive decay will be an insignificant effect (e.g. 
129I). 
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Of special interest are radioactive decay chains, i.e. when the daughter product of a radio-
nuclide also is radioactive. The radioactive decay of the heavier elements is dominated by the 
four actinide chains, the uranium, thorium, actinium and neptunium series. Also less heavy 
radionuclides may have radioactive daughters. The actinide chains cover a large number of 
daughters with different half-lives, some so short that they always will be in radioactive 
equilibrium with their parent nuclide, other long-lived with the possibility of disequilibrium. 
Several of the actinide chains are initially in disequilibrium in the deposited waste which 
causes a build-up of some radioactive daughter products to occur, e.g. the build-up of 230Th 
and 226Ra from 234U in spent fuel. As radioactive decay changes the type of element, the 
chemical properties of a daughter may be different from that of its parent. This may lead to a 
fractionation and a reconcentration of radionuclides along the transport path. 
 
The modelling of the physics of radioactive decay is straight forward, but the inclusion of a 
large number of members in a decay change may be computationally cumbersome. However, 
since chain members with short half-lives always will be in radioactive equilibrium with their 
parents, they need not be modelled explicitly. Thus, the number of chain members that need 
to be included in the transport calculations can be drastically reduced. Radon may need 
special consideration: it is a gas and thus has a different transport behaviour, making radon 
potentially necessary to be considered despite its short half-life. 
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5 Application of the concepts in recently published 
safety assessments 

5.1 Description of the questionnaire and overview of responses 

A questionnaire was distributed to all organisations participating in RETROCK plus a few 
others to elicit information and opinions on the treatment of retention processes in recent PAs, 
the adequacy of current levels of understanding, and the adequacy of available models, codes 
and databases. Attention was restricted to the geosphere, defined as that part of the geological 
setting of a repository that is not significantly perturbed by the presence of the repository, and 
to saturated fractured rocks. Near-field processes, repository-induced disturbances to the 
geosphere and biosphere processes were excluded. Transport processes such as advection, 
dispersion and diffusion, and the relationship between flow modelling and transport 
modelling, were, however, included within the scope of the questionnaire, because these 
topics are not readily separable from the treatment of retention. The questions asked were 
deliberately quite general in nature. The idea was to provide a "fishing net" for relevant ideas 
and approaches. Thus, as far as possible, the questionnaire was designed to avoid biasing the 
responses by incorporating too many pre-conceived ideas into the questions. 
 
Participants were asked to base their responses on a recent performance assessment carried 
out by their respective organisations. Responses were received from six implementing and 
one regulatory organisations, plus from a research institute, CNWRA, that provides assistance 
to the US Nuclear Regulatory Commission (Table 3). 
 

Table 3. Received responses to the questionnaire. 

Acronym of the cited 
PA 

Responding organisation 

PAs of the project partners: 

ENRESA 2000 ENRESA 

SITE-94 SKI 

SR 97 SKB 

TILA-99 Posiva 

WLB-GDS-II Nagra 

PAs of the external collaborators: 

H12 Nuclear Waste Management Organization of Japan 
(NUMO) and Japan Nuclear Cycle Development 
Institute (JNC), JP 

Nirex 97 United Kingdom Nirex Limited (Nirex), UK 

TPA, Version 4.0 Southwest Research Institute / Center for Nuclear 
Waste Regulatory Analyses (CNWRA), US 

 
 
The following sections describe the main observations drawn from these responses. 
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5.2 Identification of processes 

Table 4 summarises the transport and retention processes identified by the respondents as 
potentially relevant to safety. These include "lumped" processes, such as sorption, that group 
together a number of more detailed processes, such as ion exchange and surface complexa-
tion, as well as the more detailed processes themselves. 
 
The responses indicated a high degree of confidence in the completeness of the list of 
potentially relevant transport and retention processes, although new facts and new interpreta-
tions of results can never be excluded. 
 

Table 4. The transport and retention processes identified as relevant to safety by the 
different organisations that responded to the RETROCK questionnaire. 

Major ("lumped") processes mentioned by 
all respondents 

Detailed or related processes mentioned 
by one or more respondents 

Longitudinal and transverse dispersion Advection within fractures 
Channelling 
Diffusion parallel to the direction of advective 
transport 

Diffusion within fractures  

Diffusion into stagnant water caused by 
constrictions in fracture openings 
Anion exclusion 
Surface diffusion 

Matrix diffusion 

Plugging of matrix pores by precipitates 
Speciation, including formation complexes 
Adsorption 
Ion exchange 

Sorption on matrix pore surfaces and on 
fracture walls and infill 

Surface complexation 
Precipitation / coprecipitation (solid solution 
formation) 

Immobilisation 

Very slow desorption 
Advection / dispersion 
Sorption of radionuclides on colloids 
Generation and filtration in rock mass 
Sorption / desorption of colloids 

Colloid-related processes 

Colloid / bubble attachment 
Other processes mentioned by one or more respondents 
Microbiological processes 
Gas-mediated transport 
Off-diagonal Onsager processes 
Radionuclide accumulation due to non-stationary flow conditions 
 

5.3 Relevance and availability of data 

Table 5 summarises the types of raw data that were identified as relevant to retention 
processes by the different respondent organisations. A general, iterative refinement of existing 
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data was expected as programmes move towards implementation. Long-term monitoring 
during repository construction and operation was foreseen as providing possibilities to test 
and refine models. 
 
A number of methods were cited to assess data quality, namely: 

– establishing a quality assurance (QA) programme for data collection, 
– comparing with similar measurements made on comparable systems elsewhere 

(including natural analogues where appropriate), 
– cross-checking with other PAs, 
– questioning those responsible for data collection on uncertainties arising, e.g. from data 

quality, 
– publishing data in publicly available reports and in the open literature, and presentations 

of data in workshops and at conferences, and 
– establishing formal external review processes. 

 
A common problem encountered in PA was that of how to use data measured under one set of 
conditions (geochemical conditions, temperature, spatial scales, etc.) in safety assessment 
calculations that address conditions that are often different. Expert judgement was widely 
used to process or upscale raw data, to evaluate ranges of uncertainty, and to derive parameter 
values from data from a range of sources (laboratory and field experiments, natural analogues, 
bibliographic data, etc.). In the case of Kd values for sorption, mechanistic sorption modelling 
could also play a role. The processing or upscaling of data in order to obtain PA model 
parameter values was identified in many responses as an area that warrants more attention in 
the future. 
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Table 5. The types of raw data relevant to different retention processes (shading of the 
boxes denotes relevant data). The table was compiled solely from the responses to the 
questionnaire and does not necessarily reflect the views of the RETROCK project. 
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Mineralogical data/ chemical composition of rock / water     
Measurement of spacing of features carrying flow / fracture 
network geometry 

    

222Rn isotope concentrations vs. uranium conc. in rock     
Observations of high flow zones in boreholes, and injection tests     
Detailed analysis of bore cores – structure     
Tests on bore cores / resin injection – porosity distribution     
Batch sorption experiments     
Through-diffusion experiments / in-diffusion experiments      
Uranium distribution around fractures     
Measurement of colloid concentrations in groundwater samples     
Field tracer transport experiments     
Transport experiments on samples in columns     
Natural analogue data      
Supplementary data from the literature      
 
 

5.4 Treatment of processes in modelling 

General 

All the PAs considered in the questionnaire responses focussed on at least one scenario in 
which radionuclides released from a repository are transported through the geosphere by 
groundwater flowing through fractures. It is, therefore, a fundamental requirement of 
transport modelling to evaluate the rate and distribution of groundwater flow. The general 
approach was to model flow with a high degree of detail, aiming at a realistic representation 
of the flow field, and to adopt a more simplified approach to the modelling of transport. 
Transport was generally modelled along one or more transport paths or streamtubes identified 
by flow modelling, with transport parameters spatially averaged along these features. 
 
A number of processes potentially contribute to transport and retention, but were excluded 
from the transport models used in the cited PAs, mostly due to lack of the data necessary for 
modelling and mostly justified on the grounds of conservatism (e.g. sorption on fracture 
surfaces and infill, diffusion into stagnant water caused by constrictions in fracture openings, 
diffusion into fracture infill or gouge material, and immobilisation processes). In the case of 
immobilisation processes, mechanistic models of, for example, precipitation and coprecipita-
tion existed, but data requirements were found generally high. 
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Microbiological processes, gas-mediated transport processes and off-diagonal Onsager 
processes were identified as potentially relevant, but have not generally been included in 
geosphere transport models for PA. Their importance can, however, generally be assessed 
using simplified scoping calculations. 
 
There were very few differences between the PAs in the transport and retention processes that 
were actually included in the transport models, the principal difference being the inclusion or 
exclusion of colloid-related processes. The following sections describe in more detail 
observations from the questionnaire responses related to: 

– the issues of heterogeneity, dispersion and channelling, 
– matrix diffusion, 
– sorption, and 
– colloid-related transport processes. 

 
Overall, the responses indicated satisfaction with the adequacy of fundamental understanding 
of the processes included in transport models, at least for PA modelling purposes, although an 
improved mechanistic understanding of sorption would be desirable. 

The issues of heterogeneity, dispersion and channelling 

One issue that was identified as being of concern and is relevant to all retention processes is 
that of the spatial heterogeneity and temporal variability. The importance of temporal 
variability, which may give rise, for example, to radionuclide accumulation at times of low 
flow or high retention, and subsequent "flushing" when conditions change, can generally be 
assessed using simplified scoping calculations. Nevertheless, the lack of, or limited, treatment 
of time-dependence was seen as a particular weakness in most current PA transport models. 
 
Channelling and dispersion arise as a result of the spatial heterogeneity of geological media 
over a range of scales. On a large-scale, dispersion arises from the fractured nature of the 
geological media under consideration. Channelling and dispersion within individual fractures 
can be caused, for example, by heterogeneity of the fracture surfaces and the presence of 
inhomogeneous infill material. A key issue is the scale at which the flow field within fractures 
needs to be resolved for PA transport modelling purposes. 
 
There was consensus that channelling is an important phenomenon, and that properly 
accounting for the effects of channelling in geosphere transport models (including the 
evaluation of parameters such as the flow-wetted surface) is a key area requiring further 
attention in the future. 
 
Longitudinal dispersion within individual fractures was generally modelled by analogy with 
Fick's Laws of diffusion, in order to avoid the explicit modelling of small-scale heterogeneity. 
There was some concern over the validity of this approach, but it was not generally seen as a 
high-priority issue. Transverse dispersion, including the transfer of radionuclides between 
transport paths or streamtubes, was generally neglected. 
 
The development of transport models that better represent channelling and dispersion, and 
require less geometrical simplification of the flow field to be made, was seen as a likely area 
for future model development. There was a trend towards considering transport along 
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multiple transport paths or streamtubes rather than a single, representative transport path, in 
order to adequately represent heterogeneity and, in particular, the possibility of a limited 
number of "fast paths". Detailed transport modelling exercises using 3D networks were 
foreseen to justify the neglect of exchange between transport paths when using simpler, 1D 
transport path models. 

Matrix diffusion 

Matrix diffusion was generally considered to be a well understood and important retention 
process that was included in all the PA transport models cited in the questionnaire responses. 
Most PA models represented the diffusion-accessible rock matrix as a homogeneous region, 
the extent of which was limited either by considerations of the depth of connected porosity or 
by the spacing of fractures  –  the evaluation of the actual depth of diffusion accessible 
porosity was considered as a key area for further work. The possible contribution of surface 
diffusion to matrix diffusion was omitted from the transport models. The effects of anion 
exclusion on matrix diffusion were taken into account by the selection of appropriate 
parameter values  –  a better insight into anion exclusion (e.g. through the development of 
mechanistic models) was, however, seen as an area warranting further consideration. The 
possible role of fracture coatings in reducing the effects of matrix diffusion by blocking 
access to pores also requires further consideration. Interest was expressed by several 
respondents (and progress has already been made) in the development of transport models 
that explicitly take account of the heterogeneity of the rock matrix. 

Sorption 

Sorption was regarded to be important to retention and was included in all PA transport 
models considered in the responses to the questionnaire. Sorption processes were considered 
to be reasonably well understood, although an improved mechanistic understanding of some 
sorption mechanisms could be desirable, incorporating, for example, recent studies of surface 
chemistry and speciation. 
 
All PA transport models considered in the questionnaire responses represented sorption using 
a Kd approach, i.e. sorption was modelled as a linear and reversible equilibrium process. All 
considered sorption on matrix pore surfaces; sorption on fracture surfaces and fracture infill 
materials was usually neglected conservatively in PA transport models due to lack of the 
necessary data for modelling. 
 
There was some concern over the term Kd/ε (where ε is the rock matrix porosity) that 
determines the retardation factor used in most transport equations  –  too large a retardation 
factor may be predicted if Kd is measured in the laboratory on crushed or disaggregated rock 
samples and porosity is measured for intact rock samples. Some organisations used a 
correction factor when applying Kd values measured in the laboratory in PAs, whereas others 
used laboratory data directly. 
 
Possible areas of concern in PAs were the possible importance of slow desorption kinetics 
and irreversibility and the possible saturation of sorption sites by inactive nuclides (e.g. Cs) 
released from a repository  –  these phenomena are not amenable to modelling with the Kd 
approach. 
 
An improved treatment of the effects of organic complexants was seen as a possible area for 
future development. 
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Colloid-related transport processes 

Colloid-related transport processes may be either beneficial or detrimental from the point of 
view of safety. Mechanistic models of colloid-facilitated radionuclide transport existed, but 
were still not found mature, being limited to simplified systems. Different respondents 
expressed different levels of concern as to the relevance of colloid-related transport processes 
to safety. Some PAs evaluated the effects of colloids in a simple but quantitative way 
(through effective parameter values), whereas others used more qualitative reasoning, based 
on low colloid concentrations, to argue that the effects of colloids on radionuclide transport 
are unlikely to be significant. Issues requiring more detailed consideration were the reliable 
measurement of colloid concentrations, fundamental understanding and mechanistic 
modelling of colloid generation and filtration processes, and the nature of radionuclide 
association with colloids  –  in particular, its reversibility. 
 



 

 50 

6 Assessment of the development needs 
A central purpose of RETROCK is to identify development needs so that the modelling of 
retention and transport processes in PAs can be optimised. In this chapter the RETROCK 
participants present an assessment of issues worth considering in future geosphere flow and 
transport model development. 
 

6.1 Flow field 

6.1.1 Use of streamtube concept 

There is general consensus on the main processes governing flow and how flow affects 
transport and retention in fractured rock. However, due to the complex geometries and the 
limited possibilities to investigate flow paths in detail, there is a reasonable amount of 
variation in how flow paths are conceptualised and modelled in different studies. Although 
serving some purpose as a tool for conceptualisation, the streamtube formalism may lead to 
intrinsic contradictions when applied on large scales to transport in networks of channelled 
fractures in fractured crystalline rock. Safety assessment calculations that are based exclu-
sively on the streamtube concept, with averaging over very large scales, are difficult to defend 
on conceptual grounds. 
 
The streamtube formalism is not necessary in view of the current state of development of 
alternative modelling methods (e.g. stochastic particle tracking with mixing at intersections in 
discrete-fracture or channel-network models). On the other hand, on a very small scale 
stochastic particle tracking has to be based on the local flow fields which are best conceptu-
alised by means of streamlines and small-scale streamtubes. 
 
If use is made of models that are based on the streamtube concept at large scales, the 
derivation of data and consequences in terms of safety measures should be clarified by 
supporting analyses that take into account the description of the flow field on a relevant scale. 

6.1.2 Obtaining data for flow and transport modelling 

Scoping calculations have shown that transport resistance (parameterised as F, beta, or WL/Q) 
can dominate predicted releases of radionuclides to the biosphere. These measures are 
functions of the flow field. They generally must be estimated from small-scale measurements 
(for example, borehole-scale data or inflow distributions into underground excavations) and 
upscaled to much larger scales using models that involve many assumptions and idealisations. 
The methodologies to estimate the distribution of hydrodynamic control of retention in 
various conditions need to be further developed, especially methods aimed at estimating the 
flow distribution. As a related matter, the existence and possible role of fast flow channels are 
unclear and need to be e considered. 
 
The importance of transport resistance and the difficulties of upscaling motivate the use of 
multiple approaches to ensure that the estimates are robust. Robustness is enhanced by using 
independent geometrical assumptions regarding the structure of connections within the rock, 
by checking for consistency with respect to palaeohydrologic and palaeogeochemical data, 
and by using tests that are sensitive to the large variability of fracture transmissivity or 
channel conductivity. 
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Field characterisation programmes should address the need to check for correlations among 
hydraulic and transport properties in channelled fractures. A correlation between fracture size 
and transmissivity is commonly accepted and can be justified by hydromechanical arguments. 
The flow and transport behaviour depends strongly on the overall flow distribution and type 
of channeling, the structural complexity of the larger features, and whether or not there is 
preferential flow along fracture intersections. Data to constrain these aspects are scant. 
 
Furthermore, transport also depends on sorption and matrix diffusion properties, specifically 
within the dominant flow paths showing the least transport resistance and thus being of 
highest significance for safety assessment. The variety of flow channels and surrounding solid 
material conditions to be considered is wide. To reduce the need for overly conservative 
assumptions, this motivates ongoing efforts to obtain data relevant to detailed flow and 
material description, particularly with respect to relations among channelling, fracture 
mineralisation and matrix diffusion properties along the dominant flow paths. 

6.1.3 Handling of time-dependent flow fields 

The flow field at a repository will evolve over time, due to effects including relative sea level 
change, climate change, erosion or deposition, salinity changes, and geochemical changes 
leading to dissolution or precipitation. The consequences of an evolving flow field are not 
always possible to evaluate by choosing “conservative” assumptions, for example if effects of 
radionuclide accumulation are considered. Therefore, transport in evolving flow fields will be 
an issue, at least for supporting analyses if not for the main safety assessment calculations. 
This is viewed as a matter of implementing practical algorithms and addressing uncertainty 
regarding future flow field evolution, rather than a fundamental conceptual difficulty. 
 

6.2 Matrix diffusion 

Matrix diffusion has a significant role as a retention phenomenon in most PA models. For 
some non-sorbing radionuclides, it is, besides macroscopic dispersion due to flowpath 
heterogeneity, the only mechanism that significantly controls the time spreading of releases in 
the far-field. The physics of the process are simple, and there are ample field and natural 
analogue evidence that it occurs. The PA approach to modelling matrix diffusion is well 
developed. The main remaining questions concern the depth of connected porosity, and 
whether the pore system is uniform and stable over long periods so that constant pore 
diffusivities can be used. 
 
A common practice is to assume a maximum depth of penetration of a few centimetres, but 
current research indicates that this depth could be larger (although this is site-specific). The 
value used needs to be well justified on a site-specific basis. Within the parameter ranges that 
are generally accepted to apply in cases of concern for safety assessment, for most radio-
nuclides the role of matrix diffusion is not critically dependent upon the specific values of 
matrix diffusivity and penetration depth. The dependence can however be important for 
abundant, long-lived nuclides that do not significantly interact with solid phases, such as 129I. 
 
Only limited attempts have been made to model heterogeneous matrix diffusion. Generally it 
is assumed that all relevant parameters are the same across the far-field, or that it is reason-
able to average across the far-field. For more realistic, less conservative treatments, hetero-
geneity and matrix connectivity need to be characterised on relevant scales, using both in-situ 
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and laboratory methods. The applicability of upscaling methods needs to be confirmed. The 
use of particle tracking approaches may identify regions of real sites through which transport 
occurs. If these have variable properties, they should be included explicitly in a PA. 
 
There is also a need to consider possible correlations with other variables, including structural 
and other geologic characteristics of the water-bearing features (alteration, coatings, 
microfracturing, grain structure etc.). Potential influence of rock stress on matrix diffusivity 
and connectivity may also need to be considered, as well as future alteration of the matrix 
pore space due to precipitation or dissolution, especially next to the water-bearing features. 
 

6.3 Sorption 

Sorption is a key process in geosphere retention. It is well understood at a general level. The 
Kd concept, with its empirical emphasis, is considered to be an appropriate tool for taking 
sorption into account in PA modelling. However, it needs to be supported by detailed, 
process-level understanding. PAs vary in the extent to which they use sorption; for example, 
sorption in the rock matrix is usually included, while sorption on fracture surfaces and 
fracture in-fills is often conservatively neglected. 
 
The main rationale for using simple sorption modelling in PAs is that it can capture a range of 
retention mechanisms (e.g. surface complexation or ion exchange) within one parameter (Kd) 
that can be set to conservative values, so it is not necessary to characterise intrinsic processes 
in detail. 
 
Some well-controlled generic Kd databases exist, but for each PA, data are needed on sorption 
onto intact rock under realistic, site-specific conditions. Also, sufficient  complementary data 
are needed for implementation of thermodynamic sorption models. Kd values are principally 
determined with crushed rock in batch experiments, while field tracer tests offer more natural 
conditions and scales. Since it is broadly agreed that the translation of Kd values from crushed 
rock to intact rock entails significant uncertainties, it is necessary to continue the development 
of the methodology. Expert judgement has a key role in selecting Kd values for PA models. 
 
The linear Kd concept is broadly applied, but the non-linear Freundlich and Langmuir 
isotherms can offer a small step towards more realistic modelling. 
 
New means of representing sorption are also being developed. Specifically, thermodynamic 
sorption modelling (TSM) and reactive transport modelling are developing rapidly. In 
principle, there is no obstacle to incorporating mechanistic sorption modelling into PA tools, 
but for practical reasons  –  especially the input-data intensity  –  it is not realistic to expect 
that this will happen in the foreseeable future. 
 
As a step forward, intermediate approaches are available to enhance the realism of retention 
modelling. Where there are significant geochemical gradients in the system, variable Kd 
values might be used. Alternatively, different constant values of Kd can be used for different 
geochemical regimes. Also, phenomenological approaches exist that use varying sorption and 
desorption rates (e.g. slow accumulation and rapid release). 
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Overall, the Kd concept has served performance assessments well, and must be retained for 
the time being. In doing this, there is no inconsistency with the progressive development of 
more realistic approaches. 
 

6.4 Precipitation, coprecipitation and dissolution 

Precipitation, coprecipitation and dissolution can occur in all regions of the disposal system. 
Dissolution can be regarded as reverse precipitation or coprecipitation. For common minerals 
there are good databases and modelling tools to evaluate the potential impact of precipitation 
and coprecipitation. The data are less good for radionuclides, especially involving less 
common minerals and those exhibiting complex solid solutions. 
 
It is generally considered conservative to omit radionuclide precipitation and coprecipitation 
from PA, as it is dominantly beneficial. The potential beneficial effects of such processes 
include incorporation of otherwise highly mobile species such as Cl, I and C into cement-
sourced precipitates. 
 
However, there is a need to look at unfavourable scenarios that could result in formation of 
metastable ‘reservoirs’ of activity at transient geochemical or physical discontinuities and 
potentially rapid dissolution of precipitates. Secondary sources of radionuclides could form in 
regions of rock close to the biosphere and subsequently be rapidly mobilised. Also, 
mineralization caused by precipitates from the Engineered Barrier System materials could 
block pores and modify the electrochemistry of surfaces taking place in sorption. 
 
Transport modelling can capture the positive and negative impacts using reactive pathway 
evaluation linked with time-dependent geochemical evolution. However, PAs can continue to 
use scoping and conservative assumptions until more realistic approaches become available. 
 

6.5 Colloids 

Colloids could be important for geosphere transport, but there is only limited and contro-
versial evidence that long-distance colloid transport occurs. This comes from grossly 
disturbed systems such as nuclear weapons test sites and liquid waste injection sites. 
Although there is a reasonable understanding of how colloids form, there is only limited 
conceptual understanding of their stability and transport mechanisms. Due to the paucity of  
basic information, development of mechanistic models is difficult. 
 
PA uses data on colloid populations in undisturbed groundwater systems within sensitivity 
analyses to draw inferences on their transport relevance. Clearly, there is a continuing 
requirement for better field data on colloid populations in relevant systems and for evidence 
of their mobility or immobility (e.g. from experimental studies in underground research 
facilities and natural analogues). In addition, more research would be useful to understand the 
interaction between radionuclides and different types of colloids, as well as the nature, 
characteristics and transport properties of colloids in different environments. In future PAs, 
further development of the modelling framework for quantification and sensitivity analysis of 
colloid transport will be beneficial. One issue that should be explored is the potential impact 
of future changes in groundwater chemistry favouring colloid formation or stability. 
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6.6 Microbes and microbially mediated processes 

The relevance of microbially mediated processes is strongly correlated with waste type, 
Engineered Barrier System materials and design, and disposal depth, thus being both site- and 
concept-specific. Their relevance is greater for wastes containing organic materials. Overall, 
understanding of the details of microbially mediated processes is only average to poor. 
Consequently, these processes are not explicitly included in PA at the specific species level or 
at the reaction level. 
 
From the RETROCK perspective, microbial processes are not considered important in the 
direct mediation of radionuclide transport (the size of microbial species ensures their 
filtration). On the other hand, beneficial microbial processes that contribute to retention, such 
as bio-sorption, bio-accumulation and bio-mineralisation are not well understood. Conse-
quently, it is considered conservative to omit them from PA, unless there is potential for 
remobilisation from secondary sources. Remobilisation from such secondary sources is more 
likely to occur in the biosphere and is thus outside the scope of RETROCK. Better under-
standing will eventually mean that beneficial mechanisms can be introduced into more 
realistic safety assessments. 
 
Indirect microbial impacts on the mobilisation of radionuclides are among the better 
understood areas. They can, however, be of low relevance if PAs treat waste degradation 
highly conservatively. Where high waste-degradation rates are assumed, the potential for 
detrimental bio-production of low-molecular-weight complexing agents from waste needs to 
be taken into account. The matter is principally related to organic waste materials. 
 
The impact on the overall geochemical conditions is judged to be particularly important. For 
example, redox reactions can be mediated by microbes and consequently changes in microbial 
conditions can affect redox conditions. The tendency of microbes to lower the redox potential 
is typically regarded as an advantageous effect. Microbes are known to be able to scavenge 
oxygen very effectively, a matter which should be acknowledged in PA. However these 
effects are (implicitly) taken into account in measurements to determine site specific and host-
rock specific geochemical conditions as a basis for deriving sorption databases. 
 
Although more realistic models will become available, the current treatment of microbial 
processes in PA is considered appropriate. 
 

6.7 Gas mediated transport 

The potential significance of gas mediated transport is very concept-specific, depending on 
the ability of the near-field to produce gas and the far-field to disperse it. The main mecha-
nisms whereby it could be important in PA are direct transport of radioactive gases, slug 
movement of contaminated groundwater, flushing of natural radon to the biosphere, and 
transport of colloids at the interface with gas bubbles. These processes are only partially 
understood, and they are difficult to model, but satisfactory scoping modelling (to obtain 
bounding estimates) has been carried out in PAs. 
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6.8 Radioactive decay 

This extremely important process is a pillar of the containment concept for radioactive wastes. 
Disposal systems of high-level materials are designed so that typically more than 99 % of the 
activity at the time of disposal will decay within the engineered barriers. The process is very 
well understood and can readily be modelled with a high level of confidence. No further work 
is needed in this area. 
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7 Overall conclusions 
Geosphere retention is generally regarded as an important safety function in the justification 
of deep disposal of radioactive wastes. It is used in the demonstration of the multi-barrier 
concept and is in some cases a key part of the safety case. The importance of geosphere 
retention in relation to other safety functions (such as containment provided by the waste 
packages and the buffer materials) depends on the repository concept and host rock, and to 
some extent reflects the priorities in the strategy to demonstrate long-term safety. The 
strategies in turn are influenced by our ability to analyse the performance of the parts of 
repository systems quantitatively. 
 
The fundamental processes of geosphere transport and retention have been studied for 
decades and are well known at a general level. The results of these studies form a solid basis 
for the PA models that take the processes into account using simplified approaches. The use 
of simplifications is justified by making conservative assumptions and by choosing 
conservative model parameters where uncertainties exist. The simplified modelling is 
supported by a variety of more detailed and more realistic process-oriented models. The 
difficulties in obtaining qualified data for the models tend to hinder the utilisation of the most 
detailed mechanistic models, but major challenges are encountered in obtaining relevant and 
defensible data for the simplified PA models as well. 

Practices in published performance assessments 

All processes discussed in this report were dealt with in the responses to a questionnaire that 
was used to map the ways to handle the topic in several published safety cases (RETROCK, 
2002). The responses indicated a high degree of confidence in the completeness of the list of 
potentially relevant transport and retention processes, although new facts and new interpreta-
tions of results can never be excluded. A common problem encountered in PAs is how to use 
data measured under conditions of small scale experiments while PAs address repository 
conditions over larger temporal and spatial scales, and possibly also for different 
temperatures, geochemical conditions, etc. The processing of data in order to obtain PA 
model parameter values was identified in many responses as an area that warrants more 
attention in the future. Typically, there are very few differences between the PAs in terms of 
the transport and retention processes that are actually included in transport models. 

Current understanding and modelling approaches 

This report gives a broad overview of the current understanding, modelling concepts and 
practices that are described more extensively in the Work Package 2 report (RETROCK, 
2004). While the Work Package 2 report to some extent represents the personal opinions of its 
authors, its text was adapted for the present report in order to make it acceptable for all the 
project partners (Chapter 4). 
 
The phenomena in the focus of RETROCK are related to the influence of flow field, sorption, 
and matrix diffusion. These, together with radioactive decay, provide the key terms of the 
transport equations of the PA models. 
 
The following processes are usually not represented explicitly in the PA models: colloid-
facilitated processes, precipitation/coprecipitation, microbial activity, gas-mediated transport, 
and off-diagonal Onsager processes. Their influence may in rare cases be considered 
indirectly, by selecting effective parameter values, but their omission is in most cases justified 
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by a negligible influence demonstrated by simplified scoping calculations. Some processes 
may be relevant for certain repository concepts and waste categories only. 
 
The dominant transport mechanism for solutes in fractured rock is groundwater advection. 
Since water flow is restricted to the fractures, the dimensions, shape, orientation and 
connectivity of the fractures determine the properties of the flow paths in the rock. There is 
general consensus that flow and bedrock structures affect retention together with the material 
properties, meaning that there is hydrodynamic control of retention. The possibilities to 
investigate geometrically complex flow paths and flow distribution in detail are limited. 
Small-scale features of the fractures, such as aperture variation, may have an important 
influence on the flow distribution. The  maximum suitable scale for averaging this distribu-
tion is still a matter of scientific debate. However, geostatistical tools are available that do not 
require an exact knowledge of the flowpaths and that nevertheless allow an adequate 
description of the flow field. 
 
The concepts to describe flow paths differ considerably between some PA models. There are 
continuum models that employ average properties of the local geosphere and consider either 
large-scale deterministic streamtubes, streamtubes in fracture scales or random trajectories of 
particles. The streamtube formalism has been found to be difficult to defend on conceptual 
grounds when applied at large scales in fracture networks. 
 
An alternative to continuum modelling is the employment of stochastic particle tracking in 
discrete-fracture or channel-network models. In discrete-fracture network models, the 
fractures are explicitly or stochastically described and the individual flow paths are modelled 
physically more explicitly and realistically. 
 
For PA applications, the transport resistance and the water flow distribution are important 
flow-related entities representing the hydrodynamic control of retention. The transport 
resistance, also referred to as the "flow wetted surface area per flow rate", has been a major 
topic in this project. The complexity and difficulty of the upscaling of the hydrodynamic 
control from small to large scales is a paramount reason for using multiple approaches in 
describing flow paths and in estimating model parameters. 
 
Within both continuum models and discrete-fracture models, transport of radionuclides is 
usually modelled by applying either a dual- or multiple-porosity transport model that includes 
some form of the advection-dispersion equation. There are differences in how the distribution 
of the flow field is treated and how it relates to dispersion and transport resistance. As a rule, 
central input parameters for the transport models are obtained from separate flow models, but 
integrated flow and transport modelling has also been developed. 
 
The chemical mechanisms for radionuclide retention include sorption and (co)precipitation. In 
the geosphere, where radionuclide concentrations in general can be expected to be very low, 
sorption is the dominant process and precipitation can usually be neglected. Precipitation has 
more relevance in the near-field. For certain nuclides, these mechanisms are strongly 
dependent on the geochemical conditions of the geosphere and their evolution in time. The 
hydrogeochemistry also influences radionuclide speciation, conditions for microbial growth, 
formation and stability of colloids, and generation of gases. 
 
Sorption is considered as a reversible attachment of dissolved species to surfaces. It is handled 
by a strongly simplified conceptualisation, wherein the partitioning of a solute between a 
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solution and a solid phase is usually described by a linear equilibrium constant, Kd, derived 
experimentally. The Kd concept can account for the effects of several retention mechanisms, 
making it powerful yet vulnerable to criticism. Despite its limitations it is regarded as a highly 
valuable approach. Typically, sorption is taken into account only for the internal surfaces of 
the rock matrix, not for the fracture surfaces or fracture infills. This conceptual simplification 
is justified by the fact that the pore surfaces of the rock matrix are much larger than the 
fracture surfaces. 
 
In a developing group of complementary approaches for sorption modelling, thermodynamic 
sorption modelling is an area of ongoing research. Sorption reactions are represented by 
thermodynamic formulations rather than empirical ones, including surface complexation and 
ion-exchange. Thermodynamic sorption models can be utilized in support to the selection of 
Kd values. The reactive transport modelling couples the thermodynamics and transport, but 
this computationally demanding category of models will not be ready for explicit inclusion as 
submodels in PA models in the foreseeable future. 
 
Precipitation is a process whereby radionuclides can be incorporated into a solid substrate. In 
coprecipitation, a trace element is removed from a solution and incorporated as a minor 
component into a secondary phase formed from the major components of a system. Precipita-
tion and coprecipitation act as a sink for radionuclides, while the reverse process, dissolution, 
provides a source. They are currently not taken into account in geosphere transport modelling 
in PAs; this can be regarded as conservative based on the underestimation of retention which 
apparently results (see the note on rapid dissolution in Development needs below). 
 
Matrix diffusion is a physical process by which solutes are transferred from the groundwater, 
flowing in fractures, to the stagnant water in the pores of the rock matrix adjacent to these 
fractures. Matrix diffusion is considered as a very important retarding process. The funda-
mental understanding is deemed to be good, and convincing evidence of matrix diffusion has 
been discovered. The conceptual and mathematical treatment of matrix diffusion is highly 
consistent among the organisations contributing to RETROCK. The uncertainties mainly 
pertain to the empirical data. In addition to the diffusion coefficient and penetration depth, the 
efficiency of matrix diffusion is largely controlled by an entity referred to as the 'flow wetted 
surface area per flow rate' (2WL/Q) or 'transport resistance' (WL/Q), the determination of 
which is a key difficulty. For non-sorbing radionuclides, matrix diffusion is commonly the 
only retarding mechanism represented in PAs. 
 
Radioactive decay, which gradually decreases the radiotoxicity of the waste with time, is 
incorporated in the PA models. It is well understood for this purpose and the data uncertain-
ties can be regarded to be minor. 
 
Colloids are particles in the size range from 1 nm to 1 µm that can be formed by numerous 
processes and migrate suspended in water. In disposal systems they may enhance the 
migration of radionuclides if nuclides become fixed to colloidal particles moving at the 
velocity of the groundwater. Naturally occurring colloids can usually be neglected in PAs 
based on their very low concentrations, but colloids formed in the repository near-field may in 
some cases need to be considered. Colloid models are directly incorporated in only a few 
current PA transport models. Studies to enhance mechanistic models, and to improve the 
realism of PA modelling with respect to colloid-related processes, are underway. 
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At a general level, microbial processes are believed to immobilise radionuclides, even though 
there are several factors through which the microbes can mobilise them. Microbial metabolic 
reactions also have a significant ability to control geochemical conditions of the environment, 
e.g. by decreasing the redox potential, which is regarded to be beneficial. Microbial processes 
are generally not included in PAs in a quantitative sense, but it can be reasoned that they 
implicitly influence in-situ experimental results. They add a metabolic, catalytic dimension 
that is by nature difficult to predict. The knowledge gained from laboratory research on some 
relevant microbial processes is extensive, but on the other hand, data from in-situ experiments 
under repository conditions are sparse. 
 
Gas in the far-field could affect groundwater flow paths and flow rates, accelerate transport 
through attachment of colloids at gas-water interfaces, or it can be radioactive itself. The 
amounts and generation rates of gas vary substantially between the repository concepts. Also 
the potential mechanisms affecting the transport of radionuclides are very case-specific. In 
PAs the effects of gas have usually been evaluated by a combination of bounding estimates 
and simple calculations. Gas-mediated migration can be an important issue only if the gas 
release and the radionuclide release happen to overlap in time. 
 
In the so-called 'off-diagonal Onsager processes' chemical, thermal, hydraulic or electrical 
potential gradients provide the driving forces for the fluxes of solute, thermal energy, fluid or 
electrical current. The studies on the effects of osmosis and hyperfiltration clearly suggest that 
they are not relevant in the repository far-field. 

Development needs 

A central purpose of RETROCK is to identify the subjects which would profit from further 
developments in the near future. 
 
There is potential to increase the use of supporting process models to strengthen safety cases. 
Detailed models are essential for demonstrating process understanding, for justification of  –  
especially less conservative  –  assumptions and parameter values of PA models, and for 
predicting long-term changes to be included in various scenarios. 
 
A common need is to enhance the handling of time dependencies in PA modelling. Also 
couplings between the processes, in particular couplings to geochemistry, are regarded as a 
direction to be continued. 
 
For a range of processes that are commonly excluded from the PA level modelling (microbial, 
gas-mediated, colloid-facilitated etc.), the work within RETROCK indicates that it is 
probably defensible to handle them separately in most cases. Sensitivity analyses can 
facilitate the appraisal of whether there are conditions for which a particular process should be 
explicitly included in PA. 
 
In transport calculations, the streamtube formalism has been widely utilized, but is found to 
be difficult to defend on conceptual grounds when applied on large scales in fracture 
networks. An alternative to continuum modelling is to employ stochastic particle tracking in 
discrete-fracture or channel-network models. 
 
The importance of transport resistance and the difficulties to upscale its values from e.g. 
borehole-scale to much larger scales motivate the use of multiple approaches (geometrical 
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assumptions, correlations, diverse sources of data) to ensure that the concepts and estimates 
are valid. Furthermore, because transport depends on sorption and matrix diffusion properties 
specifically within the dominant flow paths showing the least transport resistance, it should be 
assured that representative parameter values for these dominant paths are used. In addition, 
transport in evolving flow fields is an issue to be handled at least in supporting analyses if not 
in the main calculations. 
 
Regarding matrix diffusion, the main open questions concern the depth of connected porosity, 
and whether the pore system is uniform and stable over long periods of time so that constant 
diffusivities in the pore water can be assumed. 
 
The fact that simple sorption modelling can capture a range of retention mechanisms within 
one parameter (Kd) underlines the importance of assuring that the Kd values are determined in 
representative conditions. However, the Kd approach also needs to be supported by detailed 
process-level understanding. As long as thermodynamic sorption modelling and reactive-
transport modelling are not incorporated in PA tools, intermediate approaches can be utilized 
to enhance the realism of retention modelling. This means, for example, accounting for the 
expected variability of sorption and desorption as function of time and space. 
 
Concerning precipitation, coprecipitation and dissolution, there is a need to look at 
unfavourable scenarios that could assume formation of metastable ‘reservoirs’ of activity at 
geochemical or physical discontinuities and rapid dissolution of precipitates  –  especially 
close to the biosphere. Also, mineralization caused by precipitates from engineered barriers 
could inhibit matrix diffusion by blocking pores and by modifying the electrochemistry of 
surfaces. The modelling of precipitation, coprecipitation and dissolution calls for more data 
on radionuclides, particularly involving less common minerals and those exhibiting complex 
solid solutions. 
 
In order to develop mechanistic models for taking into account the formation, stability and 
transport mechanisms of colloids, the currently limited conceptual understanding of these 
aspects needs to be improved. There is a requirement for better field data on colloid popula-
tions in relevant systems and for evidence on their mobility. More research would be useful to 
understand the interaction between radionuclides and different types of colloids. Further 
development of the modelling framework for both quantification and sensitivity analysis of 
colloid transport would also be welcome. 
 
Whereas the current treatment of microbial processes in PA is considered appropriate, the 
understanding is advancing at a rapid pace and more capable models for handling microbially 
mediated processes will become available. Owing to the strong and varied influence of 
microbes in the chemical and physical conditions in the far-field, it is likely that they will be 
used in support to safety cases  –  even though from the RETROCK perspective microbial 
processes are not considered important in the direct mediation of radionuclide transport. Two 
processes in particular that are recognized as requiring further research are the microbial 
production of chelating compounds and the scavenging of oxygen intruding into repository 
environments. 

General project statements 

The RETROCK participants acknowledge that the currently applied priorities to develop the 
treatment of the processes under discussion are well-reasoned  –  considering also that the 
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project did not reveal new issues that could call for significant reprioritisation. It looks likely 
that further work on retention mechanisms and modelling will be at the level of gradual 
improvements within the existing main directions. The participants believe that the 
distribution of the groundwater flow, sorption (processes captured by Kd), matrix diffusion 
and radionuclide decay continue to be the main processes that need to be dealt with in the 
future PAs. The geosphere and its retention properties are regarded as essential components of 
a safety case and its analysis. There exists a high level of consensus on geosphere retention 
processes, their definitions and their generic importance. 
 
In recent years, performance assessments have been able to handle these processes 
adequately, if not in all cases explicitly, at particular stages of programmes. Basic data may be 
lacking or site-specific data may be difficult to obtain also for processes for which the level of 
understanding is good. In such cases, comprehensive utilisation of the available information 
to substantiate the choice of parameters for each set of PA calculations is essential. 
Supporting models are expected to handle processes with better coverage of phenomena and 
with more realism as more data will become available. They can be utilised in selecting PA 
parameter values so that the top-level PA models produce conservative results, which is a 
necessity in the demonstration of compliance. 
 
On the whole, the assessments have been considered fit-for-purpose at the time they were 
prepared and have not subsequently been significantly challenged. However, as a repository 
programme moves towards implementation there will be a greater need for completeness, 
adequacy and supporting arguments. 
 
The project promoted a mutual understanding of approaches taken by different PA teams, and 
attainment of a common view on how to present the issues at stake, in a way understandable 
not only to the modellers but also to a wider technical community and the public. In this 
respect, positive progress was achieved particularly for issues related to flow; for the other 
processes such understanding existed already prior to the project. 
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Appendix 1: Synthesis of the Specialist Workshop 
Author: Prof Neil Chapman, UK 
 
The Specialist Workshop at the midterm of RETROCK, in October 2003, focussed on the 
external reviews of the RETROCK Work Package 2 reports and began to integrate the overall 
findings of the project. Three working groups convened, with the common objectives of 

– reviewing present practices of incorporating retention phenomena into transport models 
in performance assessments to see where there is consensus on the most appropriate 
approaches; 

– evaluating the rationale and degree of consensus for omitting certain processes from 
performance assessment (PA); 

– making recommendations about where developments in understanding and modelling 
transport and retention would be most useful in coming years. 

 
The groups looked separately at (working group 1) flow and transport processes and how they 
are modelled, (working group 2) retention phenomena and (working group 3) processes not 
commonly considered in PA. Each group considered both how the processes are modelled 
and the availability of data to feed the models. The interim conclusions and recommendations 
fed into the next project workshop in February 2004. 
 
This synthesis draws out the key findings in the three topical areas and then looks at 
overarching themes that allowed recommendations on future, more integrated approaches to 
transport and retention to be developed. It has been written in a discursive style that 
endeavours to capture the background, the mood and the conclusions of the discussions, 
rather than being presented as a bald summary of the comments. It begins by looking at some 
matters of context: PA practitioners describe natural systems in simplified ways – the 
scientists involved in theoretical and practical hydrogeology and geochemistry need to be 
confident that these simplifications are reasonably representative and that they can provide 
appropriate data for them. 
 
The synthesis was written to reflect the discussions of the Specialist Workshop, not 
necessarily the opinions of the RETROCK partners. Thus the conclusions of the synthesis 
may differ from those presented elsewhere in this report. 

Matters of Context 

At the outset, it should be noted that The RETROCK project represents a snapshot in time of 
an area of applied science which, like all other areas of science and technology, will continue 
to develop. Nevertheless, far-reaching decisions have to be taken today based on current data 
and modelling methodologies and will continue to need to be taken over coming decades 
whilst techniques evolve. 
 
Because there are inherent uncertainties in modelling natural systems over long timescales, 
the accepted approach that allows confident decision-making is to describe transport in simple 
and conservative terms. Simplifications in PA are thus necessary and justifiable, but as more 
realistic representations are found and it becomes evident that they can be managed 
transparently in PA, then we should endeavour to use them. We need to ensure that our 
continually improving capabilities are closely linked with, and take account of, developments 
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in theoretical and applied science, modelling and computational methods, growing field 
geoscientific databases and information from analogous natural systems. 
 
In more concrete terms, PA practitioners appear to be generally satisfied with the adequacy of 
our present understanding of flow and transport in fractured rocks and confident that the 
modelling approaches they use today capture real behaviour at an appropriate level to make 
reliable PA-based decisions on long-term repository safety5. However, an underlying problem 
remains hard to dispel. It is difficult to provide arguments why this degree of confidence, built 
up from decades of observations and experiments on flow, mixing and retention at the scale of 
a few metres, can be propagated to the larger time and space scales that characterise predicted 
repository releases. Whilst there is no reason to believe that the physical and chemical 
mechanisms observed and the way they are linked in models do not upscale to hundreds of 
metres and thousands of years, there are few means of testing this by observations. Inferences 
based on palaeohydrogeological (hydrochemical and flow system evolution) studies and 
continued observations of transport of natural geochemical tracers in analogue environments 
may be the most useful way of resolving this matter. Although these techniques are often 
regarded as providers of mainly ‘soft data’ (i.e. not explicit, quantitative information to put in 
flow and transport databases), they are ideal indicators of the spatial and temporal scales of 
processes and the way in which processes interact and find physical and chemical expression 
in deep rock-groundwater systems. 
 
It is widely recognised that, whilst we have good ways of incorporating water flow in our 
models, the inclusion of retention via sorption is less satisfactory because we cannot fully 
describe the process scientifically and, for some species, it is arguable whether it actually 
operates anyway. In more general terms, the ability to include geochemical processes and 
observations, as a whole, into transport and retention models is not well developed. This is 
discussed further below. 
 
In summary, our present approaches to representing radionuclide transport in PA have 
developed over many years, they are widely accepted as being reasonable, ‘fit for purpose’ 
predictive tools and they often contain conservatisms (some of which are acknowledged as 
being unrealistic representations of behaviour). Science moves on, and we should be able to 
reduce the level of conservatism as knowledge grows. It is also the case that the relative 
emphasis on the results of these models within a total safety case has diminished over the 
years, as additional arguments and lines of reasoning have been incorporated to demonstrate 
our understanding and confidence in long-term system behaviour. 

Flow and transport modelling 

The working group noted that the main PA tool being used internationally is discrete fracture-
network (DFN) modelling within domains that contain deterministically located major 
fracture zones. Discussion of the DFN approach dominated the workshop. Some groups 
prefer stochastic continuum models (SCMs) to describe matrix behaviour – or combinations 
of SCMs with deterministic major fractures in hybrid models – especially for site scale flow 
modelling, and SCM is widely used for regional scale modelling by most groups. However, 
DFN is likely to dominate developments over future years. This is because it is amenable for 
use at repository and site scales and can deal statistically with heterogeneity in fracture 
density and properties, with channelling and mixing of flow and with the concept of flow-
                                                 
5 Note that RETROCK did not look into the parallel needs of repository designers 
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wetted surface, which affects retention phenomena, including matrix diffusion. Despite the 
dominance of DFN models, there is, however, only limited testing of their predictive 
capability – a problem identified above – and this needs to be addressed. 
 
Transport in a DFN can be modelled based upon multiple flowpaths derived from particle 
tracking, with a stochastic approach to mixing at fracture intersections. Provided sufficient 
realisations (‘particle releases’) are performed this should give a good indication of transport 
parameters. This technique has considerable advantages over the 1-D streamtube approach 
used in the past, which is not readily able to deal with time-varying flow and chemistry and is 
more suited to porous rock environments. With the increased recognition that present-day 
flow systems may not be in equilibrium (i.e. are transient) and that climate change (in 
particular) can affect the flow field and groundwater chemistry over the next 100,000 years, 
the ability to tackle time dependency is seen as important6. However, the use of time-
dependency in particle-tracking approaches is not straightforward and current attempts are at 
an early stage of development. There is thus a need both for further development of time 
dependent particle tracking approaches and for evaluation of just how many particle tracking 
runs are needed to give an adequate and reliable picture of transport behaviour within a 
particular rock mass. 
 
Data on fracture properties (size or ‘radius’, density, connectivity and transmissivity) that are 
required to condition DFN models can be readily obtained by surface and underground 
(borehole and underground research facilities: URF) mapping, logging and hydraulic testing 
techniques. Although there can be problems with taking observations covering the full range 
of scales addressed in PA (particularly the step between the 10 and the 100 m scale), there are 
growing databases on various types of fractured rock. For site-specific applications, it will be 
important to establish comprehensive databases that capture variability in fracture properties 
within different regions of the rock mass that may be traversed by flowpaths that have passed 
through the repository volume. In applying such databases, it seems a geologically reasonable 
assumption that key fracture properties do correlate: for example, fracture size (radius) and 
transmissivity – the bigger the fracture, the more likely it is to take flow. More experience is 
needed at the site scale (rather than URF experimental scale) to see how reliably DFN models 
can be populated with data of adequate density and quality, at relevant scales. 
 
The flow-wetted surface (FWS) is often cited as a critical but immeasurable rock mass 
parameter that can only be got at indirectly (e.g. via resin impregnation of fractures; radon 
concentrations in water) but, to the modellers, it is anyway strictly only a ‘non-physical’ 
model-derived factor: only one quantity in lumped transport parameters. This weakness in the 
common basis for describing FWS can be a drawback for the broader understanding of a 
critical aspect of transport modelling that supports the safety case. 
 
One approach to deriving FWS has been to make a conservative assumption that it is directly 
proportional to, but smaller than the conductive fracture frequency (CFF) observed in 
borehole flow tests. CFF is essentially a measure of the flowing and non-flowing proportion 
of the rock mass which should thus reflect overall flow distribution between fractures and 
thus be a surrogate indicator of channelling and resultant FWS. DFN models approach the 
FWS problem by expressing it in terms of statistical flowpath width (W) for a segment of the 
path, and its length (L). Combined with the flow rate (Q), this produces a term often referred 
to as ‘transport resistance’. 
                                                 
6 Short frequency effects (e.g. tidal) can also have a significant impact on mixing in a flow system. 
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Channelling and FWS are easily envisaged concepts but the way they are addressed in 
statistical models is harder to explain. This is an area where more effort is needed to illustrate 
the link between physical observations (and their limitations) and their modelling 
representation. Large-scale field tracer tests may have much more to contribute to defining the 
whole range of fracture properties, although it remains difficult to interpret their results 
unambiguously. 
 
Fast pathways remain a difficult area to pin down. Whilst there is clear field evidence for 
preferential channelling of flow at the individual fracture scale (metres), there is no evidence 
for connectivity over distances relevant to far-field transport. Intrinsically, it seems unlikely 
that 100 m scale ‘wormholes’ exist in the rock mass outside of major fracture zones, whose 
generally enhanced conductivity and porosity make such assumptions more reasonable. 
Consequently, any arguments must be based on probabilities, derived from the tails of 
statistical distributions of fracture size versus transmissivity and of channel connectivities, 
produced by DFN models. Identifying possible fast paths convincingly in the field remains 
difficult. 
 
At a more fundamental level, a key uncertainty for the DFN approach is whether fracture 
intersections act as linear flowing features themselves or simply transmit flow from one 
fracture to the next. This can only be determined by field observations in URFs, but the 
influence of the excavation disturbed zone on the flow properties of fracture intersections 
(which can only be properly observed in tunnel walls) is not well understood. If intersections 
act as linear (1-D) flowing features that take a proportion of total (2-D) fracture flow, then 
this affects the flow-wetted surface assumptions and has a knock-on affect on the impact of 
matrix diffusion, for example. 
 
More observations on fracture physical properties would thus be useful all round. A link with 
geochemical models of how fracture fillings develop and evolve would help understanding of 
the structure of fracture porosity. Linked to this, PA transport models are capable of 
incorporating mineral precipitation and radionuclide coprecipitation models in fractures, if 
required. 
 
Given that DFN is the dominant and developing approach to transport in PAs, a number of 
avenues towards advanced future application stand out: 

– a move away from large-scale streamtube models to particle tracking models and 
improvement and testing of their existing time-dependent capabilities;  

– testing of the predictive capacity of DFNs against other modelling approaches; 
– obtaining better field information on fracture properties, especially size v. transmissivity 

and the existence or otherwise of real fracture features that represent the modelled high-
transmissivity tails of statistical distributions – are they artefacts or real?; 

– correlation of fracture properties and modelled flow-fields with geochemical models 
that incorporate fracture mineral evolution and hydrochemical evolution and mixing of 
distinctive water bodies, making more use of large scale field tracer tests and 
palaeohydrogeological information: one example is to test whether there are 
correlations between flow rate and chemistry (is there a difference between fast flowing 
groundwater and stagnant groundwater?) 
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Retention processes routinely included in performance assessments 

Two retention phenomena have traditionally dominated PAs: sorption and matrix diffusion. 
 
Sorption is mathematically easily described but is mechanistically poorly understood in 
natural systems, as what is empirically described as sorption may involve a number of solute-
surface interaction processes. PAs vary in the extent to which they use sorption, often 
conservatively avoiding it in one or more parts of the disposal system if the repository can be 
shown to perform adequately without it. Many PAs thus produce results that misrepresent the 
containment capacity of the geosphere (in particular). 
 
There are large databases of well-controlled sorption values under fixed geochemical 
conditions. There have been several key studies aimed at sifting and classifying the large 
mass of past experimental data to establish rigorous and scientifically robust databases. The 
types of data available range from simple laboratory batch measurements on crushed rock or 
mineral surfaces through to values inferred from large-scale field migration tests – with data 
that replicate in-situ physical and hydrochemical conditions best being preferred. The 
justification for using a rather poorly understood process empirically is that the PA modelling 
approach can be taken to capture the range of retention mechanisms (surface complexation, 
ion exchange) that are broadly termed sorption within one parameter (Kd). This can be set to 
conservative values based on these qualified, generic laboratory datasets. The argument is that 
it is not necessary to characterise the intrinsic processes in detail. 
 
The basic problem is that sorption, even though it can be used as a ‘black box’ definition of 
retention in a PA, does not explain many laboratory or field observations and as a model 
phenomenon it cannot handle a geochemically evolving system or processes of accumulation. 
A strong view was expressed by the working group that, in reality, nature shows evidence of 
coprecipitation, not of sorption (although a counter example was cited – the clays at Mt Terri, 
with porewaters in equilibrium with the rock – where the opposite is the case). 
 
Scientifically, this situation seems to many like an unsatisfactory compromise that will prove 
harder and harder to defend in the face of progressive improvements in geochemical 
understanding. The current necessity to use conservative sorption data for PA purposes is not 
challenged, especially when there are insufficient data to replace it with more detailed 
representations – it will just simply begin to look more and more dated as better approaches 
evolve. Sorption is convenient, but is simply a misrepresentation of real system behaviour that 
will eventually be replaced with more realistic mechanistic models. 
 
There is general agreement that the Kd concept has served us well and must be retained for the 
time being, whilst new means of representing retention are being developed. The most 
sophisticated way forward is seen as explicit geochemical modelling of system evolution: 
essentially, reactive transport modelling, whose results can be compared to natural systems. 
This will require a huge improvement in the range and amount of geochemical data currently 
available: aqueous complexation constants, surface adsorption-desorption, ion exchange 
properties, mineral chemistry, reaction kinetics, coprecipitation relationships, etc. These data 
are being gathered progressively, often outside the radioactive waste sphere, so this 
improvement will certainly come. An important role is seen for databases collected for past 
natural analogue studies, which need to be revisited. As noted by the group looking at flow 
and transport, including geochemistry into the radionuclide transport models such that fully 
coupled and realistic models become available is a research task at present.  
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However, there are intermediate approaches that can be deployed between using unique 
values of Kd and embarking on complex reactive transport modelling. If there are significant 
geochemical gradients in the system, or if significant geochemical changes could be expected 
(e.g. in pH or redox), then a variable Kd might be used, where it is made a function of the 
critical parameters rather than a constant. Alternatively, different constant values of Kd could 
be assigned to different geochemical regimes (provided that there is some supporting 
knowledge of system geochemistry evolution). At present, this tends only be done for the 
rock and some components of the Engineered Barrier System (e.g. cement). In addition, 
phenomenological approaches that use varying sorption and desorption rates (e.g. slow 
accumulation and more rapid release) can represent an intermediate step. There is thus already 
a good pathway for improvement between the present approach of a single list of constant Kd 
values in the appendix of a PA report and the explicit coupling of everything in a complex 
reactive transport model. 
 
Over many years, matrix diffusion has proved a robust mechanism for explaining the late time 
‘tails’ of tracer migration (time v. concentration) observations. The physics of the process is 
simple, the granular nature of crystalline rocks and their known pore structures provide the 
necessary physical environment for diffusion out of fractures into the matrix, and there is 
ample field and natural analogue evidence that the process occurs. The PA approach to 
modelling matrix diffusion is well-developed. It is usually assumed that the surface chemistry 
in pores is the same as in fractures but that, conservatively, sorption only occurs in the pores. 
For some, non-sorbing radionuclides, matrix diffusion is the only retention mechanism that 
significantly controls the time spreading of releases in the geosphere. 
 
Although there are various uncertainties, reflected in slightly different ways of implementing 
the process in PAs, the main questions concern the depth to which diffusion can reliably be 
assumed to occur and whether the pore system is uniform and stable over long periods so that 
constant pore diffusivities can be used. Where there is doubt over the former, the process can 
be omitted entirely from PA – a very conservative step – but it must be recognised that PA 
results for some radionuclides are highly sensitive to the value used. Otherwise, it is common 
practice to assume a maximum depth of penetration of a few (2 – 10) centimetres. 
 
Only limited attempts are made at present to model heterogeneous matrix diffusion – it is 
generally assumed that all relevant parameters are the same across the far-field or that it is 
reasonable to average across the far-field. At a generic level, this is clearly well-justified, but 
at real sites it may be necessary to be more realistic. For example, the particle tracking 
approach discussed above will identify regions of a site through which transport may occur 
and, if these regions are known to have different properties then they should be included in a 
PA that places importance on matrix diffusion. 
 
Both pore structure/connectivity and penetration depth could be adversely affected by 
repository-driven processes: precipitation of phases from cement or waste degradation or 
deposition of biofilms in fractures. Additionally, the bulk chemistry of pore waters could be 
modified, which could affect radionuclide speciation and diffusion. Thus, again, the need to 
look at reactive transport (of repository species: radioactive and non-radioactive) affecting 
fracture surface and pore properties will be important – and as the overall approach to 
replacing sorption with reactive transport discussed above is implemented, then it will need to 
be incorporated into the matrix diffusion models as well. 
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Processes not routinely included in performance assessments 

Many processes that might theoretically affect the performance of a repository in sparsely 
fractured rocks are not considered routinely in PAs. This is because they are either considered 
so unlikely or of such little impact that they can be disregarded, or because their impact would 
be beneficial to containment, so omitting them is conservative. Some other processes are so 
poorly understood or characterised that they cannot be modelled directly. The only option, if 
they are considered likely to affect containment, is to make conservative assumptions that 
span their possible impacts. The workshop considered five groups of processes: 

– so-called ‘off diagonal’ processes in the Onsager matrix; 
– gas-mediated radionuclide transport; 
– microbial processes; 
– colloid facilitated radionuclide transport; 
– secondary precipitation or coprecipitation of minerals and radionuclides. 

 
The off-diagonal processes considered were osmosis and hyperfiltration (ion exclusion). 
Neither is considered relevant in crystalline rock environments. Chemical osmosis is well 
understood and might be expected to occur in sediment sequences where strong 
hydrochemical discontinuities or gradients occur and low permeability formations can act as 
semi-permeable membranes. Anion exclusion is also relevant during diffusion within the 
nanoscale porosity of argillaceous sediments, but is not considered a significant mechanism 
affecting transport in fractured rocks. 
 
Consideration of gas-mediated transport did not include radionuclides such as 14C or 3H that 
might be present in free or dissolved gas phases (e.g. CH4) in some disposal concepts, or 
natural-sourced 222Rn that might be entrained with hydrogen gas bubbles from the corrosion 
of engineered barriers . Depending on waste type, disposal depth and waste degradation 
mechanism, these mechanisms might need to be considered in a PA. Instead, the objective 
was to evaluate how gas movement might affect other radionuclides being transported in 
water. The main mechanism envisaged was transport of colloids at the interface with gas 
bubbles. Its potential relevance is related to the rate of corrosion gas production and the 
presence of colloids at the near-field boundary, so is very concept-specific. There is a limited 
understanding of this process, so where there is uncertainty about the scale or impact of either 
of the two latter factors, further work (within the general sphere of colloid transport studies – 
see below) would be useful. 
 
The level of understanding of most microbially mediated transport processes is average to 
poor. Processes that are better understood are those in which microbial activity contributes 
towards the mobilisation of radionuclides. These are often of low relevance to PAs that treat 
waste degradation conservatively, or where the impact would be via sorption onto, or 
accumulation in, relatively large, mobile (planktonic) species which would be expected to be 
filtered. An exception is the bio-production of low molecular weight complexing agents or 
mediation of near-field redox reactions. These mechanisms could either be detrimental or 
could affect the assumed rates or scales of processes normally considered in PA. 
 
Processes that contribute to retention, such as biosorption, bioaccumulation and 
biomineralisation, are not well understood. To omit them from PA is conservative. As with 
other geochemical processes, better understanding will eventually mean that these 
mechanisms can be introduced into more realistic safety assessments. In more general terms, 
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the relevance of microbial processes is strongly correlated with waste type, materials of the 
engineered barriers and disposal depth. Wastes containing organic materials disposed at 
shallower depths in more active flow regimes will perform in a way that is clearly more 
susceptible to biological processes. It is expected that there will be a progressive increase in 
our ability to account for biological processes and this is an area where continued research is 
justified. 
 
Colloids continue to be an unresolved factor in PA. Whilst there is only limited and 
controversial evidence that long distance colloid transport occurs in deep, fractured rock 
environments, it still remains difficult to relegate the issue within PAs. The existing evidence 
of possible movement of radionuclides associated with colloids comes from grossly disturbed 
systems (nuclear weapons test sites, liquid waste injection sites) so it would be tempting to 
discount it, yet the PA community is uneasy about doing this until the observational database 
on natural systems grows. This is coupled with the fact that, while we have reasonable 
understanding of how colloids form, we have only limited conceptual understanding of their 
stability/metastability and transport mechanisms and little basic information. This holds back 
attempts to build more credible and useful colloid transport models. 
 
As a consequence, there is a primary requirement for better field data on actual colloid 
populations (nature, concentrations) in relevant systems and for evidence on their mobility. 
Relevant systems are primarily those natural environments which have been disturbed by 
materials and processes equivalent to the presence of a repository: cements and clays and 
degradation products from the Engineered Barrier System. We must not forget that, many 
thousands of years into the future, some repository designs (notably with cement and 
iron/steel from ILW repositories) could be significantly degraded and a potential source of 
colloids. This means both URF experimental studies and natural analogues. We need to think 
more about repository influences, improve the scientific understanding of colloids and 
develop the modelling capacity to handle them. In the meantime, the only way of considering 
colloids in PA is by a combination of inferences on relevance drawn from undisturbed 
groundwater systems and transport sensitivity analyses. 
 
Precipitation and coprecipitation mechanisms involving radionuclides and other groundwater 
and repository-derived species are only slowly being investigated. For precipitation of many 
common minerals we have rather good databases and modelling tools, although there is still 
room for improvement. This will undoubtedly come, in any case, from academic and applied 
mineralogical studies outside the radioactive waste sector. However, knowledge and 
capabilities to look at radionuclide precipitation and coprecipitation, especially when 
involving less common minerals and those with complex solid solution behaviour, are less 
well developed and the database is poor (and focussed mainly on divalent cations). There are 
some obvious beneficial effects of such processes, such as the potential for incorporation of 
some otherwise highly mobile species such as Cl, I and C into cement-sourced precipitates. 
Possible negative impacts are the formation of secondary sources of radionuclides in regions 
of the rock closer to the biosphere which could subsequently be mobilised (e.g. by penetrating 
oxygenated waters). Generally, however, it is considered conservative to omit radionuclide 
coprecipitation from PA as it is dominantly a beneficial retention process. That this may not 
be a conservative approach needs to be tested by taking a closer look at scenarios (e.g. driven 
by climate change impacts on groundwater flow and chemistry) that could result in the 
formation of metastable ‘reservoirs’ of activity at transient geochemical or physical 
discontinuities. 
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The impact of mineralization caused by precipitates from Engineered Barrier System 
materials is less clear. These could block pores and modify the electrochemistry of surfaces 
taking place in sorption, both locally in the near-field and in the form of a propagating front 
through fractures in the host rock. These mechanisms could have both positive and negative 
impacts on transport. 
 
The conclusion on precipitation mechanisms is that the only way for transport modelling to 
capture the positive and negative impacts realistically (and thus reduce conservatisms) is to 
begin to move towards reactive pathway evaluation linked with time-dependent geochemical 
evolution. The understanding and the tools are available to do this, although the data remain 
patchy. This situation will improve over coming years. Whilst PAs can continue to use 
scoping and conservative assumptions, the general push towards realism (also identified by 
the other groups in the workshop) will eventually demand such treatment, as discussed in the 
final section. 

A look into the future 

The discussions above point towards evolving approaches to transport modelling that will 
become more realistic as they keep pace with growing scientific knowledge and capabilities, 
often in sectors outside the radioactive waste area. It is important, before looking at these in 
more detail, to acknowledge that such developments will inevitably be complementary to 
existing approaches, for at least the next few years. Several programmes are well-advanced in 
both siting and repository development using PA methods that are well-tried and tested and it 
would be unrealistic and unnecessary to expect them to adopt untried, development-stage 
approaches. Nevertheless, because programme lifetimes are measured in decades, all projects 
will need to be aware of these developments, even though they will need to continue with 
simpler approaches. This is not regarded as a drawback by some programmes, where the 
disposal concepts contain an apparent margin of performance that can accommodate multiple 
pessimistic assumptions. Other projects may need to be more realistic. There is also the need 
to respond to the challenge of some assessors and reviewers who regard unrealistic 
pessimistic models not as being conservative, but just simply wrong. 
 
So far as the flow system in fractured rocks is concerned, there seems to be general 
contentment with the DFN approach to flow and transport at repository up to site scale, 
supported by large scale (site and regional) SCM flow evaluations. The main requirements 
seen for the future are improved databases to populate DFN models with high quality 
information on fracture properties across the full spatial scale range considered in transport 
modelling, combined with the ability to test the predictive capacity of the approach against 
other, more standard tools (e.g. equivalent porous medium  –  EPM  –  models, at appropriate 
scales). Whilst there will be developments in the ability to make more complex models (e.g. 
DFN within a rock matrix with stochastic properties), these will be natural progressions rather 
than major changes in approach. In support of such development, we might expect to see 
advances in: 

– testing and comparing the various types and combinations of flow model at different 
scales and in a range of relevant geological environments (e.g. from fractured 
mudstones in heterogeneous hard sediment sequences to crystalline basement rocks); 

– making further use of large scale tracer tests to get at fracture and transport parameters; 
– reducing uncertainties in the site-scale structural models that underpin flow and 

transport models (e.g. in terms of the hydrogeological properties of large fracture zones 
and heterogeneities in fracture populations and in rock matrix properties); 
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– additional confirmation of the effectiveness of matrix diffusion, both experimentally 
and in natural transport systems. 

 
Across the board, in every segment of transport assessment (hydraulic measurements, fracture 
property measurements, geochemical modelling and databases, colloid characterisation, etc), 
we will see continued improvement of knowledge. Perhaps the main conclusion that began to 
emerge from the workshop was how these improvements could eventually be integrated. Not 
everyone was of a like mind – many saw the difficulties that would be involved and many 
doubted the rate at which change would occur. Nevertheless there was a remarkable 
unanimity about the possibilities for more realistic treatment of transport from the modellers, 
the hydrogeologists and the geochemists. The key elements of this are that: 

– the flow and transport modellers (who are the closest to PA applications) are both able 
to incorporate more realistic pathway geochemistry into their models and see the value 
in doing so; 

– those studying retention mechanisms, such as sorption and matrix diffusion, foresee a 
progressive shift to replacing sorption with reactive pathway modelling; 

– the geochemists have the tools to do this and have always believed that a holistic 
approach to rock-fluid interactions that integrates water flow, composition and general 
system geochemical evolution is desirable. 

 
This approach would aim to resolve the current shortcomings of sorption and matrix 
diffusion, to allow incorporation of both beneficial and currently discounted processes into 
transport models and, critically, would establish the route towards a more scientifically 
presentable basis of realism. 
 
If this approach is to prove successful, more data will be needed in many areas. The key 
topics are detailed flowpath (fracture) characterisation, both physical and mineralogical, 
improved thermodynamic databases and laboratory analytical techniques for surface 
chemistry, and a return to gathering information from natural migration and palaeoflow 
systems. 
 
These interim findings were submitted to the RETROCK group for consideration at the final 
workshop, which was charged with drawing the final project conclusions. 
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