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Natural and Anthropogenic Analogues for High-Level 
Nuclear Waste Disposal Repositories: A Review 

 
 
ABSTRACT 

This report provides a review of natural and anthropogenic analogues for high-level 
nuclear waste disposal in a deep geological repository (DGR).  We also occasionally highlight 
analogues that have been used for low and intermediate waste.  Most studies define natural 
analogues as either naturally occurring or anthropogenic (manmade) systems. In this report, we 
distinguish between natural analogues and anthropogenic analogues because anthropogenic 
analogues generally provide non-technical (anecdotal) illustration of concepts and processes for 
the safety case, whereas natural analogues can provide technical and quantitative information. In 
addition, natural analogues can provide information over geological time- (millions of years) and 
spatial- (kilometers) scales whereas anthropogenic analogues provide information over a much 
more limited time-scale (hundreds or thousands of years). Regardless of the definition, analogue 
studies provide one of the multiple lines of evidence intended to increase confidence in the safe 
geologic disposal of high-level nuclear waste.  They are deemed necessary because they 
complement the experiments that are carried out over a period of months or years. They also 
provide a way to validate numerical long term safety assessment models with information and 
data covering geological time- and spatial-scales.   

The first part of this report describes the analogue concept. The second and third parts 
provide examples of natural and anthropogenic analogues for engineered barrier systems (EBS) 
and natural barriers (NB). Part four describes analogues for complex coupled transport processes 
and finally we provide general and specific recommendations for future research in part five of 
the report. 

A key recommendation is that a concerted effort should be made to ensure that there is a 
transfer of data from the complex, natural analogue field studies to simplistic models which, by 
necessity, are used in safety assessments (SA). Field analogue studies should be planned to 
interface with laboratory experiments and, ultimately, with in situ field experiments, when the 
final repository site is selected. This will involve using natural analogue data in a quantitative 
way to support the DGR safety case.  
 
  

 7 



1. INTRODUCTION 
With increasing concern over climate change due to the consumption of fossil fuels, 

identifying clean sources of energy are of paramount importance. Nuclear energy is one of the 
cleanest sources of energy. Although countries such as France depend on nuclear power for 
~80% of their energy needs, other countries have been slow to embrace this source of energy.  
In Canada, 15% of its electrical energy needs comes from nuclear power where most of the 
capacity is in Ontario, which derives 50% of the provincial energy needs from nuclear power.  
One the major stumbling blocks in the wide-spread use of nuclear energy is related to the safe 
disposal of long-lived and highly-radioactive nuclear waste (i.e. used nuclear fuel) generated by 
this form of energy. Although several options have been proposed for the disposal of 
radioactive waste, there is a global consensus that the safest method for the disposal of high-
level nuclear waste (HLNW), which in most cases largely consists of solid, used nuclear fuel 
(UNF), is in a subsurface deep geological repository (DGR; Miller, 2000).  A DGR utilizes a 
multi-barrier approach (engineered and natural) to restrict the rate of release of radionuclides 
over extended periods of time (Fig. 1).  

Given enough time, natural radioactive decay of HLNW will reduce the radioactivity to 
levels similar to naturally occurring uranium mineral deposits. One of the challenges facing the 
nuclear industry is to demonstrate that a subsurface DGR will contain and isolate the waste for a 
sufficient amount of time allowing natural radioactive decay to render the HLNW relatively 
safe.  It is generally accepted that after 1 million years (e.g., IAEA 2012) radioactive decay of 
nuclides (e.g., neptunium, Np) in HLNW will reduce their inventory to sufficiently low-levels 
that any radionuclide release will pose no significant health or environmental risk. 

Natural barriers (i.e., the geosphere) can isolate HLNW for extended periods of time 
(e.g., millions of years) from the biosphere, and limit the impact of external perturbations such as 
groundwater incursion, and limit access to fast radionuclide transport pathways (e.g., faults and 
fractures). The geosphere can also reduce the rate of degradation for engineered barriers and 
HLNW by providing a stable physical and chemical environment within the repository, 
attenuating radionuclide transport by virtue of its hydraulic and sorptive properties (CNSC, 
2006). 

In Canada, the safety of a DGR is assessed using a concept called the safety case.  A 
DGR safety case is built along multiple lines of reasoning, consisting of geological information, 
information about the engineered barrier system, container corrosion, the waste-form 
characteristics, and the safety assessment models (CNSC, 2006). Any project undergoing an 
environmental assessment will consist of safety assessments to make predictions about a 
project’s impact over its operation. However the safety case concept applies to repositories, 
because of the very long time frames involved. A long term safety assessment often considers a 
scenario of expected evolution of a site or facility to predict: (1) contaminant release, (2) 
contaminant transport, (3) receptor exposure, and (4) potential effects resulting from the 
exposure. The safety case for long-term disposal of HLNW in a DGR relies on experimental and 
geological studies to demonstrate system robustness. 

Geological studies quantify several processes that may affect the repository such as 
groundwater flow rates and consequent radionuclide transport. These studies include 
geophysical, geochemical, and hydrogeological information, including paleohydrogeology.  
Geological information is unique in that it can offer lines of reasoning that span millennia. It can 
also offer multiple and independent lines of evidence (qualitative and quantitative) to support a  
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Figure 1. a) Photograph of the Yucca Mountain Project (YMP) site and b) image showing the 
engineered and natural barriers associated with the YMP DGR concept. Images are from 
Wikipedia and USGS (2010), respectively. 
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safety case. Furthermore, geological information can be used to select the appropriate site and 
design for a repository (CNSC, 2006). 

One of the more difficult concepts involved in the disposal of radioactive waste in DGRs 
are the very long time frames required by the safety assessment. This is well beyond anything 
that can be considered in an experimental setting (e.g. large-scale projects in underground 
laboratories and laboratory experimental mockups). Mathematical models that make long term 
estimates face considerable uncertainties over these time frames. Due to the uncertainty of 
predictions made far into the future (e.g., 1 million years) the reliability of quantitative 
predictions (experimental data) diminishes with increasing timescale. Therefore, the 
demonstration of safety will rely less on quantitative predictions and more on qualitative 
arguments as timescales increase. Natural analogues can complement numerical modeling with 
quantitative data from systems that formed over geologically long time periods, and that have 
remained stable for millions to billions of years.  

System robustness can be demonstrated using natural analogues. Most studies define 
natural analogues as either naturally occurring or anthropogenic (manmade) systems in which 
processes similar to those expected to occur in a DGR are thought to have occurred over long 
time periods (decades to millennia) and large spatial scales (crustal-scale) (Petit, 1990). 
Analogues used in the evaluation of a potential DGR provide an important temporal and spatial 
dimension to the understanding of processes and events that may take place in or around a 
repository (USGS, 2010).  

Natural analogue studies have been widely used internationally by organizations such as 
the European Commission’s (EC) and Natural Analogue Working Group (NAWG; IAEA, 
1989, 1999; Miller et al., 2006) to build confidence in the ability of waste management systems 
to perform over the long term as predicted by safety assessment models. For example, the 
International Atomic Energy Agency (IAEA) stated that:  

“The natural analogue is often regarded as one of the very few means by which it may 
be possible to demonstrate to the public that safety assessments are based on a realistic 
understanding of how nature works over time periods longer than the existence of mankind.” 
(IAEA, 1989).  The IAEA and the EC’s NAWG noted:  

“The role of a natural analogue should be to confirm: (a) that the process is, in fact, 
something which can or will occur in practice, as well as in theory, and in nature, as well as in 
the laboratory; (b) where, when, and under what conditions it (the process) can occur; (c) that 
the effects of the process are those envisaged in the model; and (d) that the magnitude of the 
effects, in terms of scale and time, are similar to those predicted for a similar set of conditions” 
(Chapman and Smellie, 1986).  

More recently, the use of analogues in communicating with the public has been viewed 
as an important part of the process for building confidence in the DGR concept (Stuckless, 
2002, 2003, 2006; Lopez et al., 2004). Therefore, natural analogues can be used to demonstrate 
that waste management concepts actually work in nature. Natural analogues can also be the 
subject of complementary assessments of long-term safety, and can be included in the safety 
case to provide confidence in safety assessment models.  Information from natural analogue 
studies can be used to develop and test detailed processes that may be incorporated numerical 
models in a simplified manner. Natural analogues can also provide data for developing generic 
site descriptive models in the absence of site-specific characterization data.  
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This report summarizes our current state of knowledge regarding analogue systems that 
can be used to demonstrate DGR system robustness. The report is divided into five sections.  
Sections 2 and 3 discuss analogues for engineered and natural barriers, respectively.  Section 4 
describes analogues for coupled transport processes and section 5 provides some 
recommendations for future work. 

1.1.Analogue Concepts 
As stated previously a DGR is complex facility, which consists of natural and engineered 

barriers (Fig. 1).  An analogue study can investigate any part or process relevant to the DGR, to 
provide qualitative or quantitative information that can support and build confidence in a 
geological repository (Miller, 2000). Analogue studies can, therefore, provide data that is directly 
applicable to a safety assessment model (e.g., parameter values) or may provide illustrations of 
concepts or processes as lines of evidence to be included in the safety case (Miller et al., 2006). 
The latter is generally non-technical and useful for communicating concepts and processes to the 
public. 

In much of the literature (Miller, 2000; USGS, 2010), natural analogues are conflated 
with anthropogenic analogue studies.  Studies generally focus on a small number of processes 
(Miller, 2000; USGS, 2010).  Miller (2000) defines analogue studies into three broad groups: (1) 
natural geological and geochemical systems; (2) archaeological systems; and (3) sites of 
anthropogenic contamination.  In our report, we distinguish between natural and anthropogenic 
analogue studies because they provide information on different time and spatial scales (Fig. 2) 
and can be used to model different types of barriers within a repository.  For example, 
anthropogenic studies can be used to study degradation rates of engineered barriers (e.g., 
cementitious material) whereas natural analogues (e.g., uranium deposits) can be used to study 
corrosion of the source-term and radionuclide transport rates over geological time scales. 

1.1.1. Anthropogenic Analogues 
Anthropogenic analogues also referred to as archaeological or industrial analogues 

provide non-technical illustrations of concepts and processes for the safety case (Miller and 
Chapman, 1995; Miller, 1996, 2000). Anthropogenic analogues are particularly useful for 
providing insight into the decay of engineered barriers.  For example, progressive decay of 
human-made artifacts (e.g., tools, jewelry, copper cannons) can provide information on the 
“long-term” behavior of repository material such as cementitious build-out material, steal 
infrastructure, and canisters and casings. Although the time period of study is constrained to a 
few hundred or thousand years (Fig. 2), these human-made systems can provide valuable 
information on the rates of processes relevant to the early-life of a repository (Miller, 2000).   

A particular advantage of analogues studies is they can provide non-technical and visual 
illustration of the basic concepts of repository design and performance for non-technical (public) 
audiences. Common problems with using anthropogenic analogues are the environments that 
preserve the artifacts are often not similar to subsurface repository conditions, and there is a 
sampling bias.  For example, museums often house the best preserved artifacts. Therefore, 
corrosion rates based solely on museum artifacts may not be conservative (Miller, 2000). 

1.1.2. Natural Analogues 
There are several natural geological and geochemical systems that can be studied as 

analogues for different systems within a DGR.  The most common natural analogues are: (1) 
uranium deposits and associated clay minerals; (2) naturally occurring cements and high-pH 
fluid systems; and (3) naturally occurring metals, glasses and bitumens.  Fluid-rock interaction is  
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Figure 2. A comparison of time and spatial scales for laboratory experiments (days to months), 
anthropogenic analogues (hundreds to thousands of years) and natural analogues (e.g., >1 million 
years). 
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a common underlying theme for all three natural analogues.  Therefore, it is necessary to study 
the hydrothermal systems associated with each analogue, which will provide information on the 
physical and chemical properties (e.g., minerals in fractures and pore-spaces) of near-field rocks, 
which may affect radionuclide transport and sorption, solubility and speciation of radionuclides, 
and chemical and isotopic gradients associated with veins (Miller, 2000; USGS, 2010). 

Uranium deposits can be used as analogues for several systems within a DGR.  For 
example, uranium ore (Fig. 3) is an excellent analogue for the UNF source-term and near-field 
processes associated with HLNW (e.g., Janeczek et al., 1996; Fayek et al., 1997a,b).  Secondary 
deposits and remobilized ore (Fig. 4) are of great interest because they usually form from low-
temperature fluids (<100oC), which are representative of repository conditions (USGS, 2010). 
Therefore, uranium deposits can provide information on: (1) the corrosion or dissolution rates of 
uraninite (UO2.x; a common uranium ore mineral with similar chemistry and physical properties 
to UNF) as an analogue for UNF; (2) reduction-oxidation (redox) processes in mobilizing and 
sequestering radionuclides; (3) speciation and solubility controls of radionuclides in 
groundwaters, including colloidal transport; (4) sorption, diffusion and rock matrix porosity; and 
(5) geochronology to determine the rates of mineral dissolution and element remobilization along 
fractures and faults (Miller, 2000; Fayek et al., 2006; Bruno and Ewing, 2006; USGS, 2010). 
Uranium deposits are particularly valuable because they can provide analogue information over 
geological time-scales (>1 billion years) and crustal length-scales (>500 meters). 

The clay minerals that are often associated with uranium ore systems are analogous to the 
clay backfill or buffer in a repository, and the faults and fractures can provide important 
information regarding fast-pathways for radionuclide transport to receiving environments over 
geological time-scales and crustal length-scales. Clay minerals associated with uranium ore 
systems often occur along factures and faults, and are an alteration mineral that formed when a 
hydrothermal fluid interacted with the host-rock.  Therefore, clay minerals can provide valuable 
information on: (1) diffusion and advection and small-scale heterogeneities; (2) element 
diffusion coefficients; (3) redox conditions and the pH of the fluid; (4) thermal stability and 
effects related to radiation; and (5) chemical complexing behavior of radionuclides and other 
elements in pore spaces and fractures (e.g., Kotzer and Kyser, 1995; Miller, 2000). 

Cementitous material would be present in repositories in the waste packaging, 
construction material and backfill. In Jordan, natural cements formed from high temperature 
metamorphism of bituminous marls and limestone, caused by spontaneous combustion. Fluid 
interaction with cementitious zones would generate high pH fluids that could react with host 
rocks and barrier material to produce variable and potentially predictable fluid and mineral 
alteration compositions and sequences (e.g. Savage, 2011). Natural fluid systems with high 
alkalinities may be analogous to porewaters in cements and concretes that may be used as build-
out material in a DGR.  These fluid systems are relatively rare in nature and often involve 
water/rock interaction involving an ultramafic system (e.g., Oman analogue site).  The study of 
these alkaline systems provides information on the solubility and speciation of radionuclides at 
high-pH conditions, interaction of high-pH fluids with surrounding host-rock, which may be 
analogues to porewater migration from the repository into the host-rock, and microbial mediated 
processes at high-pH, such as waste-form breakdown and near-field radionuclide mobilization 
(Miller, 2000).  

Naturally occurring repository materials are generally found as isolated and often 
uncommon occurrences in natural. These include natural volcanic glass, native metals (e.g., 
copper), bitumen and natural cements. The study of naturally occurring volcanic glass and native  
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Figure 3. a) Uraninite crystals from the Topsham mine, Maine, USA, and b) UO2 fuel pellets. 
Images are from Wikipedia and Scholle and Ulmer-Scholle (1997), respectively. 
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Figure 4. Image of a core samples from the End uranium deposit, Kiggavik area, Nunavut, 
Canada. Area 1 shows uranium minerals along a fracture, and areas 2 and 3 show secondary 
uranium mineralization within a clay rich matrix. 
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metal corrosion can provide information the corrosion rates for glass wasteforms and canisters, 
respectively. The decomposition of naturally occurring bitumen is analogous to the degradation 
of bitumen associated with low-level and intermediate-level waste. The study of natural cements 
can provide valuable information (e.g., composition) related to the stability of proposed build-out 
material (Miller, 2000). 

2. ANALOGUES FOR ENGINEERED BARRIERS AND REPOSITORY 
INFRASTRUCTURE 

Uranium deposits are generally considered good natural analogues for several aspects of 
a DGR. These include, source term (UNF) dissolution rates, secondary mineral formations, clay 
back fill behavior and its effects on radionuclide immobilization, and hydrogeological and tracer 
studies. Anthropogenic analogues are often used to study waste package and build-out material 
degradation (e.g., canisters and cements), and repository infrastructure stability (e.g., 
underground opening). However, there are geological systems that are analogous to cementitious 
and bentonitic barrier systems (notably, the Maqarin analogue in Jordan). The following sections 
will summarize analogues that have been used to build confidence in the DGR concept. 

Most SA models of the long term evolution of the multiple barrier system are 
conservative, considering potential exposure pathways that might occur in different scenarios. 
“Normal” evolution scenarios assume some degradation of the engineered barrier system (waste 
container + sealing material such as cement and bentonite) based on the characteristics of the 
waste, the container design, the sealing material and the host rock. In addition to the normal 
evolution, the evolution of a DGR system under disruptive scenarios are also considered, to 
include an assessment of the repository system in cases of events that are thought to be possible 
yet unlikely to occur, such as the presence of an undetected waster-conducting vertical fault 
close to the repository. Natural analogues can be used to evaluate and demonstrate the outcome 
of normal and disruptive events. For example, the waste package will degrade, and some 
containers will be breached at some point during the lifetime of the repository, releasing 
radionuclides via air and fluids upon interaction with the waste form (Fig. 5). This will occur 
because most of the many waste-forms are thermodynamically unstable under wet, oxidizing 
conditions. For example, used nuclear fuel (UO2) will oxidize and hydrate, and glass waste forms 
will form clays, zeolites, and oxides (USGS, 2010).  The rate of radionuclide release will depend 
on many factors, such as when degradation occurs during the lifetime of the repository. If the 
failure occurs early in the lifetime of the proposed repository, the waste-form will be highly 
radioactive and this radioactivity will generate heat that could create a hydrothermal cell. At this 
stage water may enter the waste package as a liquid but more likely interact with UNF in vapor 
form (USGS, 2010). Radiolysis (radiation-induced decomposition) of the humid air within the 
package may cause production of nitric acid, which could condense into liquid water. If the 
breach is late in the repository history, radiation levels and heat will be much lower, and 
evaporation and radiolytic acid production will be less of a factor (USGS, 2010).  Therefore, a 
breach that occurs late in the repository history will release fewer radionuclides due to reduction 
of inventory from radioactive decay and cooler temperatures, which reduces the reaction rates. 
However, lower temperatures may increase the chance of microbially-induced degradation of the 
waste-form (Lovley et al., 1991). Consequently, it is very important to build a DGR in an 
environment and using materials that will minimize groundwater ingress, reducing the risk of an 
early breach of the waste-package. 

Isolation and containment of radioactive waste within a DGR would be accomplished 
through a combination of natural features and engineered barriers. This complex system is  
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Figure 5. Cartoon illustration of used nuclear fuel pellets within a fuel assembly, waste package and DGR 
environment. Image is from IAEA (2012). 
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difficult to model and extrapolate data, especially from short-term experiments to times-scales of 
1 million years or more. For this reason, the international community initiated several 
multinational analogue projects. Most analogue projects have focused on UNF as a source term 
because this is deemed to represent the highest risk to human health and the environment, and 
will constitute the majority (~90%) of the waste in a repository (USGS, 2010).   

Several important and successful natural analogue programs have been sponsored by 
government agencies in both Europe (European Commission’s (EC) natural analogue working 
group (NAWG)) and the United States (Department of Energy (DoE) and Nuclear Research 
Council (NRC)). The DOE Office of Civilian Radioactive Waste Management (OCRWM) has 
funded several natural analogue studies at Oklo, Gabon; Poços de Caldas, Brazil; Alligator 
Rivers, Australia; and Cigar Lake, Canada (Laverov et al., 2008; USGS, 2010).  

One of the major findings from these studies is that analogues must be used with care so 
as to represent correctly the process or feature of interest (USGS, 2010). For example, in 
oxidizing conditions uranium occurs in the hexavalent state, which readily forms complexes with 
a number of ligands that are soluble and therefore mobile, whereas under reducing conditions 
(low dissolved oxygen) uranium occurs in a tetravalent state and forms oxides, which precipitate 
in the form of oxide minerals (UO2.x; Romberger, 1984).  Therefore, knowing the behavior of 
used fuel and glass waste forms under relevant repository conditions is essential because the 
dissolution and alteration of uraninite under reducing conditions is different from that under 
oxidizing conditions (Romberger, 1984; Janeczek and Ewing, 1992).  

2.1. High-Level Nuclear Waste (Source Term) 
Several analogues have been used to study: (1) used fuel dissolution rates, (2) 

immobilization of radionuclides by secondary minerals, (3) radiolysis, (4) criticality, and (5) 
glass waste forms. Uranium deposits can provide important information on the performance of 
radioactive waste forms and radioactive waste repositories (Janeczek et al., 1996) because 
uraninite (UO2+X), the most abundant uranium-bearing mineral in most uranium deposits, is 
similar in many ways to the UO2 in used nuclear fuel (Janeczek et al., 1996; Ewing, 1999).  The 
uraninite structure can accommodate some degree of oxidation in highly oxidizing aqueous 
environments (Romberger, 1984). However, in highly oxidized environments, uraninite is 
unstable and decomposes (Finch and Ewing, 1992a). Secondary uranyl (U6+)-bearing phases 
form on the surface of the uraninite, and a rind of corrosion products forms (Fig. 6). A number of 
studies have examined the effects of impurities in uraninite on the rate of uraninite alteration and 
the composition of the corrosion products (Finch and Ewing, 1991; Fayek et al., 1997a,b; Fayek 
et al., 2000). Studies that have examined the dissolution of uraninite under oxidizing conditions 
have concluded that the dissolution rate were lower for uraninites that have higher concentrations 
of thorium, lead, and rare earth elements (REE; Finch and Ewing, 1992a; Fayek et al., 1997a). 
Used nuclear fuel has lower thorium, lead, and REE concentrations (Finch and Ewing, 1992b) 
and therefore will likely dissolve more rapidly (USGS, 2010). 

The composition and type of the secondary uranyl- mineral that will form during the 
alteration and dissolution of UO2 or uraninite depends of the starting composition of UO2 or 
uraninite, the composition of the fluid that is interacting with the solid phase, which is controlled 
largely by the host rock, and the oxidative potential of the fluid (Finch and Ewing, 1991; Finch 
and Ewing, 1992a,b; Fayek et al., 1997a,b; Fayek et al., 2000; Bray et al., 2007; Schindler et al., 
2010; USGS, 2010). Therefore, a mineral paragenesis (a sequence of minerals precipitating in 
order of increasing alteration and dissolution) is generally observed (Wronkiewicz et al., 1996; 
Fayek et al., 2006). In general the paragenesis is uranyl oxide hydrates ⇒uranyl silicates ⇒  
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Figure 6.  Uraninite is altering to secondary uranium minerals torbernite (Cu(UO2)2(PO4)2·12 
H2O) followed by uranophane (Ca(UO2)2[HSiO4]2·5H2O). 
 
  

Uraninite (UO2)

Uranophane Torbernite

 19 



alkali- and alkaline-earth uranyl silicates + palygorskite clay (Wronkiewicz et al., 1996; USGS, 
2010). Specifically, in the experimentally determined paragenetic sequence, the following 
minerals were identified: UO2⇒ dehydrated schoepite (UO3•2H2O) ⇒ compreignacite 
[K2(UO2)6O4(OH)6•8H2O] + becquerelite [Ca(UO2)6O4(OH)6•8H2O] ⇒ soddyite 
[(UO2)2SiO4•2H2O] ⇒ boltwoodite [K(H3O)(UO2)SiO4] + uranophane [Ca(UO2)2Si2O7•6H2O] + 
palygorskite clay (Wronkiewicz et al., 1996). The experimentally-determined mineral 
paragenesis is nearly identical to secondary uranium phases observed during the weathering of 
naturally occurring uraninite under oxidizing conditions, such as that at the Nopal I uranium 
deposit, Peña Blanca, Mexico (Wronkiewicz et al., 1996; Fayek et al., 2006). Based on 
experimental data the mineral sequence appears to be controlled by precipitation kinetics. The 
remarkable similarity between the experimental and natural mineral paragenesis increases 
confidence that the experiments and the natural analogue reactions may simulate the long-term 
reaction progress of used UO2 fuel. 

Although the similarity between experimental data and natural analogues is promising, 
uraninite as an analogue for UNF must be used with care. For example, very old uraninite typically 
contains in-grown radiogenic lead that has accumulated through time (Finch and Ewing, 1992b). 
Secondary mineral formation was responsible for incorporating large quantities of uranium at 
Shinkolobwe, Zaire. Finch and Ewing (1991) identified 50 secondary uranium-bearing minerals. 
However, because the Shinkolobwe deposit is 1,800 Ma, radiogenic lead-bearing minerals 
formed during the alteration of uraninite. At Okélobondo, Gabon, and Shinkolobwe, other 
secondary minerals, such as (U,Zr)-silicates, formed stable phases (Finch and Ewing, 1991). 
Therefore, the uraninite used as an analogue may not be similar in composition to used nuclear 
fuel, which contains very little lead and may alter to form different secondary minerals (Buck et 
al., 1997; Corkhill et al., 2014) 

For commercial nuclear reactors other than CANDU reactors, used fuel is artificially 
enriched in 235U (e.g., 1% vs. natural abundance of 0.72% 235U) and contains nuclear fission 
products that are generally not present in high concentrations in uraninite (USGS, 2010). In 
contrast, uraninite contains a higher proportion of non-radiogenic trace-element impurities. Also, 
the thermal history of used fuel, unlike that of uraninite, may cause lattice and structural 
crystallization defects in the used fuel that are not present in the uraninite (USGS, 2010). Used 
nuclear fuel from CANDU reactors is depleted in 235U (e.g., ~0.5%) relative to natural 
abundance.  

Nevertheless, a number of studies have relied on uranium deposits as natural analogues 
for processes that may occur in a DGR. Tracer studies using 99Tc, 129I, 239Pu, and U 
concentrations in rocks and groundwaters surrounding Cigar Lake (Saskatchewan) and 
Koongarra (Australia) under reducing and oxidizing conditions, respectively, showed relatively 
rapid uraninite dissolution rates at Koongarra. Dissolution rates under reducing conditions at 
Oklo over the past approximately 2 billion years are minimal (Miller et al., 2000). Fernandez-
Diaz et al. (2000) analyzed uranium isotopes in the ore and surrounding host rock at the 
Bangombé and Oklo uranium deposits.  They concluded that very little radionuclide migration 
occurred over the past 2 billion years. Roll-front uranium deposits can be used as analogues to 
study the transport of uranium through porous rock. Roll-front deposits form in inclined, porous 
sedimentary (typically sandstone) host rocks, consisting of a reduced zone up dip of the ore 
deposit, and an oxidized zone.  The uranium ore body occurs at this redox front (Fig. 7), as 
mineralization follows the redox-cline, separating non-oxidized from oxidized host rock as a 
consequence of continuously migrating and oxidizing groundwaters that dissolve and re- 
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Figure 7. a) A schematic representation of a roll-front uranium deposit showing the complex 
structure of the ore zone, and b) an outcrop of a roll-front deposit, Turkey Creek, Colorado, USA 
show the reduce (grey) and oxidized zones (beige/light grey).  
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precipitate the uranium minerals at the redox boundary (i.e., “pushing” the ore body through the 
rock formation in geologic time; e.g., Osamu Utsumi mine, Brazil; Hofmann, 1999). 
Mineralization transects the host rock strata, creating a typically discordant, crescent shape in 
cross-section (Fig. 7). Uranium is reduced and precipitates as uraninite or coffinite by a variety 
of processes including microbial activity, and the presence of reducing carbonaceous material. 
Oxidized portions can extend for tens of kilometers (e.g., permeable sandstones deposited in a 
molasse setting in YL basin in NW China, Min et al., 2005). By investigating the mechanisms 
responsible for creating oxidizing or reducing conditions, we can understand how uranium and 
associated radionuclides in used fuel can be mobilized in a waste disposal facility, as well as the 
conditions that will result in their precipitation and consequent immobilization (McKee and 
Lush, 2004). 

Radiolysis is defined as “hydrolysis caused by radiation, resulting in production of 
charged species (hydrogen and hydroxide ions)” (USGS, 2010) that can affect both the waste 
form and the waste package. It is uncertain whether radiolysis will be a potential problem in a 
DGR. Radiolysis at the time of reactor criticality at Oklo- Okélobondo mobilized a small amount 
of uranium, but mainly mobilized REEs from mineral core to rim (Curtis and Gancarz, 1983; 
Jensen and Ewing, 2001). A more recent study of radiolysis at Cigar Lake, showed that uraninite 
under anoxic conditions and with substantial hydrogen generation is stable over millions of 
years. The ore body has remained stable for billions of years, indicating the existence of 
processes that neutralize radiolytic oxidants because of dissolved hydrogen in groundwaters that 
are in contact with the ore body (Bruno and Spahiu, 2014). 

The existence of natural fission reactors – such as those we now know are preserved at 
Oklo in Gabon, in west Africa – was predicted by Paul Kuroda (a Japanese physicist) in 1956. 
The Oklo phenomenon was discovered accidentally in 1972 during routine analysis of uranium 
ore from the site (being extracted for nuclear fuel by a French company) which showed a slightly 
depleted 235U/238U ratio. Criticality occurs when fissionable material can sustain a chain reaction. 
For criticality to occur in a uranium deposit 235U would need to be sufficiently naturally enriched 
in addition to several other factors: a high overall concentration of uranium; a scarcity of neutron 
absorbers (e.g. rare earth elements); a high concentration of a moderator (such as water) and a 
sufficient size to sustain fission reactions. The Oklo deposits met these criteria, where  would 
need to accumulate together with enough water to moderate the neutron energies and sustain a 
chain reaction. Uranium concentration and criticality can be triggered by changes in pH as well 
as by reducing conditions. The uranium deposits at Oklo that sustained neutron-induced fission 
reactions over 2 Ga, was used as a natural analogue for scenarios that might lead to nuclear 
criticality within and outside waste packages in the Swedish DGR concept (Oversby, 1996), 
which involves disposal in deep granite with chemically reducing groundwaters.  The results of 
the study showed that the processes that occurred at Oklo to create a natural fission reactor did 
not impact the integrity of the orebody and in the unlikely case that criticality could be achieved 
in a DGR, it likely would be self-limiting and non-catastrophic (Oversby, 1996; USGS, 2010).   

Although UNF will make up a large portion of the waste in a HLNW disposal site, 
radioactive waste may also occur in glass-form. Both natural and archeological glasses have been 
used as analogues for glass waste-forms. Basalt glasses are compositionally the most similar to 
nuclear waste glasses (Lutze et al, 1987) and have been studied under various natural 
environments, including ocean floor, subglacial, hydrothermal, and surface conditions 
(Grambow et al., 1986; Jercinovic et al., 1986; Jercinovic and Ewing, 1987; Arai et al., 1989; 
Cowan and Ewing, 1989). Archaeological glass artifacts that retained their colors and integrity 
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have been found in caves and archaeological sites, dating from as far back as 3500 BCE (Yamato 
et al., 1992; Freestone and Gorin-Rosen, 1999; Chapman et al., 2006). Although natural and 
anthropogenic glasses are somewhat different in composition from borosilicate nuclear waste 
glass, studies of natural glass alteration indicate that glass with higher silica and alumina content 
and lower alkali and water content are more stable. Analogue studies have not considered 
radiation effects on glass over long time periods to confirm experimental results showing that 
radiation has little effect on glass waste stability (USGS, 2010). 

2.2. Waste Package 
A number of distinct waste-package designs have been developed to accommodate the 

different waste forms (Miller, 2000; USGS, 2010). The waste-package assembly is designed to 
securely contain high-level radioactive wastes, serving as the primary element in engineered 
barrier systems (EBS; USGS, 2010). A number of different metals are used in the manufacture of 
the waste package including, nickel-chromium alloys, stainless steel, iron, titanium and copper. 
Typically, the waste package could consist of the used fuel bundles contained within a two-part 
used fuel container, with an inner carbon-steel vessel and an outer corrosion-resistant copper 
vessel. Key concerns with respect to waste-package materials include rates of degradation and 
corrosion of metals caused by mechanical stress, unfavorable physical and chemical 
environments, microbially mediated degradation, and metallurgical factors (USGS, 2010). The 
long-term stability of waste package materials is directly related to the environmental conditions 
in the repository. Therefore, the study of metallic archeological artifacts and their preservation 
can provide important information of the corrosion rate of the metals to be used inwastepackage 
design and the conditions best suited for minimizing corrosion and degradation. Only a few of 
the metals being considered for waste containers can be studied using archaeological analogues 
(e.g., iron and steel, copper and bronze). Alloys and exotic metals such as Ti or the Ni-Cr-Mo 
alloys, and stainless steels (Fe-Cr-Ni alloys) cannot be studied using archaeological analogues 
(IAEA, 2005), though meteorites and naturally occurring metals can be used as analogues for 
those metals.   

In the 1950s, the most northerly fortress of the Roman Empire at Inchtuthil, Scotland was 
excavated. A bundle of over 1 million iron nails was discovered. The outer nails were highly 
corroded and formed a crust that protected the inner set of nails, which showed low-levels of 
corrosion and degradation (Miller et al., 1994). This analogue showed that a corrosion rind can 
create a more reducing and protective inner environment for iron-rich waste package materials. 
Similarly, the Delhi iron pillar is a 1,600-year-old metal artifact (Fig. 8) showing small amounts 
of corrosion because of a protective rust layer coating the pillar, which consists of crystalline 
iron-hydrogen-phosphate hydrate and amorphous iron oxyhydroxides and magnetite 
(Balasubramaniam, 2000). Another iron pillar (99.7 percent iron) from Asoka, India, is 
constructed of welded disks and shows very little corrosion. Johnson and Francis (1980) 
suggested that pillar durability is a consequence of both the dry climate and the fabrication 
method (welding), done with minimal impurities. In summary, Johnson and Francis (1980) noted 
that most ancient materials are best preserved in dry environments, and that if temperatures are 
below the range where rapid oxidation occurs, elevated temperatures (above the dew point) are 
an advantage for the preservation of metals.  

Copper-rich archeological artifacts, such as bronze cannons, copper, and ceremonial 
bronze, can also be used to estimate general corrosion rates over extended (hundreds to 
thousands of years) periods of time (Tylecote, 1977, 1979; Neretnieks, 1986; Miller et al., 1994; 
Chapman et al., 2006). These metal analogues, although differing in chemical composition from  
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Figure 8.  The 1,600 year-old Delhi iron pillar. Image from Wikipedia. Photograph taken by 
Mark A. Wilson (Department of Geology, The College of Wooster). 
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the waste-package films, provide important insights into the way different metals survive 
corrosion over long time periods and illustrate the importance of passive films (USGS, 2010). 

Iron meteorites may be good analogues of steel-alloy waste-package canisters. Iron 
meteorites are essentially nickel-iron alloys (Johnson and Francis, 1980). The study of these 
types of meteorites showed that the nickel content of a meteorite affects its resistance to 
corrosion because the better preserved minerals are those with higher chromium and nickel 
contents (Johnson and Francis, 1980). 

A number of naturally occurring metals can be used as analogues to study the durability 
of metals proposed for the EBS. Awaruite (Ni3Fe) also known as Josephinite, occurs in the 
nickel-iron-cobalt metal-bearing Josephine Peridotite, a serpentinized ultramafic ophiolite about 
150 million years old in Oregon (Dick, 1974; Bird, 2001) consisting of andradite garnet, FeCo 
(wairuite), and minor to trace amounts of Ni6Fe4 and CaO·2FeO (calciowüstite). These minerals 
can be used as a natural analogue for nickel-iron alloys materials that may be used in the EBS. 
The josephinite nuggets have alteration rims composed of Fe3O4 (magnetite, with maghemite) 
and NiFe2O4 (trevorite). Some samples of josephinite contain the high-temperature phase taenite 
(a disordered nickel-iron metal). The persistence of taenite for millions of years indicates that 
low-temperature phase change rates for taenite are exceedingly slow. The potential instability of 
chromium-bearing materials is illustrated by the observed natural release of chromium from 
chromite in the Sierra de Guanajuato ultramafic rocks (Robles-Camacho and Armienta, 2000). 
Corrosion appears to be concentrated along exsolution rims, analogous to structural defects on 
metal surfaces. Although the chromite has undergone some alteration, it has survived for more 
than 140 Ma. Although, the rate of corrosion for chromite may differ from those of the 
chromium-bearing metal alloys that may be used in the EBS, it can provide us with qualitative 
information such as the overall magnitude of the corrosion rate (e.g., millions of years). 

Bentonite, a clay mineral, swells when wet, displays high plasticity, has a high chemical 
sorption capacity, and a high thermal conductivity. These properties are why most EBS 
incorporate bentonite as a buffer to surround canisters of used fuel. Once a breach occurs and 
water infiltrates the waste-package, the bentonite will swell, sealing small fractures. Its 
absorptive properties will cause radionuclides to move by diffusion only, thereby severely 
restricting radionuclide movement. Cigar Lake can be used as natural analogue for the clay 
mineral barrier in the EBS (Cramer, 1995). The Cigar Lake ore body is encapsulated in clays 
(mainly illite) that acted as a protective barrier over geologically long time scales (Cramer, 
1995).  

The Tsukiyoshi uranium deposit, Japan occurs within the lower part of the Mizunami 
Group sediments of Miocene age. These sediments contain an abundance of authigenic smectite. 
The amount of smectite increases generally from upper to lower horizons, and a smectite-rich 
encapsulates the uranium ore body. Zeolites including clinoptilolite-heulandite, mordenite, 
analcime, chabazite and philipsite are the second most abundant authigenic minerals. The study 
of these clay and zeolite rich zones showed that semctite limited the migration of uranium and as 
a result preserved the uranium deposit for over one million years. This smectite-zeolite envelope 
surrounding the Tsukiyoshi uranium deposit is regarded as a natural analogue of the buffer 
materials surrounding the high-level radioactive waste repository (Utada, 2003).  

The Dunarobba Forest in Italy provides another good example of the effectiveness of 
clays in shielding material from groundwater over geological time scales (Benvegnú et al., 1988; 
Ambrosetti et al., 1992). This forest consists of stumps of trees that are ~2 Ma and surrounded by 
clay minerals. The clay minerals prevented oxygenated groundwater from reaching the wood, 
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and maintained the appropriate geochemical conditions within the wood such that bacterial, 
fungal decay or chemical oxidation did not occur. 

2.3. Build-out Materials 
The degradation of the cementitious materials through interaction with groundwater can 

generate high-pH alkaline plumes that may affect the integrity of EBS materials, cause reactions 
with the surrounding host rock, and ultimately affect radionuclide transport (USGS, 2010). To 
test the durability of cements over relatively long time-scales (e.g., 1000’s of years) several 
studies have studied the Gallo-Roman cements that are more than 1,500 years old (Thomassin 
and Rassineux, 1992). Calcium silicate hydrate compounds were formed early in the 
development of Roman cements, which used crushed vitreous fireclay as a pozzolan in the 
concrete mixture (Miller et al., 1994, 2000; Miller and Chapman, 1995). The calcium silicate 
hydrate compounds reduced the porosity and permeability of the concrete and helped to ensure 
its preservation for more than 2,000 years. Cementitious mortar from Hadrian’s Wall (about 
1,700 years old) in England (Fig. 9) has the same calcium silicate hydrate phases that are in 
modern Portland cement and still possesses excellent strength and stability (Miller et al., 2000). 
Similar results were obtained from the earliest reinforced concrete structures in Britain and in the 
earliest Portland cements used in sea defenses 150 years ago (Miller and Chapman, 1995). 

A recent study using a 15-year old borehole located in the Tournemire Experimental 
Platform (Aveyron, France), evaluated the mineralogical and geochemical changes of the 
claystone in contact with the cementitious materials. Samples of Toarcian argillite were collected 
both next to and far from a CEM II cement paste and a CEM II concrete and examined using 
various techniques (Techer et al., 2012).  They combined mineralogical and isotopic analysis of 
the samples and showed that the isotopic variations mimic the mineralogical changes with a 
somewhat extended volume of alteration. The data indicate that disturbances in a DGR will 
mainly affect the near field and will not extend into the geological barrier (Techer et al., 2012). 

Sanidinite-facies metacarbonates (e.g., Marble Canyon and the Christmas Mountains in 
west Texas) can be used as natural analogues for high-silica cements that may be used in EBS.  
These rocks are formed as the result of high-temperature, low pressure metamorphism and 
metasomatism of carbonate rocks. The name is, however, somewhat of a misnomer, as they are 
typically composed largely of calc-silicate minerals, most of the carbonate having been lost 
during the metamorphism. 

It is not, however, the metamorphism that formed sanidinites that is of interest when 
considering them as potential analogues for high-silica cements, but the processes of alteration 
and weathering that have occurred since their formation. They are potentially very useful 
analogues for high-silica cements for two reasons. First, many of the phases that occur in them 
are exact analogues of those in high-silica cements. Thus they are chemically, mineralogically 
and texturally very close to the cementitious material that may be used as build-out material in a 
repository. Second, because they have been exposed to weathering for reasonably long periods of 
time in a variety of environments, they can be used to predict how high-silica cements will 
respond in the repository over the mandated time periods. 

While a large number of mineral phases have been found in sanidinite-facies 
metacarbonates, they are largely composed of calcium silicates. While the exact mineralogy 
varies from location to location, these rocks contain assemblages involving rankinite (Ca3Si2O7), 
bredigite (Ca7Mg(SiO4)4), larnite ( -Ca2SiO4), ’-Ca2SiO4, wollastonite (CaSiO3), hatrurite 
(Ca3SiO5), tilleyite (Ca5Si2O7(CO3)2), spurrite (Ca5Si2O8CO3)  and others. Some also contain 
calc-magnesium silicates such as monticellite (CaMgSiO4), melilites (Ca(Mg,Al)(Si,Al)2O7  
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Figure 9.  Image of Hadrian’s Wall east of Greenhead Lough, Northumberland with 1,700 year-old 
cementitious mortar. Image is from Wikipedia. 
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diopside (CaMgSi2O6) and merwinite (Ca3MgSi2O8). Common alteration phases include: 
tobermorite (Ca5Si6(O,OH)18·5H2O), afwillite Ca3Si2O4(OH)6, foshagite, (Ca4Si3O9(OH)2), talc, 
serpentine, xonotlite Ca6Si6O17(OH)2. Geologically unusual phases, such as brownmillerite 
(Ca2(Al,Fe)2O5 and mayenite (Ca12Al14O33) otherwise known only from cement clinker, have 
also been found. 

While the terminology is different, the phases that occur in these rocks are, indeed, 
analogous to those in high-silica cements. Classic Portland cement clinker consists of four 
minerals (before hydration) alite, or C3S, which is identical to hatrurite, belite, or -C2S, which 
is identical to larnite, aluminate, or C3A, and ferrite or Ca4AF, which is identical to 
brownmillerite. Addition of excess silica as a binder stabilizes silicates relative to calcium 
hydroxide during hydration, and many of the calcium silicate hydroxides mentioned above as 
alteration phases in the sanidinite-facies metacarbonates are also well known in high-silica 
cements. 

Although high-temperature sanidinite-facies metacarbonates are not geologically 
common, several are known. These include localities at: Crestmore, California (Eakle, 1917; 
Murdoch, 1955, 1961; Burnham, 1959), the Christmas Mountains aureole, Texas (Clabaugh, 
1953; Joesten, 1974, 1976, 1977, 1983; Joesten and Fisher, 1988), and Marble Canyon, Texas 
(Bridge, 1966a,b, 1980, 1986; Anovitz and Kalin, 1990; Anovitz et al., 1991, 1992), Scawt Hill, 
Ireland (Tilley, 1929, 1933 1942; Tilley and Harwood, 1931), the Hatrurim formation (Mottled 
Zone, Israel), as part of a xenolith and autolith swarm in the Lower Zone of the Kiglapait 
Intrusion, Labrador (Owens, 2000); the Oslo rift, southern Norway (Goldschmidt, 1911; Tracy 
and Frost, 1991; Jamtveit et al., 1997), Mayen in the Laacher See region, Germany (Jasmund and 
Hentschel, 1964), localities in Velardena and Coahuila, Mexico (Wright, 1908; Temple and 
Heinrich, 1964), the Little Belt Mountains, Montana (Taylor, 1935), the Tres Hermanas 
Mountains (South Sister Peak), New Mexico (Homme and Rosenzweig, 1958), Carlingford, 
Northern Ireland (McConnell, 1954, 1955, 1960), the Isles of Skye, Much and Rhum, Scotland 
(Wyatt, 1953; Tilley, 1947; Hughes, 1960), Kilchoan, Ardnamurchan, Scotland (Agrell, 1965), 
Tokatoka, New Zealand (Mason, 1957); Lower Tunguska, Siberia (Sobolev, 1935; Reverdatto, 
1964), Mysore State, India (Naidu and Covidarajulu, 1954) and the Sinai (mentioned in Gross, 
1977). 

The pyrometamorphism of limestone and marls at Maqarin, in Jordan, is consistent with 
sanidinite and pyroxene hornfels metamorphic facies, and produced cement zones that are 
similar to Ordinary Portland Cement. The Maqarin Natural Analogue Project investigated the 
evolution and persistence of the hyperalkaline groundwaters in the area, as a product of leaching 
from those naturally generated cement minerals (Alexander et al., 2007). The project developed a 
conceptual model, where the low-temperature leaching of the natural cement zones resulted in 
the formation of a hyperalkaline plume, is analogous to the evolution of a cementitious 
repository. In a review of alkaline natural analogues, Savage (2011) describes the evolution of a 
fluid alteration front and a mineral alteration front as the two main components associated with a 
high pH plume generated from fluid interaction with cement. A mineral alteration front in the 
host rock close to the cementitous material in the repository was preceded by the fluid alteration 
zone further from the repository. The hyperalkaline leachates remain highest close to the host 
rock / cement boundary. As alkalinity in the developing fluid front increases, the plume reacts 
with the host rock, alteration minerals are produced, and pH (along with Ca) falls in the 
migrating groundwater front as new minerals are produced (CSH close to the cement 
zone/repository material; further away, zeolites and/or feldspars depending on the host rock). At 
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Maqarin, mineral alteration consists of Calcium-Silicate-Hydrates (+/- Al) closest to the cement 
zone, with zeolites forming further downflow. However, the alteration pattern is complex, as 
with pulses of fluid flow and different episodes of mineralization and alteration, the plume 
continues to migrate and re-dissolve mixtures of CSH minerals and zeolites (Savage, 2011). 
Alexander et al. (2007) concluded that the secondary mineralization (in fractures and the host 
rock) reduced flow porosity, acting as seals.  

2.4. Repository Infrastructure 
Numerous examples in the form of caves and underground openings such as ancient 

mines provide evidence of the stability of natural and human made underground openings for 
millennia or longer (Fig. 10; USGS, 2010). Caves in many rock types, but mostly in carbonates 
and lava, are known to stand open for tens of thousands to millions of years in regions where no 
seismic activity has been documented. There are thousands of caves all over the world and many 
are visited by tourists (e.g. Mammoth Cave system, Kentucky, USA; Culver et al., 1999; Dom 
and Wicks, 2003; Woo et al., 2005; Gulden, 2009) and others are inhabited by animals (Culver et 
al., 1999). The ages of these caves vary from a few a million years (e.g., 4 Ma Carlsbad Caverns 
and 6 Ma upper level of the nearby Lechuguilla Cave; Polyak et al., 1998) to several hundred 
million years (345 Ma Upper Silurian Jenolan Caves, New South Wales, Australia; Osborne et 
al., 2006). Lava tubes have been investigated in several areas in the United States including 
Hawaii, New Mexico, Arizaona, Idaho and California (USGS, 2010).  Only potions of these with 
thin roof sections have collapsed (USGS, 2010).  The largest and best-studied lava tubes are in 
the Canary Islands. Cueva del Viento on Tenerife is over 17 km and up to 25 m wide. It has an 
age of 17570±150 B.P. (Carracedo et al., 2003). Caves also have been investigated in areas 
where strong ground motion has occurred many times (e.g., Mitchell Caverns, CA, 95 km from 
the epicenter of the Hector Mine earthquake (M=7.1) and 110 km from that of the Landers 
earthquake (M=7.3); USGS, 2010). Damage to speleothems has been widely reported, but roof 
collapse is rare. If general collapse has occurred in response to seismicity, it is unreported or 
possibly unrecognizable. 

The record for anthropogenic underground openings spans a much shorter period of time 
than for natural openings, but it also attests to remarkable stability even in areas of strong 
seismicity. The Paleolithic flint mines of northern Europe and England were mined into chalk 
beds 3000–4000 B.C. The Egyptian tombs started approximately 1500 BCE and the Romans 
mined copper in 900-1800 BCE from the Orme Mine in Wales (USGS, 2010). Christians of 
Cappadocia, Turkey, excavated underground cities and churches during the second and 11th 
centuries A.D. (Toprak et al., 1994). There are thousands of tombs and tunnels in limestone and 
volcanic rock that are older than 2 ka and are located within areas of strong seismicity. These 
openings have not collapsed in more than 2,500 years (Raney, 1988).  

In summary, subterranean openings seem to remain open for extended periods of time.  In 
addition, a few archeological structures preserved in good condition above ground (such as the 
pyramids in Egypt or the aqueduct in Segovia, Spain) with the vast number of well-preserved 
subterranean openings from early recorded history and older times indicate that tunnels used in 
the DGR concept should serve as an effective barrier in the isolation of radioactive waste 
(USGS, 2010). 
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Figure 10. Photograph of the 4-6 Ma Carlsbad Caverns, New Mexico, USA. Image is from National 
Geographic’s website. http://travel.nationalgeographic.com/travel/national-parks/carlsbad-caverns-
national-park. 
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3.0 ANALOGUES FOR NATURAL BARRIERS 
3.1. The Geosphere 

In a DGR, natural barriers (i.e. the geosphere) provide the geological, hydrological and 
chemical conditions required to maintain the stability of the engineered barrier system (EBS). 
The geosphere additionally improves the overall safety of the deep disposal by limiting 
radionuclide mobility (e.g., Wikberg, 1987; Bruno et al., 1996). Therefore, nuclear waste 
disposal programs in many countries have used a variety of techniques and methods to study the 
host rock environments associated with their programs such as volcanic rocks (Yucca Mountain 
Project; Fayek et al., 2006; Calas et al., 2008; Schindler et al., 2010; USGS, 2010), rock salt 
(NEA-RWM 2013), compact argillaceous sediment (Smellie and Karlsson, 1999), and granite 
(Guthrie, 1991; Cramer, 1995; Min et al., 1998; Blyth et al., 2003).   

To build confidence in the choice of host rock for a DGR, these countries have relied on a 
variety of natural analogue studies.  For example, Laverov et al. (2008) studied uranium mobility 
associated with the Streltsovskoye uranium deposits, Russia, which are hosted in volcanic rocks. 
Using geochronology and mass balance calculations, they concluded that although the post-
depositional fluids did interact with and alter the primary uranium ore, most of the uranium was 
retained in the newly formed coffinite-like amorphous U-Si phases.  As a result, these phases 
formed an efficient geochemical barrier that prevented the long-distance migration of uranium.  
These data are supported by a study by Schindler et al. (2010) of the Nopal I uranium deposits, 
also hosted in volcanic rocks. They found that uranium was sequestered by opals forming from 
meteoric water that flowed along fractures and cracks with the volcanic rocks.  

The Koongarra uranium Deposit, Australia, which is hosted in phyllosilicate, clay and 
carbonate-rich sediments, was the focus of many natural analogue studies between 1989 and 
1992, which produced contradicting reports that are not fully resolved (Payne and Airey, 2006). 
A more recent study on the weathered and unweathered zones associated with the Koongarra 
deposit reported on the impact of weathering on the fate of uranium (Leijnse et al., 2001).  They 
showed that the weathering zone has been moving downward and that groundwater velocities are 
highest in the weathering zone. Geochemical analysis of the weathered show that uranium 
concentrations do not significantly change with depth within the weathered zone, which implies 
that uranium is no longer moving within these zones. Therefore, movement of the weathering 
zone and the non-equilibrium dissolution of uranium in the ore-body play an important role in 
the transport of uranium (Leijnse et al., 2001). 

Although there are many natural analogue studies that focus on repositories in clay and 
granite (e.g. Chapman, et al., 1984; Miller, et al., 1994, 2000), there are only a few published 
natural analogue studies that addresses repositories in salt domes (e.g. Knipping, 1989; Brenner, 
et al., 1999). Noseck, et al. (2008) summarizes natural analogue studies performed for high-level 
waste (HLW) repositories in salt in Germany. They showed that salt-domes have remained 
relatively intact for over 250 million years (e.g., Gorleben salt dome; Bornemann, et al. 2008). 
The Gorleben salt dome was also used as natural analogue to study magmatic interaction with 
the salt-domes and dissolution (Köthe, et al., 2007) and uplift and erosion (Jaritz, 1994; Zirngast, 
1991). These studies that salt-domes are relatively stable environments that could house HLNW.  
However, they do note that more experimental data coupled with natural analogue information 
are required to build confidence in this type of DGR (Wolf et al., 2013). 

3.2. Transport 
3.2.1. Natural Analogues 
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If the canisters are breached in the repository and the radionuclides penetrate the 
bentonite clay buffer, radionuclides can be transported along fractures.  However, minerals in 
fractures in the near- to far-field can provide a natural barrier that reduces radionuclide transport 
to the biosphere. As stated previously, the host rock may be crystalline, a compact argillaceous 
sediment, an anhydrite or other evaporite (Smellie and Karlsson, 1999) 

In crystalline rock, radionuclide transport will likely occur along fractures.  Therefore, 
the processes that will retard radionuclide transport include: (1) adsorption, (2) ion-exchange, 
and (3) precipitation or co-precipitation (mineralization).  In less fractured geological systems 
(e.g., argillaceous sediment), matrix diffusion, molecular filtration and ion exclusion are the 
dominant mechanisms that may retard radionuclide transport (Smellie and Karlsson, 1999).  

Multiple generations of minerals (i.e., mineral paragenesis) within faults and fractures 
can be analyzed using a variety of techniques to provide information on the source of fluids and 
amount of time the fault remained open to fluid and elemental transport. Smellie and Karlsson 
(1999) have reviewed the literature on radionuclide transport in mineralized fractures.  In 
general, most studies have shown that uranium, thorium and light REEs are sequestered by iron-
rich minerals, whereas heavy REEs are sequestered by carbonates. 

Fracture systems associated with uranium deposits are excellent natural analogues to 
study radionuclide transport and retardation over geological time-scales and crustal length-scales 
(near and far-field processes). The Tono uranium deposit, Japan, which is hosted by Tertiary 
sedimentary rocks has been the subject of several analogue studies (Yoshida et al., 1994; Miller 
et al., 2000). It occurs within a tectonically active area and faulted rocks are common. The 3.4 
km orebody was split by a fault 5-10 million years ago. This displaced a portion of the orebody 
30 m upwards. Despite the tectonic activity and many nearby faults, rough mass balance 
calculations suggest that the majority of the uranium ore is in place and that no significant 
uranium transport has occurred. Therefore, this analogue shows that radionuclide mobility may 
be minimal in tectonically active environment provided that the appropriate redox conditions 
prevail. In most cases, the location for a DGR in crystalline rock will be located in a tectonically 
inactive region, providing even greater physical stability and security than at the Tono uranium 
deposit (Miller et al., 2000).  

A number of natural analogue studies have investigated diffusion related transport in 
crystalline rock (for a summary see Smellie and Karlsson, 1999; USGS, 2010).  A study of the El 
Berrocal granite-hosted uranium deposit, Spain, showed that the clay minerals that formed 
during uraninite-quartz vein emplacement acted as a natural barrier to subsequent uranium 
mobility (del Villar et al., 2003).  Diffusion of uranium into the granite was only a few 
centimeters over millions of years and generally occurred along fractures, micro-fissures, and 
grain boundaries. It occurred with secondary minerals and was associated with relatively recent 
(100,000 years ago) fluid events and alteration (Heath, 1995) 

Radioactive iodine is one of the potential radionuclides associated with UNF. Iodine-129 
has a long half-life and understating its fate in the event that canister is breached is of great 
importance to DGR design concept.  Loch Lomond is a land-locked lake, which was flooded by 
seawater between 6,900 to 5,400 years ago, resulting in a 1-m thick layer of marine clay, which 
bounded by freshwater sediments (Falck and Hooker, 1990; Hooker et al., 1985). The 
concentration of iodine in marine sediments is higher than in freshwater sediments. The 
concentrations of iodine diminish in the freshwater sediments with distance above and below the 
marine clay layer. Therefore, Loch Lomond can be used as natural analogue to study iodine 
diffusion in sediments, which can be used to help give confidence in saftey assessment of used 
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fuel repositories. Although the conditions of Loch Lomond are not identical to a DGR, it serves 
to illustrate that under near water saturated conditions and in unconsolidated rock (sediments), 
relatively mobile elements such as iodine are escaping to the overlying water very slowly 
(thousands of years Falck and Hooker, 1990; Hooker et al., 1985).  

The Oklo-Okelobondo and Bangombe natural fission reactors were used as a natural 
analogue to study uranium migration from the reactor zones, which contain uraninite with a 
similar composition to UNF (Toulhoat et al., 1996).  They used uranium series and 235U/238U 
ratios as tracers in groundwaters. Preliminary conclusions show that there is good agreement 
between hydrogeology and hydrochemistry, and that at Okelobondo, uranium migration did 
occur but was subsequently trapped in secondary reduced zones. At Bangombe, a local organic-
rich zone sufficiently buffered the redox conditions of the groundwater and reduced permeability 
such that the reactor zones were well preserved and there was little uranium migration into the 
host rock (Toulhoat et al., 1996).  

Colloids are small particles that can transport radionuclides (Wieland and Spieler, 2001). 
Naturally occurring colloids are ubiquitous in groundwaters (e.g., colloid concentrations ranging 
from 0.28 to 1.35 mg/L in central Nevada; Kingston and Whitbeck, 1991).  The Osamu Utsumi 
uranium deposit at Poços de Caldas area in Brazil has been the focus of an integrated natural 
analogue study.  Miekeley et al. (1989, 1991a,b) studied colloidal concentrations and 
compositions in groundwaters associated with the Poços de Caldas area in Brazil.  They showed 
that most of the colloids are composed of iron and organic matter, and that minor amounts of 
uranium are associated with these colloids. However, the study indicated that thorium and REEs 
are associated with the colloidal fraction. The results indicate that radionuclide and other trace-
element transport by colloids is not a major factor in the geochemical processes of weathering, 
dissolution, and erosion of these ore deposits. In addition, colloids acts as an efficient and largely 
irreversible sink or trap for many elements (USGS, 2010).  Therefore, iron-rich colloids that may 
be generated through degradation of structural steel present in EBS materials could sequester 
radionuclides. 

Caves have also been used as natural analogues to study water seepage in underground 
openings.  However, caves can only be used a qualitative analogues because they generally form 
in environments that are much different than DGRs and at much shallower depths.  One of the 
most famous analogue sites is the limestone cave at Altamira, Spain. This cave was discovered in 
1870 has well-preserved paintings that are ~14,000 years old (Valladas et al., 1992). Water 
seepage rates were monitored for 22 months by Villar et al., (1985). The average volume of 
water seeping into the cave was 7 liters per month.  Although the wall and roof rock of the cave 
are fractured, less than 1 percent of the infiltrating water seeped into the cave. The fact that the 
paintings have not been bleached or dissolved near the fractures indicates that little water has 
seeped in along most fractures during the last 14,000 years.  

Other examples of cave analogue studies include the Kartchner Caverns in Arizona 
(Buecher, 1999), the Mitchell Caverns, which are located on the eastern slope of the Providence 
Mountains in the East Mojave National Preserve, California (Stein and Warrick, 1979), Carlsbad 
Caverns in New Mexico (McLean, 1976; Polyak and Asmerom, 2001), and the Grotta Gigante 
near Trieste, Italy (Covelli et al., 1998). With the exception of Carlsbad Caverns, these studies 
showed that less than 2 percent of the water infiltrating the cave reached the internal chambers. 
At the Carlsbad Caverns, Polyak and Asmerom (2001) documented two periods of increased 
seepage over the last 4,000 years: one from 3,000 to 800 years B.P. and one from 440 to 290 
years B.P. 
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A recent natural analogue study of seepage occurring in an adit at the Nopal I uranium 
mine in Chihuahua, Mexico, evaluated the effects of infiltration and seepage on the mobilization 
and transport of radionuclides (Dobson et al., 2011). This mine is hosted in welded volcanic tuffs 
and was used as a natural analogue site for the Yucca Mountain Project, USA.  Dobson et al. 
(2011) mapped fractures along the roof of the adit and used a seepage collection system to 
collect and measure the volume of water infiltrating the fracture system.  The adit was separated 
from surface by approximately 8 m of rock (i.e., water needed penetrate 8 m of rock to get to the 
collection system).  A local automated weather station permitted direct correlation between local 
precipitation events and seepage. Dobson et al. (2011) concluded that seepage was highly 
heterogeneous with respect to time, location, and quantity. They produced a volume map for the 
amount of seepage throughout the adit. Their results showed that some zones in the back adit 
recorded elevated seepage volumes immediately following large (>20 mm/day) precipitation 
events. However, in most locations, there was a 1-6 month time lag between the rainy season and 
seepage, with longer times observed for the front adit. There was no correlation between fracture 
abundance and seepage volume. These observations indicate that even a relatively thin (8 m) 
rock mass can exert a noticeable damping effect on infiltration, and that flow and transport 
models must incorporate fracture flow heterogeneity (Dobson et al., 2011).  

3.2.2. Anthropogenic Analogues 
In ancient cultures where tomb preservation was important, people generally used two 

different methods of tomb construction. Both methods rely on the fact that water has a high 
surface tension, which causes preferential flow of water in small spaces relative to larger 
openings. The first method is the corbelled roof, which was used in tombs in Ireland, 3,100–
3,200 years B.C. (Stuckless, 2000) and in Korea and adjacent China from about 277 B.C. to A.D. 
668 (Lena, 2004). The tombs have vaulted ceilings with overlapping slabs of rock covered with 
soil. The Tomb at Newgrange, Ireland remained dry in spite of modern rainfall of more than 65 
cm/yr. Some of the tombs discovered in Asia have well preserved paintings (Lena, 2004). 

The second method for diverting water from tombs is referred to as a Richards’ barrier 
(Conca et al., 1998). In this method, fine-grit material is placed over a coarse material. For 
example a wooden tomb or coffin is covered with a relatively impervious material such as clay, 
followed by a very coarse layer of boulders and gravel and finally by soil (USGS, 2010).  These 
tombs are relatively impervious to water and the wooden coffins from ancient (1300-1500 year- 
old) tombs is generally well preserved (Watanabe, 1989).  

4.0. COUPLED TRANSPORT PROCESSES 
4.1. Hyperalkaline Fluids 

There is some concern that hyperalkaline fluids could form from the interaction of water 
with cementitious material, which could transport radionuclides and affect the stability of EBS 
materials. Three natural analogues sites with hyperalkaline fluids were investigated. The Oman 
natural analogue site is located in the Semail Ophiolite Nappe of northern Oman. At this site 
alteration (serpentinization) of the ophiolite (ultramafic rock) by groundwaters generated 
reducing, hyperalkaline (pH = 10–12) Na-Cl-Ca-OH fluids, with associated minerals brucite 
[Mg(OH)2] and portlandite [Ca(OH)2] (Bath et al., 1987a,b; McKinley et al., 1988).  These 
comprehensive studies examine the effects of hyperalkaline fluids on radionuclide transport 
processes, including solubility and speciation, colloid-transport, and microbial populations. A 
primary aim of the study was to test the ability of thermodynamic codes to represent and predict 
hyperalkaline rock/groundwater equilibrium conditions. Details of the investigations are 
summarized in Bath et al. (1987a) and McKinley et al. (1988). 
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There are two sites in Jordan (Fig. 11) that were used as natural analogues to investigate 
the effects of hyperalkaline fluids on radioniclide transport (Khoury and Nassir, 1982; Alexander, 
1992; Alexander et al., 1992; Khoury et al., 1992; Clark et al., 1994; Alexander and Smellie, 
1997; Smellie and Karlsson, 1999; USGS, 2010). The Maqarin analogue site in NW Jordan is 
characterized by bituminous-rich marls and a marble/cement unit formed by spontaneous in situ 
combustion of the sedimentary organic matter in sub-surface conditions. This high-temperature 
event produced marble and a suite of naturally formed cement minerals, including portlandite.  
Alteration of these units by groundwaters generated high-alkaline solutions. Water-rock 
interaction produce a younger Ca-K-Na-OH-SO4 fluid and an older Ca-Na-K-OH fluid.  In 
addition, the organic-rich marls contain a suite of trace-elements (e.g. U, Se, Ni, Ra, Sn) that are 
of interest for repository saftey assessments.  The Maqarin analogue site is also used to study the 
interaction between the high-pH fluids and cements, and the transport and sinks for the trace-
elements of interest. Although some secondary mineral precipitation did seal-off some flow-path 
surfaces, centimeter-length diffusion of trace elements into the micropores of the host rock did 
sequester a large portion of the trace elements (McKinley et al., 1988; Chambers et al., 1998; 
Smellie and Karlsson, 1999).  Therefore, radionuclide diffusion will limit the mobility of 
radionuclides in a repository under similar conditions. 

The Khushaym Matruk, Central Jordan (Fig. 11) is an analogue for intermediate to high-
level nuclear waste repositories. The geology of this site is similar to the Maqarin analogue site, 
consisting of carbonate-rich and organic-rich rocks that have been subjected to high-
temperatures (Techer et al., 2006).  Secondary minerals, mainly calcite and gypsum in cracks and 
micro-cracks crosscut the bituminous-rich marls. Strontium isotopic data show that these 
minerals formed from the high-alkaline fluids generated by alteration of the cementitious phases, 
similar to the fluids at the Maqarin analogue site. Uranium series disequilibrium dating of calcite 
within these cracks indicate that fluid circulation was not continuous and occurred as several 
discreet events between 110,000–130,000 years (Techer et al., 2006).  

Steefel and Lichtner (1998) use a multicomponent reactive transport model to investigate 
the coupling of mineralization and transport processes at Maqarin. The study assessed whether 
the observed mineral alteration is compatible with the hydrogeochemistry of the springs, and to 
establish the relationship between the evolution and timing of the alteration front, with the rock 
matrix and fracture porosities. The relative rate of secondary mineral precipitation in both the 
rock matrix and fracture influences the evolution of the system. When rate constants for mineral 
precipitation are equal, the rock matrix is cemented first and results in the downstream migration 
of the alteration plume. However if the rate of mineral precipitation is higher (by an order of 
magnitude) within the fracture, the fracture could seal first, resulting in a disruption upstream of 
the previously established mineral zones – similar to what is observed at Maqarin (e.g. Savage, 
2011).  

More recenty, Shao et al. (2013) carried out a similar modelling study that also 
investigated the porosity changes to the host rocks at Maqarin as a consequence of host rock 
alteration from high pH groundwater. Their model indicates that initial precipitation of alteration 
minerals occurs after several hundred years at a distance of 5 – 10 mm from the cement / 
analogue contact caused by the precipitation of ettringite and C-S-H minerals, similar to what 
was simulated by Steefel and Lichtner (1998).  

4.2. Microbial Activity 
Microbial populations will be present within nuclear-waste repositories. Past natural 

analogue and laboratory studies on microbial activity largely focused on relatively homogenous  
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Figure 11. A map of Jordan showing the location of the Maqarin and Khushaym Matruk natural 
analogue sites.  Image is from Techer et al. (2006). 
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areas within the repository (e.g., host rock or canister).  However, waste repositories are complex 
environments that include natural and engineered barrier systems. Chemical gradients found at 
the contact between EBS and NB can be exploited by lithoautotrophic microbial populations 
(McKinley et al., 1997). Over repository time-scales (e.g., 1 million years), microbial activity 
will be likely be significant in areas that generate alkaline plumes and redox fonts (Williamson et 
al., 2014).  Although a number of experiential studies (e.g., Lovley et al., 1991; Stroes-Gascoyne 
and West 1996; McKinley et al., 1997; Stroes-Gascoyne and West 1997; Stroes-Gascoyne et al., 
1997; Libert et al., 2013) have examined microbial activity of radionuclide transport in various 
environments, there are few comprehensive natural analogue studies.  

Natural analogue studies involving microbial activity have largely focused on granitic or 
crystalline bedrock environments (Pedersen and Ekendahl 1990; Jain et al., 1996; Pedersen and 
Haveman 1999; Haveman and Pedersen, 2002; Ahonen et al., 2004), sediments that generate 
alkaline fluid plumes (Nilsson, 2000; Rizoulis et al., 2014), tuffs (Kieft et al., 1997), and 
unconsolidated sediments (Landa, 2004; Williamson et al., 2014).   

The Palmottu U–Th deposit in southwestern Finland is one of the best studied natural 
analogue sites for several important processes associated with HLNW disposal in crystalline rock 
(Miller et al., 1994). The deposit is dispersed and discontinuous and is hosted by Precambrian 
mica gneiss and granite (Blomqvist et al., 1998). Hydrogeochemical processes in Palmottu area 
include both oxidizing and reducing conditions at varying depths, which allow for the study of 
uranium transport at different redox potentials (Suksi et al., 1996).  Iron reducing bacteria (IRB) 
were the dominant microbial population in Palmottu groundwater. The largest numbers of IRB 
were cultured from groundwaters with the lowest uranium concentrations. There was no 
indication of sulfur reducing bacteria (SRB). These results suggest that IRB can create a redox 
buffer that can affect uranium transport in solution (Haveman and Pedersen, 2002; Ahonen et al., 
2004). IRB may remove uranium from solution by several mechanisms: direct enzymatic 
reduction of uranium; enzymatic reduction of iron, followed by chemical reduction of uranium 
by ferrous iron; or sorption of uranium by iron-containing minerals produced by IRB. Of these 
mechanisms, enzymatic U(VI) reduction by IRB is much faster than any potential non-enzymatic 
mechanisms (Lovley et al., 1991; Lovley and Phillips, 1992). A similar study at the Bangombe 
site showed similar results (Gurban et al., 1998; Haveman and Pedersen, 2002; Ahonen et al., 
2004). 

The Yucca Mountain Project is a DGR concept in tuffaceous volcanic rocks. Volcanic 
tuff was analyzed for microbial abundance and activity. Tuff was collected aseptically from nine 
sites along a tunnel in Yucca Mountain and samples were tested for microbial activity. In general 
microbial abundance was low where direct microscopic cell counts were near detection limits. 
Water was the major limiting factor to microbial growth and microbial activity, while the 
addition of nutrients such as N and P resulted in little further stimulation. Organic C stimulated 
growth more than water alone (Kieft et al., 1997).  

Two studies of microbial activity at natural analogue sites that produce alkaline-rich 
fluids through interaction with natural cements have produced contradicting information.  An 
earlier study of the Maqarin site, Jordan showed no evidence of an abundance of microbial 
activity associated with plume activity and Pedersen et al. (1998) suggested that groundwaters at 
Maqarin were too extreme for active life. However, a more recent study (Nilsson, 2000) 
presented preliminary results that showed that there was active uptake of carbon sources (e.g., 
glucose), at pH above 12. Enrichment cultures performed in Maqarin groundwater from the same 
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sampling campaign indicated the presence of aerobic bacteria as well as anaerobic manganese, 
iron and sulfate-reducing bacteria.  

A recent study by Rizoulis et al. (2014) investigated microbial communities and their 
potential for alkaline metal reduction in samples from the hyperalkaline Allas Springs, Troodos 
Mountains, Cyprus. The site is situated within an ophiolitic complex of ultrabasic rocks that are 
undergoing active low-temperature serpentinisation, which results in hyperalkaline conditions. 
Rizoulis et al. (2014) showed that microbial communities can exist in high pH environment, 
including Hydrogenophaga species. This indicates that alkali-tolerant hydrogen-oxidizing 
microorganisms could potentially colonise an alkaline geological repository. They also showed 
that microbial metal reduction can occur at alkaline pH. Overall, these data show that a diverse 
range of microbiological processes can occur in high pH environments, consistent with those 
expected in an intermediate level waste disposal repository. 

Sediments such as uranium mine tailings are complex environments. Because of the 
H2SO4 used to extract uranium from the ores at acid-leach mills, sulfate-reducing bacteria have 
been identified in mine tailings (Schippers et al., 1995). Fortin and Beveridge (1997) note that 
sulfate reduction in sulfidic mine tailings is most likely limited by the supply of organic carbon. 
Nitrification and denitrification are key processes within tailings (Landa, 2004).  Metals are often 
reduced through enzymatic processes although other processes such as chemical reduction of 
uranium by ferrous iron; or sorption of uranium by iron-containing minerals produced by IRB 
can also occur (Williamson et al., 2014). 

5.0. DISCUSSION AND RECOMMENDATIONS  
Several options have been proposed for the disposal of radioactive waste, including 

surface storage (currently being practiced at many sites), disposal in space, disposal in ice-caps, 
seabed disposal, and shallow land burial. However, most nations have agreed that the safest 
method for the disposal of intermediate and high-level nuclear waste (HLNW) is in a subsurface 
deep geological repository (DGR; Miller, 2000). The DGR will consist of near-field engineered 
barrier systems (EBS; UNF, metal canisters, clay layers etc.), deep within the geosphere (far-
field). The near- and far-field barriers will be designed or selected to isolate radionuclides from 
the biosphere for ~1 million years. The mix of EBS and natural barriers creates a complex 
environment that will involve many chemical and mechanical processes that are difficult to 
model and predict over geological time scales (e.g., thousands or millions of years).  

Therefore, one of the most challenging aspects of nuclear waste disposal in a DGR is the 
extrapolation of laboratory data collected over short periods of time (hours to years) to the longer 
periods required in saftey assessment calculations (Janeczek et al., 1996; Fayek et al., 2006). 
Natural and anthropogenic analogues can provide important information on the performance of 
waste forms (e.g., UNF) and radioactive waste repositories over geological time-scales (Janeczek 
et al., 1996; Fayek et al., 2006).  Consequently, a there are numerous published natural analogue 
studies that are summarized in several books, reports and papers including McKinley (1998), 
Smellie and Karlsson (1999), Miller (2000); Miller, et al. (2000), West, et al. (2002), and USGS, 
2010.   

Using analogue studies in SA models must be done with care because there are several 
important limitations. For example, it may not be possible to constrain the initial conditions of a 
natural or anthropogenic analogue (e.g., the geosphere).  The environment and materials being 
studied may be different from the ones considered in a repository (e.g., shallow limestone caves). 
Therefore, a well matched analogue for a process (e.g., coupled reactions that involve 
radioactivity, pressure and temperature) that may occur in a repository is difficult to find. 

 38 



Although analogues can contribute valuable data to safety cases as an additional line of evidence, 
they cannot be relied upon as the only line of evidence.   

In a recent report (NEA-RWM, 2013), Pescatore (2013) suggested that the term 
‘analogue’ be confined to natural or anthropogenic systems that are most similar to the processes 
or environment in the repository that are being described. As the degree of similarity with 
possible repository conditions diminishes, he suggests natural and anthropogenic examples 
become ‘analogies’ or ‘anecdotes’ that can be used to support generic concepts associated with a 
DGR. He gave the following example of the nails excavated from the Roman Empire at 
Inchtuthil, Scotland. 

“The case of Roman nails found in Scotland can be presented as:  
An analogue for the analysis of corrosion resistance, were it decided to use steels that are 
viewed to be as corrosion-resistant as or more corrosion-resistant than the metal of which the 
nails were made. Indeed, the evidence of their longevity would contribute to modeling 
confirmation, despite the related uncertainties.  
An analogy to illustrate the confinement properties of natural clay over a long time period, as 
well as their ability to reduce corrosion. We cannot go beyond analogy here because the initial 
number of nails buried is unknown (we cannot state how many nails corroded away).  
An anecdote, simply to show that man-made artifacts can last thousands of years underground, if 
it were used by a program that is not contemplating the use of steel for containers or clays as a 
barrier. “ 

Nevertheless, natural and more importantly anthropogenic analogues can provide a visual 
representation of a process or concept that can help the public grasp basic rationale and 
principles of deep geological disposal. They represent visual examples of important functions 
such as long-term confinement properties of materials to illustrate potential repository situations 
(NEA-RWM, 2013).  

5.1. General Recommendations 
Although some analogue studies have provided invaluable information regarding 

repository selection and design, a number of analogue studies have been criticized for being too 
academic and failing to provide the information required for the safety case (Alexander et al., 
2013).  Therefore, the following are a series of recommendations: 

 
1. Undertake a systematic review of key information, identify a set of needs (a gap 

analysis), and decide which of these gaps may best be fulfilled by analogue information. 
 

2. Some researchers have suggested that national analogues (i.e. host country environments) 
may build more public support for a DGR especially for anthropogenic analogues (NEA-
RWM, 2013). A national analogue may be more persuasive because it is geographically 
and culturally familiar, which may provide some reassurance to the public (NEA-RWM, 
2013). 
 

3. Develop a national analogue program that is structured and can provide input to the 
development of a safety case, with an emphasis on specific national geological disposal 
concepts. 
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4. Engage safety assessor early on in the process, when selecting new analogue studies or 
evaluating existing analogue information. This will ensure that the required information 
is obtained for the safety case. 
 

5. Integrate natural analogue information with other studies (e.g., hydrogeology, rock 
mechanics etc.) including laboratory experiments. This will provide more quantitative 
data that can be used in PA models. The Maqarin study is a notable example were field 
studies have been integrated with laboratory experiments (e.g., sorption, column 
experiments; Smellie and Karlsson, 1999). 
 

6. To build confidence in a DGR concept multiple lines of evidence are necessary.  
Therefore, it is recommended that an attempt is made to evaluate the true potential of 
analogues for public communication and dialogue through a structured opinion survey. 
 

5.2. Scientific Recommendations 
It is impossible to provide a complete list of the most critical needs for PA, which should 

be addressed using analogue studies because these needs will depend on specific repository 
designs and disposal environments. For example, large-scale analogue studies (e.g., Oklo) should 
be focused on environments more similar to the proposed repository site, consist of systems with 
relevant elements and investigate processes that directly relevant to the PA. However, it is 
possible to identify a few key research topics that may be relevant to several DGR concepts and 
that are suited to analogue studies. These are: 

 
1. Anthropogenic analogues are deemed important for building public confidence in DGR 

concepts. Therefore, researchers should attempt to be part of excavations to document the 
preservation of the artifacts and the soil encapsulating the artifacts. 
 

2. Analogue studies for the near-field chemical environment. 

 
3. High pH plume site and natural cements. 

 
4. Microbial interaction associated with high-grade uranium deposits. 

 
5. Natural analogues for sorption and diffusion of radionuclides (e.g., long distance 

transport). 

 
6. Natural analogues of secondary traps for radionuclides. 

 
7. Colloidal transport in natural systems. 

 
8. Natural analogues for site-specific matrix diffusion quantification. 
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These recommended topics can provide information that is central to the safety case or have not 
been completely addressed (resolved) in previous analogue studies.   
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