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Abstract: Isolation of spent nuclear fuel assemblies in deep vertical boreholes is analyzed. The main
safety features of the borehole concept are related to the repository’s great depth, implying (a) long
migration distances and correspondingly long travel times, allowing radionuclides to decay, (b) sepa-
ration of the repository from the dynamic hydrological cycle near the land surface, (c) stable geological
and hydrogeological conditions, and (d) a geochemically reducing environment. An integrated simu-
lation model of the engineered and natural barrier systems has been developed to examine multiple
scenarios of the release of radionuclides from the waste canisters, the transport through a fractured
porous host rock, and the extraction of potentially contaminated drinking water from an aquifer.
These generic simulations include thermal effects from both the natural geothermal gradient and
the heat-generating waste, the influence of topography on regional groundwater flow, moderated
by salinity stratification at depth, and the role of borehole sealing. The impact of these processes on
the transport of select radionuclides is studied, which include long-lived, soluble, sorbing or highly
mobile isotopes along with a decay chain of safety-relevant actinide metals. The generic analyses
suggest that a deep vertical borehole repository has the potential to be a safe option for the disposal of
certain waste streams, with the depth itself and the stable hydrogeological environment encountered
in the emplacement zone providing inherent long-term isolation, which allows for reduced reliance
on a complex engineered barrier system.

Keywords: radioactive waste disposal; vertical borehole repository; spent nuclear fuel; safety assessment

1. Introduction

Disposal of spent nuclear fuel and high-level radioactive waste in deep geological forma-
tions is posited a viable option to isolate radionuclides from humans and the environment for
sufficiently long time periods. In addition to centralized mined repositories excavated from
suitable host rocks, modular waste disposal in vertical or horizontal boreholes drilled into
deep sedimentary formations or crystalline basement rocks has been proposed as complemen-
tary or alternative solutions to the long-term disposition of radioactive waste. While deep
borehole disposal was considered as an option as early as 1957 [1], it has since been evaluated
in more detail by multiple countries, including Sweden, the United Kingdom, Germany,
and the United States [2-12]. Renewed interest in the technical and economic feasibility of
the concept was triggered mainly by the considerable advances in drilling technology by
the oil, gas, and geothermal industries, and the potentially long and uncertain lead times
and high facility costs of a mined repository. Moreover, it was proposed that the modular
and scalable deep borehole disposal concept provides a cost-effective alternative to mined
repositories, specifically for countries with small waste inventories [13,14] or to accommodate
waste forms generated by next-generation advanced reactors [15].

The basic concept of waste disposal in deep vertical boreholes consists of a relatively
simple design, in which waste canisters are emplaced in the lower part of a borehole
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drilled into crystalline basement rock, the upper part of the borehole being sealed to
isolate the disposal section from the accessible environment (see, for example, the reference
design described in [16]). As a variant of such a vertical borehole repository, directional
drilling technology can be used to gradually deviate from the vertical direction of the access
hole at a kick-off point above the target depth and to create a horizontal disposal section
within a suitable formation, which may be a sedimentary or crystalline host rock. The deep
horizontal borehole concept has been described in [17], with generic safety calculations for
a repository in shale discussed in [18-20].

While all three repository systems—mined repositories as well as deep vertical and
horizontal borehole repositories—share the ultimate goal of safely containing and isolating
radioactive waste for a sufficiently long time until the radionuclides have decayed away to
a level that no longer poses environmental health risks, there are some notable differences
between the three options. These differences are related to all aspects of repository design
and operation, including pre- and post-closure safety as well as socio-economic considera-
tions [15,21]. Some of these similarities and differences are described in [10,11,15,17,22-24]
and will be further discussed below.

A modeling-based analysis is a key element of the so-called safety case, which presents
arguments and supporting evidence for a repository system’s performance and the eval-
uation of its safety [25,26]. The specific scope and level of detail of the analysis reflects
the development stage of the proposed concept, the amount of information available at
the time of the analysis, and the magnitude of the potential hazard as estimated in previous
assessments [27]. Deep borehole repositories are at a relatively early stage within this
process, specifically because no disposal sites have been identified and because research
and development by national waste organizations focus on mined repositories. Never-
theless, a series of preliminary safety analyses for borehole repositories have addressed
a subset of features, events, and processes (FEPs) for generic sites and reference repository
designs [6,7,9,11,18-20,28,29]. While these studies discuss many aspects (including oper-
ational safety during the pre-closure phase [30] and economics [11,31]), the post-closure
analyses focus on thermal effects, borehole sealing issues, as well as driving forces and
stabilizing effects, such as density stratification. Both argillaceous and crystalline forma-
tions have been looked at in these safety analyses. In these models, individual FEPs may
be treated separately to evaluate the impact of a specific process on the performance of
a particular subsystem, or they may be coupled and integrated into a total system perfor-
mance assessment model that typically calculates the exposure dose for a reference case
and a suite of disruptive event scenarios.

Recent studies of vertical deep boreholes [6,9,16] focused on reference designs with a dis-
posal zone at depths considered to be within the envelope of drilling capabilities (i.e., 3-5 km
with a diameter of 0.34 m) in relatively closely packed square arrays (e.g., 400 m spacing).
A holistic optimization of the deep borehole concept [11] suggests that shallower depths
(combined with lower loading densities) have the potential to offer a more optimal combina-
tion of drilling, emplacement, and site characterization costs, while still meeting long-term
performance objectives. The current study examines the disposal of canisters containing
individual spent nuclear fuel assemblies from a pressurized water reactor in a 3 km deep
vertical borehole drilled into crystalline basement rock at a generic disposal site.

It is evident from the previous assessments cited above that the long-term safety of
a deep borehole repository mainly depends on the magnitude of natural and repository-
induced driving forces, the physical and chemical retention properties of the geosphere,
and the role of the borehole itself as a potential pathway for fast fluid flow and preferential
radionuclide transport. The main goal of the analysis is to understand the interactions
among key processes across a range of spatial and temporal scales as the radionuclides
are released from the canisters, and from where they migrate along the borehole and
within the fractured host rock towards the biosphere.

The paper is organized as follows. Section 2 provides an overview of the modeling
methodology. The specific features and processes represented in the model and the details
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of the model itself are discussed in Section 3. Results of a reference scenario are presented
in Section 4, along with sensitivity analyses of select assumptions and properties. The final
section discusses the conclusions derived from the analysis and offers some general views
on the viability of the deep borehole disposal concept.

2. Methodology

The performance of a vertical borehole repository is assessed by means of a high-
fidelity numerical model. An integrated modeling approach has been developed to cal-
culate the exposure dose, accounting for coupled thermal-hydrological processes and
the transport of radionuclides through the engineered and natural barrier systems. We con-
sidered it essential to use a physics-based simulator within an integrated modeling frame-
work because the relative importance of individual FEPs and the strength of interactions
and feedback mechanisms can only be evaluated if examined concurrently and in a fully
coupled mode, i.e., without making overly simplified assumptions about the exchange of
information across subsystem interfaces.

The software used for the analysis is the iTOUGH2 simulation-optimization frame-
work [32], which includes an extended version of the TOUGH2 non-isothermal flow and
transport code [33]. The module EOSInT [34] is used, which calculates coupled fluid
and heat flow of water and an arbitrary number of radionuclides in trace concentrations
through fractured porous media. Fluid flow is described by Darcy’s law. Heat is trans-
ported by convection and conduction. All thermodynamic fluid properties are calculated
as a function of pressure, temperature, and salinity. Radionuclides are transported by
advection and diffusion, potentially retarded by adsorption to the solid phase. Daughter
products from radioactive decay are tracked. The governing continuum equations are
discretized using the integral finite difference method in space and a fully implicit scheme
in time. The resulting coupled, nonlinear algebraic equations are solved simultaneously by
means of Newton—Raphson iterations. Preconditioned conjugate gradient solvers invert
the set of linear residual equations arising at each iteration (see [33,35,36] for a description
of the numerical scheme employed in the TOUGH?2 code).

A dual-permeability modeling approach [37-39] captures the interactions between
an interconnected fracture-network continuum and the low-permeability rock matrix of
the crystalline bedrock. The fracture and matrix continua overlap in space, with global flow
occurring in both media, and fluid, heat, and radionuclides being exchanged locally with
the rock matrix across an interface area that depends on average fracture spacing and other
geometrical parameters. For formations with sufficiently high fracture density (so that
the fracture network can be approximated as a continuum), this approach is numerically
very efficient despite the fact that each spatial point is represented by two grid elements.
The dual-permeability approach is considered suitable for simulating large-scale flow and
transport through fractured-porous media, and was used for the safety assessment at
the proposed repository site at Yucca Mountain [40].

The source-term and biosphere models are implemented in a simplified way. The chem-
ical processes of casing and canister corrosion and waste-form degradation are not explicitly
simulated. Instead, the effects of corrosion are implemented by increasing the canister’s
permeability and diffusivity at a pre-defined time, which depends on the scenario being
evaluated. At that specified time, a fraction of the radionuclide inventory is mobilized
instantaneously, whereas the remainder is released slowly according to a fractional waste
degradation rate model. Similarly, the processes in the biosphere are not explicitly modeled,
but simply represented by a conversion factor that translates the radionuclide concentration
flux of the produced drinking water into an annual exposure dose. The chosen pumping
rate and conversion factor are consistent with one of the reference biosphere models pro-
posed by the International Atomic Energy Agency (IAEA) [41]. Additional details about
the overall modeling methodology can be found in [42].
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3. Model Development
3.1. Repository Layout

The layout of a vertical borehole repository can be adjusted in a flexible manner, de-
pending on the overall disposal strategy, the amount and type of waste, and the geological
conditions at a potential site. The latter determines the minimum depth and available
length of the borehole’s disposal section. Small waste inventories may be disposed of
in a single borehole. For example, the approximately 2000 capsules containing '3”CsCl
and °SrF, from the chemical processing of defense waste [43] would fit into a single,
approximately 1500 m long, 8.5-inch (21.5 cm) diameter borehole if the capsules were
placed end-to-end [18] or, if three-packs are stacked into a suitable container, in a less than
550 m long borehole of diameter 12.25 inch (31.1 cm) [44]. Canisters holding individual
assemblies from a pressurized water reactor would fit into a slightly larger, 13.3-inch
borehole [11]. In such an arrangement, nuclear fuel spent in 30 years by a 1 GWe reactor
could be disposed of in seven boreholes, each having a 1500 m long emplacement section.
Larger-diameter boreholes up to 800 mm (31.5 inches) have also been proposed, which
could receive canisters holding multiple assemblies or vitrified waste forms [4,45]. Borehole
diameters may be adjusted to accommodate consolidated fuel rods or other waste forms
(e.g., granular calcine waste) [10,14,16,45,46].

The modular approach afforded by the borehole concept provides considerable flexi-
bility [11,47] and an opportunity to optimize waste disposal for specific inventories, waste
forms, and host rocks. The number of boreholes needed to dispose of accumulated and
future radioactive waste at a specific repository site primarily depends on whether one
centralized, a few regional, or many local repositories will be built. Compared to having
numerous facilities, larger centralized facilities may benefit from having the potentially
large (and uncertain) fixed cost components of site characterization [11], licensing, and
security being spread over a larger disposal inventory. Furthermore, a centralized approach
could reduce costs due to efficiencies created from using large-scale industrial processes
at a centralized operation (for drilling [48], waste handling, emplacement, etc.), and con-
trol of the inventory. However, constructing multiple, smaller repositories could lead to
faster implementation at or near the site where the waste is being generated [15]. This
reduces risks and costs related to long-distance transportation. Due to the relatively low
sensitivity of performance with respect to the details of host-rock properties and the ability
to tolerate conservative assumptions [19,20,42], site requirements, specifically regarding
properties and the extent of a formation suitable to host a borehole repository, would
be easier to meet [15]. Moreover, while the probability of being affected by certain dis-
ruptive events (e.g., seismicity) may increase, the consequences of such events would be
compartmentalized and thus diminished [19,42].

These performance attributes associated with deep borehole disposal would also
reduce requirements on site investigations compared to the detailed fracture characteriza-
tion that is typically required for some mined repositories [49]. Due to both the smaller
inventory emplaced in each borehole and reduced thermal load, the operational phase
of a local borehole repository is shorter than that of a large, mined repository, in which
the access shafts may remain open for as long as 100 years to allow for emplacement and
ventilation [50]. As with any technology developed, experiences and lessons learned from
the construction and operation of a local borehole repository could be used or adapted to
the conditions at another site, leading to more efficient regulatory approvals and accelerated
technology adoption.

Finally, public opposition to a repository stems not only from perceptions of risk,
but also from the inherent inequity of concentrating radioactive wastes at a very limited
number of repository sites [21,51,52]. Thus, more numerous local disposal projects may be
more likely to obtain consent by stakeholders and public acceptance because the assumed
risks and likely benefits associated with nuclear energy production are more transparent to
the community and achieve greater equity.
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Once the number of boreholes at a given site is determined, there is still considerable
flexibility in the layout of the repository system. The design (length of disposal section,
borehole spacing, total depth, etc.) can be adjusted and optimized depending on geological
conditions, site characteristics, drilling costs, access, and other restrictions (e.g., minimum
borehole spacing requirements due to thermal load [11]). Boreholes may be drilled along
aline at a given interval, on a lattice, or other suitable patterns. This flexibility can be further
increased by making use of directional drilling technology, which enables drilling multiple
wells from a single well pad, using slanted or horizontal boreholes, with the possibility to
create long disposal sections, potentially in multiple directions or vertically stacked [17,46].

Vertical boreholes drilled on a regular surface pattern can be more efficiently analyzed
at a conceptual state by taking advantage of inherent symmetries, where the effects from
neighboring boreholes can be accounted for without the need to simulate all boreholes.
Specifically, assuming that the boreholes are drilled parallel to each other at a constant
separation distance along a straight line, a simple, three-dimensional (3D) symmetry cell can
be defined, bounded by vertical planes going through the borehole axis and the vertical plane
half-way between two boreholes. If the repository is situated on the floor of a relatively wide
valley, the regional flow field is also approximately symmetric, with the hills or mountains on
the side of the valley—the watershed divide and recharge zone—forming one symmetry plane,
and the deepest points along the valley floor—typically the zone of groundwater discharge
into a river—forming another symmetry plane. Finally, the release of potentially contaminated
groundwater into a river or an array of drinking water wells is also approximately symmetric
or can be readily accounted for. By making these symmetry planes reflective (i.e., impervious
to fluid and heat flow as well as radionuclide transport [53,54]), it is sufficient to simulate one
such symmetry cell to appropriately represent an entire, multi-borehole repository system.
The symmetry assumption is violated for the first and last borehole in the array, where
the absence of a neighboring borehole on one side leads to the dissipation of pressure,
heat, and contamination into a much larger half-space; however, disregarding these special
conditions for the two outermost boreholes leads to an overestimation of vertical flow rates
and radionuclide concentrations and is thus conservative.

Figure 1 is a schematic of a waste disposal system consisting of multiple parallel
boreholes drilled at 100 m intervals on a line near the discharge zone of a valley. Each
vertical borehole penetrates the 200-m thick near-surface drinking water aquifer before
entering crystalline bedrock. The waste emplacement zone extents from a depth of 1.5 km
to the borehole’s total depth of 3 km. While generic, this configuration is considered
sufficiently realistic and common to be suitable for the purposes of this analysis.

not to scale

Figure 1. Schematic of a deep vertical borehole repository (not to scale). The repository consists of multiple,
parallel boreholes drilled vertically into crystalline bedrock, each accommodating 200 canisters containing
a single fuel assembly from a pressurized water reactor. The waste emplacement section is between a depth
of 1.5 and 3 km. The red box indicates the modeled symmetry cell. The borehole diameter is exaggerated.
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3.2. Computational Grid

The performance of the vertical borehole repository system is evaluated using a com-
puter model that captures and integrates key safety-relevant features, events, and processes.
As discussed above, the model domain consists of a single symmetry cell, which is bounded
by reflective symmetry planes on its lateral sides, and appropriately specified conditions at
the land surface and the bottom boundary, which is at a depth of 3.5 km.

To numerically solve the governing equations, the model domain is spatially dis-
cretized into volume elements, for which mass and energy balance equations are formu-
lated. The computational grid must be designed such that it properly represents the rele-
vant features over multiple scales, from the centimeter thick casing to the multi-kilometer
dimensions of the geosphere. Moreover, steep gradients in pressure, temperature, and
radionuclide concentrations, which occur mainly within the borehole and the near field
of the repository, must be resolved with sufficient accuracy to avoid numerical artifacts.
This is accomplished by generating an unstructured grid with multiple levels of nested
refinement. In particular, the far field is discretized using a 3D Cartesian grid with continu-
ally increasing grid spacing at greater distances from the vertical borehole. However, to
avoid excessive refinement of the near field, a two-dimensional (2D) axial-radial subgrid
is developed of the borehole and its immediate vicinity, taking advantage of the fact that
both the geometry of all engineered barrier components (waste form, canister, casing, bore-
hole wall, seals, backfill, and drilling disturbed zone) are cylindrical, and that the driving
forces and thus flow and transport processes within the borehole occur in axial and radial
directions only. This axial-radial near-field subgrid is embedded into the Cartesian grid
of the far field, resulting in an accurate and computationally efficient multiscale model of
the entire repository system. Details about the gridding approach can be found in [42].

Figure 2 shows the computational grid, with insets revealing its nested structure.
The visualization of the 2D axial-radial subgrid of the borehole and repository near
field (up to a radial distance of 10 m) shows the discretization of two waste canisters
within the cased borehole. The 4.5 m long spent nuclear fuel assemblies are contained
in 5.5 m long canisters (including end caps with appropriate fittings for potential retrieval).
Canisters are on average spaced 2 m apart, a distance sufficient to allow for the installa-
tion of a buffer or bridge plug. With this configuration, 200 canisters are to be emplaced
in the 1.5 km long disposal section.

The computational grid shown in Figure 2 consists of 82,284 volume elements and
194,661 connections between them. Up to eight unknown primary variables are solved
for each element. A mesh with higher resolution (148,344 elements and 354,827 connec-
tions) was also generated, yielding only insignificant differences in the calculated results.
The original mesh was therefore considered sufficiently accurate.

Next, we discuss various components of the model, starting with the waste, followed
by other elements encountered along the pathway of the radionuclides to the biosphere.
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Figure 2. Cross sections through unstructured computational grid, showing nested mesh refinement; a two-dimensional,
radial-axial subgrid representing the borehole, engineered barrier system, and near field is integrated into the three-

dimensional Cartesian mesh of the far field.

3.3. Radionuclide Inventory and Waste Mobilization

The long-term safety of a repository is ultimately assessed by its ability to isolate
the waste from the accessible environment. While the waste to be disposed of consists
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of a large number of radioisotopes, only a small fraction thereof becomes a potential
threat to human health and the environment once placed in a deep borehole repository.
For example, those with very short half-lives or very small inventories are unlikely to
lead to groundwater contamination, because they have decayed to exceedingly small
concentrations even before or shortly after waste emplacement. Other radionuclides
are either insoluble in groundwater, or their migration through the geosphere is greatly
retarded (by adsorption, complexation, and matrix diffusion) such that considerable time
passes before they conceivably reach near-surface ecosystems. The stability of the waste
form, the containment within the canister and other components of the engineered barrier
system, and the properties and conditions of the host rock (mainly its great depth, long-
term isolation and stability, low permeability and porosity, and geochemically reducing
conditions) further lower the risk of waste mobilization and prolong the transport time to
the accessible environment. It is this isolation in both space and time that effectively and
significantly reduces the danger radionuclides pose to future generations if released from
canisters in a deep borehole repository compared to an accidental release of radionuclides
today at the land surface. Therefore, the list of radionuclides that need to be considered
for a post-closure, long-term safety assessment is different from the list of radionuclides
relevant to ensure safe operation, handling, transportation, emplacement, and other pre-
closure activities.

A comprehensive list of radionuclides that are present in spent fuel from a pressurized
water reactor will be evaluated for a site-specific safety analysis. However, for this generic
study, we consider a representative subsect of activation and fission products as well
as those from an actinide alpha decay chain. The fission products %I, 7Se and *Tc
have been identified in most comprehensive safety assessments [28,55-58] as some of
the main contributors to the effective dose people at the land surface may be exposed to.
They have either a high initial inventory, a high specific activity or dose coefficient, are
highly soluble or mobile, or exhibit a combination of these factors. 3°Cl is an example
of a potentially safety-relevant activation product. Finally, to examine the impact of
ingrowth as radionuclides migrate through the geosphere, we consider the alpha decay
chain 245Cm — 2! Am — 2%’Np — 23U — 22Th, which is also referred to as the 4n+1 or
neptunium series.

Table 1 summarizes the inventory and key radiological parameters of these isotopes.
The dose coefficients indicate the potential radiological impact arising from consuming
1.2 m3 yr~! of water that is exclusively derived from the contaminated aquifer above
the repository [41]; no other exposure pathways are considered in the current model.

The radionuclide inventory is encapsulated in the solid uranium dioxide pellets of
the assemblies, which are individually contained in canisters. After the canister is breached,
the solid waste form starts to disintegrate as a result of a complex radiologic oxidation
process that is approximated by a radionuclide-specific instant release fraction of a portion
of the inventory [59,60] and an annual fractional degradation rate of the waste form [61].
The concentrations of radionuclides in the brine surrounding the canisters depends on
the release rate, the solubility limit [11,62], and the transport processes between the waste
form and the borehole, which leads to a diffusion-limited or solubility-limited source-
term model. Some disruptive events may lead to an early release of radionuclides. Once
dissolved in the pore-water, radionuclides become mobile and can be transported by
diffusion or advection along the borehole [11,20,29], into the near field, and through
the geosphere to the biosphere.

The waste also releases decay heat, which is supplied as a time-dependent source
function to each canister. This function, taken from [63], comprises the heat generated from
all radionuclides present in the canister.
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Table 1. Initial inventory, specific activity, dose coefficient and instant release fraction of selected radionuclides.

Radio- Half-Life Inventory ! Inventory 2 Activity 3 Specific Activity ~ Dose Coefficient 4 Instant Release
Isotope (Years) (g/MTIHM) (g/Canister) (Bg/Canister) (Bq kg1) (SvBq1) Fraction *(%)
1291 1.57 x 107 313. 136. 8.88 x 108 6.53 x 10° 1.10 x 1077 16
79Se 2.95 x 105 10.5 457 259 x 10° 5.68 x 1011 2.90 x 107° 11
PTe 2.11 x 10° 1280. 556. 3.52 x 101 6.33 x 101 6.40 x 10~10 11
36C1 3.01 x 10° 0.501 0.218 2.66 x 108 1.22 x 10'2 9.30 x 1010 16
25Cm 8.50 x 10° 9.54 415 2.64 x 1010 6.35 x 1012 2.15 x 1077 0
41Am 4.32 x 102 1250. 543. 6.91 x 1013 1.27 x 10 2.00 x 1077 0
27Np 2.14 x 10° 1240. 539. 1.40 x 1010 2.60 x 1010 1.11 x 1077 0
23y 1.59 x 10° 0.014 0.006 2.17 x 10° 3.57 x 1011 5.10 x 10~8 0
29Th 7.34 x 10° <0.001 <0.001 2.18 x 10* 7.87 x 1012 6.13 x 1077 0

! Source: [64] (Table C-1, for an initial enrichment of 4.73%, a burn-up of 60 gigawatt days per metric ton of initial heavy metals
(GWd/MTIHM), and a cooling time of 30 years). > There are 0.435 metric tons of initial heavy metals (MTIHM) per pressurized water
reactor assembly [28] (Activity A (Bq) is calculated as A = AN, where A = In(2)/t1,, (s71) is the decay constant with #; /2 (s) being
the half-life, N = (m/MW)-N, is the number of decaying particles, where m (g) is the inventory mass, MW (g mol 1) is the molecular
weight, and Ny = 6.022x10% (mol~1) is the Avogadro number. 4 Source: [41] ( Example Reference Biosphere 1A); the dose coefficient
listed includes the contributions from relatively short-lived daughters, assuming they are in secular equilibrium with the parent. 5 Source:
Pessimistic estimates for a burn-up of 60 GWd/MTIHM according to [60].

3.4. Engineered Barrier System

In a borehole repository, the main components of the engineered barrier system are
the waste form, the canister, and plugs used to seal the borehole. Unlike in a mined repos-
itory, where the bentonite buffer is an important engineered barrier component [65-67],
the space between the canister and the casing in a borehole repository is limited. Backfill
material may be used to mechanically stabilize the canisters, to distribute the stacking load,
and to increase the thermal conductivity [7,11,68]. However, in our safety assessment, no
hydrological or geochemical barrier function is assigned to this material, nor to the cement
in the annulus between the casing and the host rock. The primary purpose of the casing is
to facilitate emplacement (and potential retrieval) of the canisters. The casing is expected
to corrode shortly (less than 100 years) after repository closure; therefore, no post-closure
safety requirements are formulated for the casing.

As discussed in Section 3.3, the waste is conceptualized as a heat-generating, de-
grading, radionuclide-releasing amorphous porous matrix contained within the canister.
The corrosion and eventual perforation of the canisters and casing are approximated by
a time-dependent increase in permeability [19], with the assumption that the canister is
breached after 10,000 years. The role of borehole seals has been examined for a large, cen-
tralized, vertical borehole repository in [7,11,69,70], and for a smaller, modular, horizontal
borehole repository in [20]. While backfilling and plugging the borehole is an integral part
of repository closure activities, it is difficult to assess or predict the long-term performance
of such seals. We therefore make conservative assumptions about the permeability of
the backfilled borehole to examine whether it acts as a preferential flowpath for contami-
nated water driven by thermal effects or other driving forces.

3.5. Natural Barrier System

As highlighted in the introduction, the great depth where waste will be emplaced
is the main safety-relevant aspect of a borehole repository. Modern drilling technology
makes it possible to access deep formations and subsurface structures that are far removed
from the biosphere and have been isolated from near-surface hydrological processes be-
yond the time frames for which the safety of the repository must be assessed. While
demonstrating past stability of the host rock is necessary but not sufficient to predict future
repository performance, it is an indication that the waste will be strongly protected and
isolated by the natural barrier system, complemented by the components of the engineered
barrier system, which are mainly needed to mitigate repository-induced effects during
the relatively short thermal period.
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Directional drilling and geosteering offer an opportunity to construct horizontal waste
disposal sections that are both deep and long, capable of exploiting the typically layered
stratigraphy of sedimentary host formations [17,19]. Clearly, sufficient disposal depths
can also be reached with vertical boreholes. Due to the borehole’s orientation, the waste
emplacement section is likely located within crystalline bedrock. We therefore choose
to examine fractured basement rock as the potential host formation for a deep vertical
borehole repository.

The type and properties of basement rocks vary greatly; any safety calculation must
therefore be based on parameters derived from site characterization data. For our generic
analysis, we aim at representing common features of basement rocks with associated pa-
rameter values rather than a specific structure. Crystalline rocks can be characterized as
fractured porous media, whose site-scale hydraulic behavior is dictated by the connectivity
and hydraulic properties of the fracture network. Fracture density, aperture, and connec-
tivity are related to the stress regime and are thus depth-dependent [71]. For transport
of radionuclides through fractured bedrock, the rock mass between the fractures is also
important, as it retards contaminant migration by matrix diffusion [72].

We base the characteristics of our generic fractured host rock on the global dataset of
hydrogeological properties evaluated by [73]. Accounting for scale effects, measurement
artifacts, lithology, geological province, seismotectonic activity, and other geological factors,
they derived a depth-dependent permeability model and determined the permeability
variance. While the predictive power of this correlation is limited, it is considered ap-
propriate as a site-scale, generic representation of fractured crystalline basement rock.
Its fractured-porous nature is modeled using a dual-permeability continuum approach,
where the matrix permeability and porosity are constant at 10720 m? and 1%, respectively,
and the fracture permeability is heterogeneous, with the depth-dependent mean value
taken from the regression given by [73], and the spatial variability generated geostatis-
tically using sequential Gaussian simulation and a spherical semi-variogram [74] with
a log-variance of 1.0 and correlation lengths in horizontal and vertical directions of 100 m
and 1 km, respectively. Anisotropy is introduced because spatial variability is expected to
be strongly related to brittle fault zones, which tend to be steeply inclined at the depths
of interest to this study. The exchange of fluids and radionuclides between the fracture
and the matrix continua is controlled by the geometry of the fracture network, which is
assumed to consist of two sets of planar, parallel, infinite fractures with arbitrary angle
between them and a fracture spacing of 100 m. Global matrix-matrix flow is allowed
only in the vertical direction. Figure 3 depicts the permeability field that is mapped onto
the numerical grid shown in Figure 2.

The crystalline bedrock is assumed to be overlaid by permeable quaternary sediments
that form a regional aquifer. Groundwater is pumped from this aquifer. The concentration
of radionuclides in the produced drinking water determines the exposure dose, which is
examined as the main measure of repository performance.
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Figure 3. Three-dimensional distribution of depth-dependent, random, spatially correlated permeabilities of fracture
continuum below a 200 m thick aquifer. Y-axis and borehole diameter exaggerated by a factor of 100.

3.6. Processes and Parameters

To the extent feasible, the safety analysis is performed using a high-fidelity, multiscale
simulator, with key processes fully coupled and most subcomponents of the repository
system integrated in a single computational model [20,42]. However, the current model
only accounts for coupled thermal-hydrological processes, with the effects of geochem-
ical and geomechanical processes indirectly included through the use of effective and
time-dependent parameters. Moreover, the source term and biosphere are represented
in a simplified manner (see Sections 2 and 3.3). Table 2 summarizes material-specific
hydrological, thermal, and transport parameters.

Table 3 lists radionuclide-specific transport properties. The molecular diffusion coef-
ficient in bulk water for the radionuclides of interest can be calculated using the Stokes—
Einstein law [75] or determined experimentally [76-79]. During the simulation, an effective
diffusion coefficient is dynamically calculated to account for temperature effects and
the impacts of salinity on viscosity according to the Stokes—Einstein equation [75]. The ef-
fective diffusion coefficient in a porous medium is further related to porosity by a factor of
474/ 3 [80].

The Ky value describes instantaneous, reversible, linear sorption of radionuclides onto
the solid matrix of the host rock. Sorption coefficients are sensitive to the oxidation state of
the radionuclide, which in turn is related to groundwater composition, specifically ionic
strength and pH. Coefficients for granitic host rocks are taken from [81] for oxidation states
that yield lower K4 values.

Mobilization of radionuclides may be suppressed if they are poorly soluble. Whether
the release of a radionuclide is solubility-limited is checked by comparing its concentra-
tion in the pore water, taking the maximum solubility limit measured for groundwaters
in granitic bedrock, as summarized in [11].
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Table 2. Material-specific hydrological, thermal, and transport parameters.

Parameter Unit Material Value Note
permeability, k m? waste 10=20 Uranium dioxide pellets
. Increases log-linearly with time to reach
canister 1072 10716 m? af’ir 10,00(}), years
. _ Increases log-linearly with time to reach
casiig 107 10716 m? af’?er 50 yles
Represents various porous materials for
. _ lugging, sealing, and backfillin,
backfill 101 Fhegb%)reiole; assgumed to be fracétgured or
degraded
concrete 10-15 Assumed to be fractured or degraded
Depth-dependent mean permeability of
fracture network continuum [73]:
fracture see note log(k [m?]) = —1.7-log(z [km]) — 17.3;
locally modified using geostatistical model
(see Section 3.5)
matrix 10-20 Matrix continnum; dual-permeability
approach
aquifer 1012 Vertical permeability is 10713 m?
DDZ 10-15 Drilling disturbed zone (DDZ); thickness
assumed to be half of the drillhole radius
porosity, ¢ % waste 40 ir;g;;iis ;};ﬁce between fuel assembly and
canister 10 Represents corrosion product
casing 10 Represents corrosion product
backfill 20
concrete 20
10% porosity of 2% fracture continuum
fracture 02 volume fraction
matrix 1
compressibility, ¢y Pa~! all 1072 Pore compressibility, (1/¢)(9¢/9P)y
expansivity, e °c! all 107° Pore thermal expansivity, (1/¢)(d¢/0T)p
waste 40
thermal conductivity, A Wm~teC! canister 40
casing 40
backfill 1
geomaterials 2
waste 500
heat capacity, Cg Jkg=tec! canister 500
casing 500
geomaterials 900
density, p, kg m~3 Cjanslisr;[g ;888
geomaterials 2700 Grain density
tortuosity, T mm~! all see note Relateq to porosity .(T =9 [8.0 ];
for canister and casing, T = 0 prior to breach
FWDR yr 1 waste 10-° Fractional waste degradation rate [82]
Leads to biosphere dilution factor consistent
pumping rate, q kgs! well 0.317 with IJAEA’s Example reference biosphere

ERB 1B [41]
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Table 3. Radionuclide-specific transport parameters.

Diffusion Sorption Solubility Limit
Isotope Oxidation State ! Coefficient 2 Coefficient 3 4
(m?s-1) (m3 kg—1) (mol L—1)
1291 -1 2.0x 107° 0.0 n/a
79Ge -1I1, IV, VI 1.0 x 1079 0.0 2.00 x 107°
99Te v 1.9 x 107? 0.3 3.95 x 1077
36C] -1 2.0 x 1077 0.0 n/a
245Cm I 6.2 x 10710 1.0 2.00 x 10~°
241 Am I 6.2 x 10710 1.0 6.00 x 107
Z7Np v 6.0 x 10710 1.0 5.99 x 107°
233y v 41 x 10710 1.0 9.50 x 1010
29Th v 2.5 x 10710 1.0 4.00 x 1077

1 Oxidation state at reducing Eh and pH between 7 and 9. 2 Diffusion coefficient in bulk water at 25 °C [76-79].
3 Pessimistic K4-values from [81] Maximum solubility for granitic bedrock chemistries [11].

3.7. Initial and Boundary Conditions

The initial distribution of pressures, temperatures, and salinity are obtained by a near-
steady simulation under the following boundary conditions. As described in Section 3.2,
the four vertical model boundaries are symmetry planes; they are therefore impervious
to fluids, radionuclides, and heat. The bottom boundary is a no-flow boundary for fluids
and radionuclides. However, the temperature at a depth of —3500 m is kept constant at
120 °C, which is derived from assuming a mean annual surface temperature of 15 °C and
a geothermal gradient of 30 °C km ™. This configuration allows for conductive heat flow
across the base of the model.

The boundary conditions at the land surface are set such that a regional flow regime
develops with the potential for upward flow of groundwater. In general, topography of
the land surface generates a water-table relief, which in turn leads to recharge-discharge
patterns that impact groundwater flow up to a certain depth [53]. To induce topography-
driven regional groundwater flow, it is assumed that the repository is located near the floor
of a 13 km wide valley, schematically shown in Figures 1 and 2. The two mountain ridges
defining the valley are 600 m high and have a Gaussian shape (perpendicular to the valley)
with a standard deviation of 1 km. Given that the water table is close to the terrain in most
non-arid climate regions, the mountains are recharge zones with a relative overpressure of
approximately 60 bars with respect to the valley floor.

While most of the infiltrating water flows within and remerges from relatively shallow,
local groundwater systems, regional-scale recharge-discharge patterns may develop with
dimensions on the order of the large-scale topographic features. The vertical extent of these
topography-induced flow systems not only depends on the relief; flow lines also refract if
hydrogeological properties change with depth, either abruptly or gradually.

Moreover, higher fluid density and viscosity, associated with an increase in salinity,
may reduce the depth to which such large-scale recharge-discharge patterns penetrate.
The role of density stratification for the hydraulic isolation of deep groundwater and
thus reduction of advective radionuclide transport has been discussed in [9,44,83]. To
account for these effects, it is assumed that the brine below a depth of 1 km has a salinity of
approximately 200,000 ppm (corresponding to a NaCl concentration of about 3.8 mol L™1).
Because of elevated temperatures, the resulting brine density is lower than that used for
the density-stratification analysis performed by [44,83]; note that a lower density contrast
weakens density stratification effects.

By letting this system equilibrate for ten million years, the resulting state throughout
the modeling domain reflects the regional flow field, with density profiles accounting for
the combined effects of pressure, temperature, and salinity.

Figure 4 shows the fluid density distribution and streamtraces of the regional flow field,
both affected by freshwater recharge from the mountain ridge. Recall that the mountain
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Depth (m)

ridge is not explicitly included in the model, but its effect is represented by the Gaussian
pressure distribution specified along the top of the model domain. The velocity field
and streamtraces reveal the impact of the permeability contrast between the aquifer and
the bedrock. Moreover, the dense brine not only limits the depth to which freshwater
penetrates the bedrock, it also leads to a large, stable region with very small advective
flow velocities. Flow rates in the aquifer are significantly higher than those in the fresh-
water portion of crystalline basement rock, which in turn are much higher than those
within the high-density brine region. Velocities vary on the intermediate scale because of
the heterogeneity in fracture network permeability.

velocity (m yr”)
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Figure 4. Initial conditions: Pore water velocity (color contours), fluid density (dashed contour lines), and streamtraces of
regional flow field (dark red solid lines). The dark red streamtraces only visualize the direction of the flow field, without reflecting
the magnitude of water flux. No streamtraces are shown in the region of essentially stagnant brine. Flow within the mountain
ridge (blue-grey area) is not simulated explicitly. The borehole diameter is exaggerated by a factor of 100.

The state shown in Figure 4 are the initial conditions for the simulations described
in the following subsections. It is assumed that construction of the vertical boreholes,
emplacement of waste, and closure of the repository occur instantaneously and do not lead
to significant perturbations of the host rock, except for the creation of a drilling disturbed
zone around the borehole. The post-closure evolution of the repository system is then
simulated for ten million years.

4. Simulation Results
4.1. Reference Scenario

The reference scenario described above forms the basis for simulating the transport of
the radionuclides listed in Table 1 through the engineered barrier system and the fractured
bedrock to a well that draws drinking water from the near-surface aquifer. The goal is to
understand the overall performance of the deep vertical borehole repository by estimating
exposure dose.

The flow field is affected by coupled thermal-hydrological processes. In addition to
the naturally occurring, mild gradients in pressure and temperature, there are repository-
induced effects, which are mainly driven by the decay heat generated by the disposed
spent fuel. As temperatures rise, the pore fluid expands, increasing pressures and inducing
advective fluid flow. Moreover, higher temperatures reduce the fluid’s viscosity and accel-
erate the diffusion of radionuclides, should they be released very early during the thermal
period. For example, increasing the temperature from 100 to 150 °C increases the specific
fluid volume by about 4%, reduces the viscosity by about 35%, and increases the effective
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diffusion coefficient by about 40%. However, because the heat output declines relatively
rapidly (see [63]), and the released heat dissipates into the surrounding host formation,
the maximum increase in temperature (of approximately 60 °C) is reached just a few years
after repository closure. As the heat spreads radially out, the maximum temperature
in the borehole declines despite the continuous addition of thermal energy to the system.
The temperatures reach the initial, ambient distribution after about 100,000 years, which is
also the approximate time for the heat to dissipate conductively to the land surface.

The rock volume available for heat absorption is laterally constrained by the heat
released from neighboring disposal holes, which are represented in the model by no-flow
symmetry planes. Borehole spacing therefore affects the temperature in the near field and
the associated coupled thermal-hydrological processes, as discussed in detail in [11]. At
a given depth, the temperature distribution between two parallel boreholes is essentially
uniform after about 1000 years, with no significant differences between the temperatures
in the fracture and matrix continuum. Additionally, note that while the temperature
in the lowest section of the borehole briefly reaches 175 °C, no boiling occurs, because
the fluid pressure at that depth (more than 200 bars) is far above the boiling pressure
(approximately 10 bars) for this maximum temperature. To further examine the impact of
thermal loading on repository performance, a sensitivity analysis was performed and will
be discussed in Section 4.2 below.

Figure 5 shows the annual dose curves for the reference scenario. These curves can
be interpreted as a measure of overall repository performance. The long-lived and highly
mobile T is the main safety-relevant isotope, followed by 7?Se and **Cl. None of the other
radionuclides considered in these simulations (**Tc and the isotopes of the neptunium
series; see Tables 1 and 3) reaches the accessible environment.
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Figure 5. Annual dose curves for reference scenario. Dose contributions from 9Te, 245Cm, 21 Am,
237Np, 23U, and ??°Th are insignificant. The cumulative dose curve from all considered radionuclides
is indistinguishable from that of 12°1.

The %I peak dose of 1.2 x 10~* mSv yr~! is three orders of magnitude below a typical
dose standard of 0.1 mSv yr~! (10 mrem yr~!). The peak dose is reached after 3.2 million
years. The transport time to the drinking water well is long despite '?°T being non-sorbing.
Three factors contribute to this outcome: (1) the great depth of the borehole repository and
thus long transport distance to the aquifer; (2) absence of a sustained, upwards driving
force for advective radionuclide transport through the fracture system, which is a result of
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density stratification and isolation from surface-induced hydrological perturbations; and
(3) retardation due to diffusion of 12 into the stagnant matrix pore water. This combination
of mechanisms, which can be considered inherent aspects of the deep borehole repository
concept, lead to strong waste isolation and safety even for a long-lived isotope such as '*I.

The peak doses of 7?Se and 3°Cl are 8.1 x 1078 and 1.2 x 1078 mSv yr~!, respec-
tively, and are reached after 1.3 and 0.9 million years. Their contributions to the total
dose (and the contributions of all the other radionuclides considered in this analysis) are
insignificant in comparison to that of ?°I. The total exposure dose is therefore given by
the dose curve for 12I. The migration times of 7’Se and 3°Cl are sufficiently long for decay
to reduce their activities in groundwater by more than a factor of ten.

The dose curves for Tc and all isotopes from the neptunium decay chain are very low
mainly because of sorption. The total mineral surface area available for sorption is large
enough to immobilize most of the released radionuclides rather than they being dissolved
in the more mobile fracture pore water. Much of this mineral surface area is within the rock
mass accessed by matrix diffusion; the amount of radionuclides adsorbed within the frac-
ture network and the components of the engineered barrier system is comparatively small.
While sorption coefficients vary considerably depending on the geochemical environment,
the simulations suggest that even conservatively small values (as assumed here) lead to
considerable retardation, indirectly facilitated by the depth of the repository.

Matrix diffusion is a key process, as it not only retards radionuclide transport by
dissolution into stagnant pore water, but also because it provides access to sorption
sites. Consequently, the effectiveness of matrix diffusion—potentially limited by chemical
and physical interactions near the fracture-matrix interface [84]—and its representation
in a dual-continuum model needs to be evaluated for site-specific conditions.

Figure 6 shows that despite considerable heterogeneity in the fracture continuum
permeability (see Figure 3), plume evolution is diffusion-dominated due to the absence
of sizeable driving forces for groundwater movement and associated advective radionu-
clide transport. Retardation by matrix diffusion further dampens discrete effects from
heterogeneity in the fracture continuum. For the given time frames, the diffusion length is
considerably larger than the shortest dimension of the matrix blocks (here 50 m to the center
of the matrix block); consequently, the differences in '2°T activity in the fracture and matrix
continua are very small and are thus not visualized. Recall that the effective diffusion
coefficient is calculated as a nonlinear function of porosity and temperature.

The advective component of radionuclide migration is only dominant in the aquifer.
In the fracture network of the crystalline bedrock, the very slow advective component of
1291 transport—driven by the regional, clockwise recharge-discharge pattern—becomes
noticeable only after 10 million years.

The spatial extent of elevated activities from the five radionuclides of the 4n+1 series is
limited to the repository’s near-field. Multiple factors contribute to this outcome. First, no
instant release fraction is associated with these actinides, and their release from the canisters
is slow due to the low waste degradation rate. Additionally, note that ?*Cm and 2! Am
decay relatively fast, with 2! Am providing an additional source for the long-lived 2Np
and ultimately its decay products, specifically 23*U. Most importantly, all these radionu-
clides are effectively immobilized by sorption and matrix diffusion. The geosphere around
and above a deep borehole repository thus provides effective isolation of radionuclides
released from the canisters. In this reference scenario, the engineered barrier system—with
the exception of the waste form itself—does not need to fulfill a crucial barrier function.
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Figure 6. Simulated distribution of ?°I activity in fracture continuum at select times. A vertical slice along the borehole
and a horizontal slice along the bottom of the aquifer highlight the radionuclide distributions at these locations of interest.

The borehole diameter is exaggerated by a factor of 100.

4.2. Sensitivity Analyses

Sensitivity analyses were performed to examine the robustness of the reference case
results and to clarify some of the explanations made in the previous subsection. In particu-
lar, we examine the effects of (1) heat generation, (2) poor borehole sealing in combination
with early canister failure, and (3) matrix diffusion and advective transport. Given that 1291
is identified as the most safety-relevant, we focus on the annual exposure dose from this
radionuclide and its sensitivity to changes in assumptions or parameters.
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Figure 7 shows the 12°T dose curves for the reference case (red line) along with the re-
sults from the sensitivity cases. The reference model considers three principal driving
forces that potentially lead to upflow of contaminated water from the repository towards
the aquifer: (1) topography-induced regional groundwater flow (see Figure 4), (2) draw-
down due to extraction of drinking water from shallow wells, and (3) thermal fluid ex-
pansion and associated buoyancy effects triggered by the release of decay heat from
the repository.

10°
- [ - 10{mrem/year 0.1/mSv/year
10° E
i F B e
] - @dvection}
10" | _only |
~ . 3
£ : : I
e 102 - f’:!-,..'&\;
EE | =
§10'3= e e e Y
o = _’,’
10" - S
10°k early failure o JT g1 Case
g ! |__no heat N e / .
o ! T / - |_no heat
10 L R | i il il i

10° 10° 10* 10° 10° 107
Time (years)

Figure 7. Sensitivity of 1291 dose curve to thermal driving force, backfilling and early canister failure,
and diffusion coefficient.

Many previous studies on deep borehole disposal focus on thermal effects as essen-
tially the only driving force available to induce vertical flow. Recall that thermal processes
are accounted for in the reference case and are fully coupled with fluid flow and radionu-
clide transport. Considered processes include conductive and convective heat transport,
thermal expansion of the pore space and pore fluids, associated changes in fluid density
(leading to buoyancy), temperature-dependence of viscosity, and impact on diffusion
coefficients. The energy released by the decaying waste is realistically represented by
a time-dependent heat source term.

To examine the impact of repository-induced thermal effects on exposure dose—
accounting for all coupled processes and interactions between the engineered barrier
system, near field, and fractured geosphere—a sensitivity analysis was performed by
removing heat generation from the waste. The simulation is still non-isothermal to account
for the natural geothermal temperature gradient and its impact on flow and transport
properties. The comparison between the reference case and the case without heat generation
(blue line in Figure 7) indicates that the impact of decay heat on peak dose is insignificant
for the reference scenario. This is due to the fact that the canister confines the waste for
the first 10,000 years, a time frame that is considerably longer than the thermal period.
Once radionuclides are released from the canister, they encounter an environment that is
very similar to the thermally undisturbed, ambient conditions, making repository-induced
thermal effects non-influential on peak dose for the reference scenario. This result is
consistent with previous findings [85].

As the driving forces from thermal expansion and buoyancy are aligned with the ver-
tical borehole, it has been argued that sealing of the borehole is essential, especially during
the thermal period. To examine this hypothesis, a sensitivity case was run in which the per-
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meabilities of the backfill material within the disposal section and throughout the upper
part of the access hole are increased to 10~° m? (1 millidarcy) to represent the effects of
improperly installed plugs, partial degradation of the backfill material, or separation of
the seals from the borehole wall. While such failures may lead to locally higher borehole
permeabilities, the chosen value is considered reasonably high if applied over the entire
length of the borehole. In addition to increasing borehole permeability, this scenario also
assumes that all the canisters and the casing have been breached at the time of repository
closure, i.e., the instant release fraction of the radionuclide inventory is mobilized, and
waste-form degradation begins immediately.

The results of this combination of ineffective borehole sealing and early canister failure
are shown as dotted lines in Figure 7. As expected [11,20,85], immediate radionuclide
release due early canister failure and weakened flow resistance along the direct connection
between the disposal section and the near-surface aquifer leads to an earlier arrival of
1297 at the drinking water well, an effect that is only slightly stronger if heat generation
in the repository is accounted for. Moreover, the peak dose is higher (1.6 x 10~* mSv
yr’l) compared to the reference case (1.2 X 10~* mSv yr’l) and peak-dose time is shorter
(1.8 vs. 3.2 million years). However, this reduction in repository performance is very minor,
which corroborates the robustness of the generic deep borehole disposal concept regarding
assumptions about borehole sealing and premature waste mobilization.

The importance of diffusion on radionuclide transport and repository performance
is also evaluated. As visualized in Figure 6 for the reference case, the absence of strong
driving forces (both natural and repository-induced), combined with relatively low fracture
network permeability at the depth of the disposal section, leads to a diffusion-dominated
transport regime. While diffusion is the main process that mobilizes radionuclides released
from breached canisters and transports them throughout the engineered barrier system
and geosphere, it also facilitates retardation by moving radionuclides into the stagnant
pore water of the rock matrix. To quantify the role of diffusion on dose, a simulation was
performed in which the '2°T diffusion coefficient was set to an unphysical value of zero,
leaving advection as the only available transport mechanism.

The response to this assumption is complex, as shown by the green line in Figure 7.
As expected, the arrival time of radionuclides is delayed due to the slow advective transport
velocity. However, the absence of matrix diffusion and diffusive spreading of the '?’I plume
as it migrates along the borehole and through the fracture network leads to a sharper
breakthrough and higher peak dose (of 3.2 x 10~* mSv yr~! after 2.3 million years) with
a more intricate shape of the curve caused by heterogeneity in permeability and the three-
dimensionality of the flow field. This also demonstrates that the impact of diffusion on
exposure dose is multifaceted: very low diffusion coefficients reduce the release from
the near field and overall radionuclide transport, whereas overly high diffusion coefficients
may overestimate matrix diffusion effects and induce high diffusive mixing, also reducing
peak concentrations. It is therefore crucial to determine a realistic effective diffusion
coefficient based on both experimental data and appropriate relationships that account for
changed conditions and properties.

5. Summary and Concluding Remarks

A generic safety analysis has been performed for the disposal of spent nuclear fuel
in a deep vertical borehole repository. Using a repository layout described by a linear array
of parallel boreholes, and assuming that drinking water is extracted from a series of wells
with a similar pattern, the repository can be represented by a symmetry cell containing
one waste-disposal borehole and one extraction well (see Figure 1). A three-dimensional,
multi-scale model was developed (see Figure 2), which accounts for coupled fluid and
heat flow as well as radionuclide transport through a fractured, heterogeneous crystalline
host rock, which is represented by a dual-permeability continuum approach. The model
accounts for advective and diffusive transport of water with variable salinity, and transport
of potentially sorbing radionuclides, considering parent-daughter decay (see Tables 1 and
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3). After canister breach, radionuclides are released to the near field based on a fractional
waste-form degradation model, with a fraction of the inventory released instantaneously.
Thermal energy is released according to the decay heat profile of the disposed spent fuel
assemblies. Flow and transport from the canisters through the backfilled borehole and
the fractured-porous geosphere is simulated in a fully coupled manner. The biosphere
is represented by IAEA’s Example Reference Biosphere 1A [41]. Repository performance
is mainly discussed in terms of annual exposure dose curves. In addition to a reference
scenario (see Table 2), select sensitivity analyses were performed to examine the impact of
key assumptions and parameters. The following main observations are made:

e  Fluid flow at the depth of a vertical borehole repository is very slow, mainly because
(a) permeabilities tend to decrease with depth, (b) hydrological perturbations driven
by near-surface processes do not reach the disposal section, and (c) the pressure field
is stabilized due to density stratification of the brine.

e Radionuclide migration times from the disposal section to the accessible environment
are very long mainly because of (a) long travel distances, (b) the absence of strong
driving forces needed to induce advective transport, (c) matrix diffusion, and (d)
sorption.

o  The peak exposure dose calculated for the generic repository system and related
reference scenario is significantly below a stringent dose standard of 0.1 mSv yr—!.

e  Thermal effects and the impact of incomplete borehole sealing on overall repository
performance are minor, even for an early canister failure scenario.

e It is recommended that both the exposure dose, which is the ultimate metric of
repository performance, and intermediate results used to demonstrate the behavior
of individual barrier components, be calculated using a comprehensive model of
sufficient complexity, capable of accounting for key features and processes as well as
the relevant interactions among all elements of the repository system.

While these observations are derived based on a generic disposal concept and a generic
site, the analyses suggest that calculated repository performance is relatively insensitive to
uncertainties in key assumptions and parameter values, which has direct implications for
site characterization needs and the design of the engineered barrier system.

In general, the safety of a radioactive waste repository is tantamount to achieving
long-term isolation of decaying radionuclides from the accessible environment. The degree
of isolation depends on the waste inventory, overall disposal concept, repository design,
and site characteristics. The generic safety analysis presented in this article demonstrates
that deep borehole disposal affords isolation that is robust and an inherent aspect of the con-
cept. The depth of the repository is a key safety factor, which is not subject to significant
uncertainty. Furthermore, depth reduces the impact of many factors that are difficult to
determine, mainly because the deep hydrogeological and geochemical environments are
comparatively stable, far removed from dynamic hydrological processes occurring at or
near the land surface. Moreover, the repository is less vulnerable to inadvertent or mali-
cious human intrusion. More directly, great depth increases the linear migration distance
for radionuclides, and even more effectively increases the geosphere volume available for
adsorption and diffusive dilution of radionuclides. Both effects increase travel time, during
which the radionuclides decay, drastically reducing concentrations and thus their potential
health effects should they arrive at the land surface. It is important to realize that this
inherent safety of a borehole repository not only reduces the demands on the accuracy of
site characterization, but also on the requirements for the engineered barrier system, which
is often complex and whose long-term performance is difficult to assess.

The relative simplicity of a deep borehole repository further increases its physical
robustness and that of the assessment of its long-term performance. Advanced drilling
technology minimally disturbs the host rock, and no personnel or heavy machinery must be
placed underground, neither for repository construction, waste emplacement, nor closure
activities. No large openings need to be excavated, drained, and ventilated—all activities
that strongly perturb the mechanical, thermal, hydrological, and geochemical conditions
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in the near field of the repository, and which consequently increase site characterization
demands and considerably complicate data analysis. In a borehole repository, waste is em-
placed into the fluid-filled borehole, with minimal perturbation of the ambient conditions.
Boiling during the thermal period is avoided, further reducing complexity and data needs
to understand the associated coupled multi-phase processes and their potential impacts on
components of the engineered barrier system.

The generic safety analysis shows that a deep borehole repository is a viable option
for the disposal of spent nuclear fuel in crystalline basement rock. This option will be
further explored by defining a design basis, by including other potentially relevant FEPs,
and by examining additional inventories and waste forms, alternative repository layouts
and designs, as well as a range of site-specific geological settings and conditions. More-
over, extensive sensitivity and uncertainty analyses will be performed to improve system
understanding and gain confidence in the robustness of the simulation results.
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