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Abstract

:

The depth and layout of a horizontal borehole repository has the potential to offer strong isolation of nuclear waste from the surface. However, the isolation may be compromised by the borehole used to access the repository, as it could provide a direct fast-flow path transporting radionuclides from the disposal section to the accessible environment. Thus, backfilling the disposal section and sealing the access hole are considered essential engineered safety components. To analyze the importance of plugging the open space between canisters and sealing the access hole, we numerically calculate non-isothermal fluid flow and radionuclide transport through the borehole and the surrounding geosphere for a variety of scenarios, which include backfill materials with different sealing properties and configurations that potentially induce strong driving forces along both the horizontal and vertical sections of the borehole. The simulations indicate that the dose contribution of radionuclides released through the access hole is small, even if the backfill material is of poor quality or has deteriorated, and even if considerable horizontal and vertical pressure gradients are imposed by assuming the underlying formation is overpressured and that the disposal section is intersected by faults activated during a seismic event. The modeling also reveals that the low influence of backfill integrity on repository performance partly arises from the very high length-to-diameter ratio of the borehole, which favors the radial diffusion of radionuclides—as well as pressure dissipation and associated advective transport—into the surrounding formation rather than axial transport along the borehole. The integrated modeling approach also exposes the importance of accounting for the connections and feedback mechanisms among the various subcomponents of the repository system.
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1. Introduction


1.1. Deep Horizontal Borehole Repository


We investigate the disposal of nuclear waste in a deep horizontal borehole repository (DHBR) as a viable option to protect the public from radiation hazards [1]. Such a geological repository consists of an array of vertical boreholes, each with a horizontal section that is drilled into a suitable host formation, and where waste canisters are emplaced end-to-end in the cased horizontal disposal section. To facilitate waste emplacement (and potential retrieval), the disposal section is accessed by a vertical hole, which gradually turns horizontal to reach the host rock at the target depth of approximately 1 to 3 km. The diameter of the borehole narrows with depth in stages, as do the diameters of the casing strings, which are cemented in place. During or after waste emplacement, the space between the canisters and the casing as well as between individual canisters can be filled either with a buffer, which is defined as a backfill that fulfills one or several specific barrier functions, or with a material with no functional safety requirements, or it may be left open. Similarly, as part of repository closure, the vertical and curved sections of the access hole may be sealed and plugged in certain locations, and the rest can be backfilled, with the goal to prevent the development of preferential flow paths and to maintain or restore the natural conditions in the host rock, which may have been disturbed during the operational phase.




1.2. Sealing Requirements for Different Repository Types


The design requirements for the backfill and closure structures for geologic disposal facilities not only depend on the site-specific hydrogeological, geomechanical, and geochemical environment, but also on the overall repository concept and layout. Thus, these requirements are expected to be different for waste disposal in mined repositories, deep vertical boreholes, and deep horizontal borehole repositories.



Mined repositories are large underground structures, which include access ramps, utility shafts, ventilation ducts, underground facilities, caverns, deposition tunnels, or vertical or horizontal deposition holes. As a consequence, the host formation is considerably perturbed during the construction and operating phases, substantially changing the rock stress, fluid pressure, temperature, and geochemical environment in order to allow personnel and heavy machinery to work underground. The relatively shallow depth of a mined repository and the large diameter of the access structures place high demands on the integrity of the engineered barrier system (EBS). Finally, the layout of the repository results in an interconnected network of conduits. If a perturbance occurs at any location and the openings are not effectively sealed, complex gradients and flow patterns may be induced that propagate throughout the repository. As a result, an elaborate system of buffers, seals, plugs, and backfills must be installed (as illustrated, e.g., in [2]) to safely and securely close a mined repository. Considerable efforts have been made to design and physically test the emplacement procedure and sealing performance of backfills and plugs needed to close the large openings of a mined repository [2,3,4,5,6,7].



In the deep vertical borehole disposal concept, the upper section of the borehole is envisioned to be sealed by a series of compacted bentonite and cement seals. Between these seals, the borehole is backfilled with a mixture of cement, crushed rock, or other suitable materials. In addition, bridge plugs and compacted bentonite or cement plugs will need to be installed between the waste strings to support the load of the stack of overlying canisters and to reduce fluid flow [8,9]. As an alternative, backfilling the canisters with a high-strength support matrix could also prevent buckling and load damage [10]. Note that according to [11], seals only need to be effective during the thermal period, after which density stratification of the brine is re-established, and no significant upward driving forces are expected to be present. However, the complexity and heterogeneity of the deep subsurface may call for a longer-term reliance on borehole seals [12].



The sealing requirements for the horizontal borehole concept differ from those needed for mined or vertical borehole repositories. Waste disposal in deep, small-diameter boreholes leads to a small ratio of the cross-sectional area of the access structure to its length. Disturbances of the host rock are minimal compared with those of a ventilated mined repository, and the greater disposal depth increases the barrier effect of the geosphere, which reduces the demands placed on the performance of the EBS, including that of the buffers, seals, and backfill. Furthermore, the disposal section is spatially separated from the vertical access borehole by at least the radius of curvature of the bent section of the borehole—typically a few hundred meters. Moreover, gradients that potentially induce fluid flow and radionuclide transport along the disposal section are perpendicular to those needed for upward migration along the access hole. Conversely, naturally occurring or repository-induced upwards driving forces, such as buoyancy effects caused by heating, are not aligned with the horizontal orientation of the disposal section of the borehole. Finally, horizontally emplaced waste canisters do not accumulate any stacking forces, i.e., no bridge plugs are required.




1.3. Sealing of Waste Deposition and Access Structures


Buffers, seals, plugs, bulkheads, and backfills each are designed to fulfill specific safety requirements, in concert with other components of the EBS. As discussed above, it is important to recognize that these safety requirements differ for different disposal concepts, specifically the depth of the repository, which affects the relative importance of the EBS and geosphere [13]. For mined repositories in particular, dense smectite-rich bentonite, a potential buffer material that is in direct contact with the waste canister, has been identified by most radioactive waste management organizations as an important EBS component (for a review, see [14,15]). Its physical and chemical properties meet a number of requirements needed to assume specific safety functions [16]. For example, the bentonite’s very low permeability prevents the flow of water both to and from the disposal canister, thus protecting the canister itself and limiting advective transport of radionuclides; its swelling pressure establishes good contact between the buffer and the host rock and canister; its ion-exchange and surface-complexation capacities provide sites for radionuclide adsorption; its small pore sizes suppress microbial activity and reduce colloid migration; and its plasticity protects the canister from localized mechanical loads and shear stresses. To fulfill these safety functions, specific requirements are formulated regarding bentonite properties (e.g., maximum permeability, minimum dry density, minimum and maximum swelling pressure) and the environment (e.g., minimum and maximum temperature, maximum salinity, suitable water geochemistry).



The main safety function of deposition tunnel backfill and abutments is to counteract buffer expansion during hydration [17,18]; i.e., their key role is to enable the buffer to reach its intended long-term properties. Similarly, some sections of a vertical access hole are filled with ballast materials whose sole purpose is to increase the effectiveness of a bentonite or cement plug.



Plugs and seals along the access structures are designed to limit flow and advective radionuclide transport. The requirements for some of the seals are complex: they have to reduce liquid flow to limit advective transport, while at the same time be sufficiently permeable for gas to escape, preventing the development of high overpressures in the repository due to gas generation by corrosion and other degradation processes [19]. Some plugs are built to obstruct the inadvertent or malicious human intrusion into the disposal section [2].



Numerous materials and methods to backfill, seal, and plug access structures of nuclear waste repositories have been proposed. As mentioned above, compacted bentonite is the preferred buffer material for most mined repositories located in the saturated zone. However, the installation of dry, expandable bentonite in the disposal section of a horizontal borehole is challenging, although not impossible; several designs of clay-based borehole plugs have been proposed [20,21], whereby, in the basic concept, compacted clay blocks are placed in perforated copper tubes and lowered into the borehole. Upon contact with formation water, the clay expands and protrudes through the perforation, forming a seal, supported by bounding silica concrete plugs. As supplements or alternatives, pumpable components that eventually set, gel, solidify, or swell can be considered as backfill materials between waste canisters and the casing. Such backfills include cementitious slurries [20,22,23,24,25], oil-based fillers (tar, bitumen or asphalt), crosslinked polymers, pumpable grout mixtures, salt, or molten, lead-based pellets that encapsulate the canisters after re-solidification [26,27]. The combination of and interaction between clay-based and cementitious backfill materials has been given special attention for the sealing of both mined and borehole repositories [15,28,29,30].



The deep casing can be removed after waste emplacement in the vertical sections that penetrate deformable formations, thus promoting compression of the backfill material and self-sealing. Shallow casing protecting the critical aquifer zone will remain fully cemented and tested per regulatory requirements. Plugs may be placed at select locations within the vertical access hole by reaming the borehole and filling it with a suitable material that is compacted by the overburden and plastic deformation of the surrounding rock [31,32]. Such plugs effectively isolate the disposal section from the surface and seal the drilling-disturbed zone around the borehole. Plugs may also be installed throughout the horizontal leg of the borehole to compartmentalize the waste-containing borehole section, thus reducing the possibility that radionuclides are transported axially toward transmissive zones intersecting the borehole. It should be noted that the United States Environmental Protection Agency’s Underground Injection Control regulations and drinking water act provisions consider the most common plugs (cast iron bridge plugs) to be non-permanent, requiring cement isolation directly above them.



Careful engineering and component selection is needed to make these materials compatible with the chemical, thermal, and stress environment at the repository site. Furthermore, it may be necessary to develop techniques for installing conventional and nonconventional backfill materials in a small-diameter horizontal borehole, along with methods to examine the materials’ as-built properties and estimate their long-term stability and sealing performance.




1.4. Sealing Integrity and Risks from Sealing Imperfections


Open or poorly sealed access boreholes as well as small-diameter exploration and monitoring boreholes are commonly assumed to pose a considerable leakage risk and to jeopardize the integrity of a nuclear waste repository [12,33], especially when completed in a shallow zone that is affected by near-surface hydrological processes. Sealing imperfections could arise during or immediately after the sealing operation itself (i.e., by incomplete or uneven displacement of drilling mud, insufficient bonding of the sealing material to the borehole wall, development of cracks due to thermal or mechanical stresses), or later due to various chemical and mechanical degradation processes as well as erosion [34]. Once the seal’s integrity is compromised, the borehole may act as a preferential path for fluid flow and contaminant transport. In the presence of sufficiently strong upwards gradients, this could lead to the leakage of water or radionuclides into a drinking-water aquifer or onto the land surface. Moreover, even if contaminated fluids do not directly reach the biosphere, a poorly sealed borehole may connect otherwise compartmentalized hydrological subsystems, redistributing pressures and changing flow fields. Consequently, the plugging of boreholes used for site characterization and performance monitoring is part of the closure activities not only for borehole repositories but also for a mined repository.



Similarly, industrial experiences in oil, gas, and geothermal reservoir engineering, natural gas and compressed air energy storage, and geologic carbon sequestration all underscore the risks imposed by fluid pressures seeking natural equilibrium and mixing with the biosphere. These risks highlight the importance of careful borehole plugging and abandonment techniques for aquifer protection. At greater depths, it is important to avoid the fast—even catastrophic—release of pressurized oil, gas, and steam into unconfined or uncontrolled boreholes or the low-rate escape of large amounts of potentially harmful fluids.



Clearly, the geologic conditions, driving forces, and time frames relevant for these applications are likely quite different at a suitable nuclear waste disposal site, so are the risks and consequences of a leakage event. Hydrocarbon and geothermal reservoirs are generally of relatively high permeability, or they are artificially stimulated. Cyclic stimulation and extraction operations pressurize and depressurize the reservoir or adjacent formations by injecting fluids as part of hydraulic fracturing, enhanced recovery, and by fluid withdrawal during the production phase. The wells typically penetrate a confining layer, making them the designated flowpath for fluid production. In the context of fluid disposal (wastewater injection and geologic carbon sequestration) or applications requiring injection–production cycles (natural gas and compressed air energy storage), the formations selected for such applications are necessarily permeable, as a high injectivity is needed during the operational phase. Moreover, the injection of fluids obviously pressurizes the disposal or storage reservoirs, making wellbore mechanical integrity testing (MIT) a routine requirement during operational phases. Finally, after well plugging, the backfill materials are often exposed to conditions that are either chemically aggressive (e.g., high CO2 partial pressures or high temperatures), hydraulically demanding (i.e., need to withstand high reservoir pressures) and temporally changing, as the system was significantly perturbed during the injection and production operations. These high chemical, thermal, and hydraulic stresses may accelerate backfill degradation, compromising the integrity of the seal within the borehole. As a general rule, boreholes connecting depleted reservoirs to the surface without exposure to significant overpressured flow zones present minimal complications for successful plugging and abandonment. The major strategy for plugging and abandonment is to completely isolate the defined protected aquifer level and prevent the pressure-driven migration of fluids or gases into the path of the borehole. Under some geological conditions, casing strings are partially removed, and natural seals (such as salts or certain, more plastic shales) are leveraged to naturally close the pathways, with the expectation that fluid will traverse laterally into deeper rocks until pressure is equilibrated or mineralization reactions occur.



By contrast, the disposal of nuclear waste canisters in boreholes is neither associated with any fluid injection and production nor with hydraulic fracturing operations. Moreover, any suitable host rock is necessarily of very low permeability, drastically limiting the supply of groundwater that could lead to sustainable flow along the horizontal disposal section, which would feed contaminated groundwater into the vertical access hole. The configuration of the DHBD concept with individual disposal boreholes terminating in a dead-end within the tight host formation further constrains the possibilities of generating axial pressure gradients. A highly unlikely scenario that may induce fluid flow along the disposal section and up the access hole will be discussed below as a bounding case.




1.5. Modeling of Borehole Leakage in Repository Settings


Fluid flow in injection and production wells and the interaction with the reservoir has been investigated in detail [35,36], so have leakage processes in plugged or abandoned wells [37,38,39]. However, relatively few studies are specifically concerned with the impact of unsealed boreholes on the overall performance of a nuclear waste repository. Those that have been done generally support the conclusion that borehole access pathways will play a relatively modest role in overall repository performance.



The influence of open, small-diameter monitoring boreholes on the flow field in the vicinity of a mined nuclear waste repository located in fractured, granitic bedrock was simulated in support of the license application for a spent fuel repository at Forsmark, Sweden [40,41]. The simulations of fluid flow through the fractured formation were supplemented by radionuclide transport calculations based on a particle tracking method. It was concluded that while open boreholes affect the groundwater flow patterns and the flow paths of the released particles, there is no major impact on the calculated performance measures, specifically the exposure dose.



For waste disposal in deep vertical boreholes, a sensitivity analysis indicated that upward thermal convection occurs during the thermal period if the seal system is substantially degraded [42,43]. A probabilistic performance assessment calculation and associated partial rank correlation analysis identified the permeability of the degraded borehole seal and surrounding damage zone as the most influential parameters regarding the calculated radiological dose. Notably, the maximum dose was a factor of 100 below a dose standard of 0.1 mSv yr−1 (10 mrem yr−1) even if the damage zone with a cross-sectional area of 1 m2 had a high permeability of 10−12 m2.



The results from various sensitivity analyses of flux and radionuclide release rates at select points along the vertical borehole with respect to borehole permeability were summarized in [10]. While the relative impact of a permeability change is greater at higher elevations within the borehole, the main observation of these simulations is that the absolute fluxes decrease substantially with elevation as a result of lateral diffusion, which significantly attenuates the vertical propagation of the concentration signals.



In an evaluation of a poor-closure scenario for a repository located in Boom Clay in Belgium, it was assumed that the access shafts to the repository were inadequately sealed and thus potentially acted as preferential pathways. Nevertheless, the advective release of dose-relevant radionuclides through the shaft was insignificant in comparison to their diffusive migration through the Boom Clay [44]. This suggests that the small ratio of the leakage pathway’s cross-sectional area in comparison to that of the entire repository system may be an important geometrical factor that limits the overall impact of a localized weakness in the EBS.




1.6. Study Objectives


The purpose of the numerical simulation study presented below is to examine the importance of the borehole seal for the safety of a DHBR. This is done by performing a bounding calculation with the assumption that the borehole’s backfill, seals, and plugs have either been improperly installed or have quickly degraded to a point where they no longer present an effective obstacle to fluid flow and radionuclide transport. The degradation processes that lead to the borehole’s condition are considered irrelevant for this particular bounding calculation. In addition, the case of a poorly sealed borehole is combined with an unlikely fault-activation scenario that could generate an axial pressure gradient and supply the fluids needed to displace the contaminated water from the repository’s disposal section. In addition to estimating the relative change in calculated exposure dose as a result of borehole leakage, the study also attempts to explain the processes that lead to an acceleration or retardation of radionuclide transport along the borehole and the surrounding formations.





2. Model Development


2.1. System Description and Conceptual Model


The conceptual and numerical models used for the study of borehole leakage are based on those developed for the preliminary safety analysis of a generic DHBR, described in [45], with details documented in [46]. The repository layout, conceptual model, and its numerical implementation are briefly summarized here.



While there is great flexibility in the layout of a DHBR, the basic configuration consists of one or several directionally drilled boreholes, each including a vertical access section through the near-surface aquifers and confining layers to gain sufficient depth, a gradually curving section, and a nominally horizontal section within the targeted host formation [1]. While fully cased during the operational phase, the casing will be partially removed from the vertical access hole prior to repository closure.



Figure 1 shows a schematic of a DHBR. The depth and length of the disposal section and the number of boreholes depend on site-specific geological conditions and the waste inventory. For this generic analysis, the disposal sections of the boreholes are assumed parallel and spaced 100 m apart. Waste canisters—each containing a single fuel assembly from a pressurized water reactor (PWR)—are emplaced end-to-end in the horizontal disposal section. The configuration depicted in Figure 1 with 10 parallel boreholes, each with a 1 km long horizontal disposal section, would be sufficient to accommodate the waste generated by a 1 GWe PWR in 30 years. This reference configuration as well as the details of the design—specifically decisions about buffers, plugs, seals, and backfills—will be adapted to site-specific conditions once characterization data become available.



With the exception of the first and last borehole of the array, the configuration shown in Figure 1 is symmetrical with respect to the vertical plane going through the borehole axis as well as the vertical plane half-way between two disposal sections. By making these planes impervious to fluid and heat flow and radionuclide transport, it is sufficient to simulate one such symmetry cell to appropriately represent the entire, multi-borehole repository system.




2.2. Integrated Modeling Approach


A single numerical model has been developed, which captures the main subcomponents of the repository system and their interactions in an integrated manner [45,46]. Furthermore, thermal–hydrological processes and their impact on radionuclide transport are fully coupled. Figure 2 shows the subcomponents and processes combined in this mechanistic safety analysis model of a generic horizontal borehole repository. The EBS and geosphere are both represented in their entirety and evaluated jointly using a shared set of governing equations, which promotes conceptual and parametric consistency and ensures that interactions and feedback mechanisms are inherently accounted for. (As will be discussed below, capturing such interactions between the borehole and the geological environment is essential to properly evaluate the role that backfilling and sealing play in the context of overall repository performance.) Heat and radionuclides are released from individually represented waste canisters and are transported within the various engineered components of the borehole. They also migrate and dissipate into the geological far field before they reach the near-surface aquifer and from there the biosphere. Processes in the biosphere are lumped into a dose coefficient of 1.1 × 10−7 Sv Bq−1 [47], which (combined with the water consumption rate) measures the radiological impact of ingesting water contaminated with radionuclides, assuming that the exposed individual drinks water exclusively from the well centered above the repository.



Integrating various repository components and accounting for coupled flow and transport mechanisms also requires that the model be capable of spanning a wide range of spatial and temporal scales while at the same time remaining computationally tractable. To meet these requirements, a model grid was constructed that consists of a high-resolution, two-dimensional, axial-radial near-field model of the borehole and its immediate surroundings, which is embedded in a conventional three-dimensional representation of the geological far-field. Figure 3 indicates that relevant small-scale features within the borehole are accurately depicted, such as the backfilled gap between the canister and the casing, the ½-inch (0.0127 m) thick casing, and the cemented annulus behind the casing. Moreover, despite its reduced dimensionality, the orientation and geometry of the near-field processes are well represented, including axial flow and transport with a changing gravitational component along the trajectory of the curved borehole, as well as radial diffusion of radionuclides and radial heat dissipation into the host rock. The Cartesian part of the mesh is suitable for calculating three-dimensional flow and radionuclide migration in a geosphere that consists of layered formations with internal random heterogeneities. Linking the axial–radial near-field mesh to a Cartesian far-field mesh results in a computational model that is accurate regarding the representation of the scale and geometry of its features and the expected gradients; moreover, it is computationally efficient.



Computational efficiency is important for two reasons. First, the processes during the thermal period and after canister breach and radionuclide release are highly transient with steep gradients, which calls for a fine temporal resolution. In addition, repository performance must be evaluated over a very long period of several million years. As a result, the total number of time steps needed to calculate the evolution of the system is expected to be very large. Secondly, evaluating the impact of conceptual and parametric uncertainties on repository performance is computationally demanding, as many simulations are needed to perform sensitivity analyses or sampling-based uncertainty propagation analyses.



As an alternative to the integrated mechanistic modeling approach used here, the computational demand of a complex safety assessment model is often reduced by replacing it with a network of interlinked, simplified submodels with abstracted interfaces between them. While viable, the use of such interfaces may be considered problematic in that only a subset of the information is passed through to the downstream submodels, feedback mechanisms are usually not accounted for, and conceptual consistency is difficult to ascertain. We consider the fully integrated model, while sophisticated in its process description and detailed in the representation of subcomponents, to be more transparent, which is essential when using its results as part of the safety case for a nuclear waste repository.



The coupled thermal–hydrological and radionuclide transport processes occurring in the integrated source-term, near-field, far-field, and biosphere model described above are simulated using the iTOUGH2 simulation–optimization software [48], which is based on the TOUGH2 code for non-isothermal multiphase flow and transport in fractured-porous media [49,50].




2.3. Scenario Description


2.3.1. Reference Scenario


The importance of sealing the access and disposal sections of the borehole to ensure repository safety is examined by comparing the exposure dose obtained by a reference scenario with the dose calculated for an unlikely disruptive scenario, in which the backfill has poor sealing properties and considerable axial and vertical pressure gradients are imposed.



The reference scenario is essentially identical to that described in [45], with the exception that the repository is placed at a depth of 1.5 km. As before, the host rock is considered to be a 500 m thick sequence of sandy and clayey layers with a composite permeability of 10−17 m2 and a geostatistically generated, spatially variable porosity between 5% and 20%. A 1000 m thick overburden, acting as a poor-quality natural seal, with a relatively high permeability of 10−14 m2 separates the host rock from the critical zone and near-surface aquifer, from which drinking water is extracted. The underburden is conceptualized as a saline formation with a permeability of 3 × 10−16 m2, containing a NaCl brine with a salinity of 50,000 ppm. In the reference scenario, the borehole is backfilled with a material of permeability 10−16 m2 and a porosity of 30%. Permeabilities for the scenarios investigated below are summarized in Table 1; the complete set of hydrological, thermal, and transport parameters as well as a detailed description of initial and boundary conditions can be found in [46]. Table 2 summarizes the four main geological zones, describing their role in the context of nuclear waste isolation, along with related borehole sealing issues. Note that we refer to backfill with permeability greater than 10−13 m2 as “poorly-sealing”; it does provide some flow resistance, which is equivalent to that of a fine sand.



The initial temperature distribution follows an average geothermal gradient of 30 °C km−1 with a constant surface temperature of 13 °C. The initial pressure distribution is at equilibrium with the atmospheric conditions at the land surface and the saline formation, which is overpressured by 10 bars with respect to hydrostatic conditions with a temperature- and salinity-dependent fluid density. The overpressure is supplied at the lower-right corner of the model over a quarter of its length.



This configuration with an overpressured saline formation is a conservative feature selected to promote flow diagonally upward throughout the entire repository system, pushing contaminated fluid horizontally along the disposal section and then upwards along the vertical access hole. Such modest overpressures encountered in deeper sedimentary rocks may derive from a local or regional, geometrically imposed fluid dynamic pressure transfer, such as gas migration updip along an inclined reservoir. Not only in areas with high structural relief, but also in low-relief deltaic environments, compaction disequilibrium may cause large pressure compartmentalization, leading to undercompacted shales that exhibit high overpressures [51,52]. Hydrocarbon generation (with fluid or gas expansion) has been described as a pressure generator [53], and diagenesis (clay smectite-illite transformation), tectonic compression, and pressure transfer can all play important roles. Finally, the advancement and retreat of thick ice sheets during transitions between glaciation and inter-glaciation periods also lead to changes in effective stress and pore pressures between units of different compressive strength [54,55,56,57].



As discussed in [45,46], the magnitude and orientation of the regional pressure gradient is one of the most influential factors affecting peak dose. While the model considered here is a conceptual test of the impact of the repository being located in a regional upflow zone, and that significant faulting redistributes deeper pressure for a prolonged time, it is worth noting that deeper rocks are not necessarily overpressured. In fact, the deep injection of fluids or gas is facilitated by relatively underpressured rocks [58]. An overpressured saline formation is considered here as a conservative scenario, even though near-basement, regionally underpressured sedimentary rocks [57] that naturally limit the upward migration of fluids may serve as preferential repository sites.




2.3.2. Disruptive Scenarios


The potentially detrimental effects of a low-quality borehole backfill on repository performance is examined by making three conceptual changes, where the first change concerns backfill properties, the second concerns the geologic environment, and the third concerns canister performance.



First, the buffer and backfill materials are assumed to have a high permeability of 10−13 m2, either by design—i.e., no hydraulic safety function is assigned to these materials—or as a result of thermal, mechanical, or chemical degradation processes [21,28,59,60], which generate leakage pathways in the backfill itself or along the interface between the backfill and the formation. Because the buffer has no hydraulic barrier function in this scenario, it is simply referred to as backfill, so is the material in the access hole. Furthermore, formation damage around the borehole leads to a potential annular leakage pathway, the so-called drilling disturbed zone (DDZ), which is also referred to as the excavation disturbed zone (EDZ) in the context of mined repositories. It is assumed that rock welding [61] or cement-grouting of fractures [62] within the DDZ has been ineffective, i.e., DDZ permeabilities remain two orders of magnitude higher than the permeability of the formation the borehole penetrates.



Second, a seismic event is assumed to have reactivated two subvertical faults, one intersecting the waste disposal section near the curved section of the borehole, and the second near the borehole’s dead-end. Both faults originate below the host rock, so fluids entering the faults are pressurized given the overpressure in the deeper saline formation. The first fault ruptures the land surface, whereas the second fault terminates within the overburden, preventing outflow and thus creating a pressure gradient along the axis of the waste disposal section, which—if not sealed—acts as a preferential conduit that connects the two faults. Both faults are conceptualized as having a fault core with a high transmissivity of 5 × 10−5 m2 s−1, which is centered within a fractured damage zone with a permeability that declines from the fault’s core value to the undisturbed value of the formation it intersects at a distance of 25 m. The faults are activated immediately after repository closure and are assumed to remain open throughout the performance period up to 10 million years. The sustained hydraulic conductivity of the fault over the performance period is a conservative assumption. In most cases, faults will remain open and conductive after rupture for a time interval that is short in comparison to the repository performance period, unless reactivated by recurring earthquakes.



As a variant of the seismic scenario with two activated faults, we also consider the case where only one fault intersects the repository. This fault is assumed to terminate within the low-permeability host rock, thus limiting pressure dissipation into the higher-permeability overburden. In this sub-scenario, the repository borehole is the only preferred pathway into which the pressurized brine can flow, potentially exacerbating the detrimental impacts of a poorly-sealing backfill material.



In general, seismic events may impact the repository performance in several ways, including (1) uplift and thus exposure of the repository, (2) disruption of emplaced waste canisters, (3) changes in the material properties of deformation structures, (4) changes in local and regional hydraulic heads, and (5) groundwater composition [63]; the scenario simulated here accounts for issues (2)–(4).



Third, it is assumed that all canisters have been breached immediately after repository closure due to the effects of the earthquake. This means that waste degradation is initiated, and the release of radionuclides starts immediately. Note that it has been previously demonstrated that an early-canister-failure scenario (and the even more conservative assumption of instant mobilization of the entire inventory) has only a minor effect on the long-term performance of the repository [45,46].



This two-fault configuration and the very particular one-fault scenario along with the associated assumptions about early waste mobilization and low flow resistance of the backfill material are highly unlikely. It can be considered artificial; the combination was devised specifically to provide a bounding scenario that meets the particular purpose of this study. Nevertheless, faults and smaller water-conducting features of various sizes are commonly present throughout otherwise low-permeability rock formations. Thus, the careful mapping of such features is an important aspect of site characterization of a nuclear waste repository; they are typically included in conceptual and numerical models, either deterministically or using stochastic methods [64]. Large extant features are easily detected, in which case they are a disqualifying criterion for site selection. However, if strain rates are low and faults lack surface expressions, they may be more difficult to identify, unless high-quality subsurface data are available. Moreover, while they may not be near the repository and thus not detected during the drilling and logging of the disposal borehole, these water-conducting features may be stimulated by a large earthquake and propagate into the repository block after repository closure. The magnitude of the earthquake needed to reactivate faults of the size postulated here has been estimated from paleoseismological records or empirical scaling relationships of active faults, which relate fault length or slip to observed seismicity [65]. Such estimates indicate that earthquakes with a magnitude on the order of M > 6 are sufficient to generate faults with lengths of several kilometers [66]. Even more challenging is the determination of the hydraulic properties of such faults, which greatly depend on the rupture mode, mineralogy, stress condition, and other factors [67]. Nevertheless, while faults with high transmissivities (such as the one selected here) are infrequent, they are not unrealistic [68]. During fault reactivation, fluid pressures may be considerably perturbed within and immediately adjacent to the fault. However, such perturbations are typically very short-lived [69] and are therefore not included in the model.



Figure 4 shows the porosity distribution within the symmetry cell that comprises the numerical model used for the analyses. It reveals the large-scale hydrostratigraphy and the location and extent of the faults. The trajectory of the borehole is also rendered, with the disposal section indicated by a red sub-horizontal line.




2.3.3. Performance Measures


The impact of borehole sealing on repository performance is evaluated by comparing the peak dose of 129I for the reference scenario and the seismic scenarios combined with a high-permeability backfill material. 129I was selected as the radionuclide of interest because it is expected to be the main contributor to the total peak dose. It has a relatively high initial inventory, high solubility limit, low adsorption coefficient, and long half-life of 1.57 × 107 years, which leads to minimal decay even though the travel times from the repository to the accessible environment are very long. 129I has been identified as one of the most safety-relevant radionuclides in other, comprehensive safety analyses for repositories in argillaceous formations under reducing conditions [70,71,72]. 129I is also the main safety-relevant radionuclide predicted to emerge at the top of a deep vertical borehole repository [10]. Finally, using a single proxy radionuclide also appears suitable, as the focus of this study is on the relative differences between a well and poorly sealed access hole rather than on the absolute dose value.



In the simulations, each of the 153 individually represented waste canisters has an initial 129I inventory of 0.136 kg, with 20% of this inventory being released instantaneously from the canisters, which are breached immediately after repository closure due to the seismic event. The rest of the inventory is released slowly as the waste form degrades. A relatively high fractional waste degradation rate of 10−5 yr−1 is used based on [73]. The released 129I is fully dissolved in the pore water, from where it migrates by advection and diffusion. The diffusion coefficient in bulk water at 25 °C is set to 2 × 10−9 m2 s−1; it is adjusted for the higher temperatures experienced during the thermal period according to the Stokes–Einstein equation [74]. The Millington–Quirk model [75] is used to calculate the effective diffusion coefficient in a porous medium. An adsorption coefficient of 10−5 m3 kg−1 is assumed in the geosphere. No credit is taken for the adsorption of 129I within the EBS.



The decay heat generated by all radionuclides in a PWR spent nuclear fuel assembly with an initial enrichment of 4.5%, a burn-up of 50 GWd/MTIHM (gigawatt days of thermal energy production per metric ton of initial heavy metal), and a cooling time of 30 years [32] is supplied as a time-varying heat source to each of the canisters. The initial heat output is approximately 625 W per canister, declining to about 25 W per canister after 1000 years. The temperature increase lowers the density and viscosity of the pore fluids and thus has the potential to induce buoyancy-driven flow during the thermal period.



The processes described here (and in more detail in [45,46,76]) are simulated for the reference scenario as well as for two versions of the seismic-event scenario, the first with the borehole properly backfilled (referred to as well-sealing backfill), and the second assuming the backfill has a high permeability of 10−13 m2 and thus poses little resistance to fluid flow (referred to as poorly sealing backfill). In summary, the following scenarios have been simulated and will be discussed:




	
Reference or Nominal Scenario (Section 3.1)



	
Two-Fault Scenario with Well-Sealing Backfill (Section 3.2)



	
Two-Fault Scenario with Poorly-Sealing Backfill (Section 3.3)



	
One-Fault Scenario with Well-Sealing Backfill (Section 3.4)



	
One-Fault Scenario with Poorly-Sealing Backfill (Section 3.5)











3. Results and Discussion


3.1. Reference Scenario


We first briefly discuss the results of the reference scenario. Figure 5 visualizes the spatial distribution and temporal evolution of the simulated 129I activity in the pore water, thus indicating the migration of this mobile, safety-relevant radionuclide from the repository through the EBS and geosphere to the near-surface aquifer from which groundwater is extracted for drinking water purposes. The distribution at early times (10,000 and 50,000 years after repository closure) highlights the diffusion-dominated transport mechanism within the shale host rock. However, the fact that the plume center is displaced upwardly (as seen at later times from 100,000 to 1,500,000 years) reveals the presence of an advective transport component. The overpressure in the saline formation induces fluid flow even in the low-permeability shale. Advective transport is more pronounced in the overburden and aquifer, as indicated by the influence of the point sink created by the continually pumping drinking water well. It should be noted that the permeabilities of both the host rock and the overburden were selected to be relatively high in order not to overrate the performance of the repository. Formations selected for siting a DHBR will likely have lower permeabilities, leading to diffusion-dominated radionuclide transport with a smaller advective component than considered here.



The results shown in Figure 5 are similar to those discussed in [45], with a system behavior qualitatively between that of the nominal scenario and the high-vertical-gradient case, which is adjusted for the greater repository depth. The repository performance of this scenario serves as the reference against which the impact of a seismic event is evaluated. The role of the buffer and backfill, which is examined in the following subsection, is expected to play a greater role in this disruptive scenario than in the reference scenario.




3.2. Two-Fault Scenario with Well-Sealing Backfill


The seismic activation of two faults is assumed to lead to early canister failure and the advective transport of released radionuclides along the highly permeable fault cores and associated highly fractured damage zones into the overburden. As shown in Figure 6, 129I migration is initially faster along the fault on the right, as this fault is closer to the high pressures specified on the right of the saline formation. However, at later times, the contaminant front propagates farther upwards along the longer fault on the left, because it is connected to the highly permeable aquifer close to the atmospheric conditions at the land surface, whereas the shorter fault terminates within the comparably low-permeable overburden. The region within the host rock bounded by the two faults as well as the over- and underburden becomes a hydraulic stagnation zone. Radionuclides leave this region predominantly by diffusing from the host rock into the fault zones, which carry relatively uncontaminated brine from depth through the host rock to the overburden. In this scenario, the access hole is sealed, but it is surrounded by a DDZ with a 100-times higher permeability than the surrounding formation. No preferential transport along the curved section is noticeable at early times. At late times, the access hole is in contact with groundwater at elevated 129I activity. However, this contamination did not originate from the borehole, but is the result of lateral migration—by both advective and diffusive transport—away from the overpressured fault, which has a much greater contact area with the overburden than does the access hole. This effect transfers 129I from the overburden into the vertical access hole; only a small fraction of the overall radionuclide budget arrives at the aquifer via this pathway.




3.3. Two-Fault Scenario with Poorly-Sealing Backfill


The results from the main scenario of interest are visualized in Figure 7. Here, the backfill in the vertical and curved sections of the access hole as well as the horizontal waste disposal section is of relatively high permeability, i.e., it does not fulfill a hydraulic sealing function. As a result, radionuclides released from the breached waste canisters are displaced axially along the curved section, driven by the overpressure from the left fault intersecting the repository. This preferential flow and advective transport of 129I along the borehole is most evident after 10,000 years (see the first panel in Figure 7); it is also highlighted in Figure 8, which shows the early-time radionuclide transport from the disposal section along the curved and eventually vertical access hole, along with its radial penetration of the surrounding host rock and overburden.



The activity in the near field of the access hole has the shape of a curved cone, which is the result of diffusive losses of 129I from the borehole into the tight host rock. Once radionuclides enter the vertical section, radial fluid losses from the overpressured access hole into the higher-permeable overburden and associated advective removal of 129I supplement the diffusive losses. Consequently, the vertical flow velocity in the borehole reduces exponentially, and so does the 129I concentrations within the upwards-flowing water. After a very short flow distance within the vertical access hole, the axial flow rate and radionuclide concentrations within the vertical access hole are very small, and the vertical migration of 129I essentially ceases. This is a result of the fact that the cross-sectional area available for radial losses changes linearly as contaminated water flows up the access hole, whereas the circular area for transport along the axis of the borehole is both small and remains constant. This interpretation is consistent with a similar calculation of diffusive losses from a deep vertical borehole made with a cylindrical submodel [10].



However, these advective and diffusive rates of radial fluid and radionuclide losses become smaller with time, as pressure and concentration gradients decline. Moreover, as shown in Figure 7 and Figure 8, the overpressured fault pushes contaminated water toward the vertical access hole. Consequently, the radial transport of water and radionuclides away from the access hole decreases, and the process is eventually reversed at higher elevations, where contaminated water emanating from the fault enters the access hole. Furthermore, the top of the access hole is slightly underpressured due to the continuous pumping from the drinking water well. As a result, while decreasing in the lower parts of the access hole, the vertical fluid flow and radionuclide transport increase again in the upper parts once the 129I plumes migrating in the fault and overburden approach the aquifer.



It should be noted that this intricate temporal and spatial evolution of fluid flow and associated radionuclide transport in the access hole would not be predicted if a simple, separate submodel of the borehole and its surroundings were used to estimate the release of radionuclides to the aquifer. The pressure and concentration distributions strongly depend on the connections among the access hole, fault, overburden, aquifer, and drinking water well. The integrated modeling approach captures the associated feedback mechanisms, leading to a qualitatively different understanding and quantitatively different result compared to a cylindrical model of the access hole and the adjacent formation, specifically if the results of such a calculation were abstracted and introduced as source terms into a geosphere model.




3.4. One-Fault Scenario with Well-Sealing Backfill


A scenario in which a single, short fault intersects the disposal section can highlight the differences between a well-sealed and poorly sealed borehole. Placing the fault near the borehole’s dead-end maximizes the amount of contaminated groundwater that could be pushed toward the curved and vertical sections of the borehole. Moreover, the axial pressure gradient within the horizontal disposal section is higher than in the two-fault scenario, as the overpressure imposed by the first fault is not balanced by the overpressure in the second fault. As before, we make the conservative assumption that the overpressure from this fault persists for the entire duration of the simulation. Finally, the pressure as well as radionuclides are not readily dispersed into the overburden through the two faults; the poorly-sealing backfill is essentially the only preferential pathway for the advective transport of radionuclides.



Figure 9 shows the evolution of the 129I activity plume. Since the buffer in the disposal section and the backfill in the access hole fulfill their hydraulic sealing functions, no preferential fluid flow and radionuclide transport along the borehole occurs. However, the comparison with the reference scenario (see Figure 5) indicates that the overpressure transmitted by the fault leads to increased advective radionuclide transport even within the host rock; this is evident especially at late times, after radionuclide releases from the waste form have stopped, and a front emerges between uncontaminated brine and the displaced 129I plume. Moreover, site-scale changes in the pressure field lead to a displacement of the plume center to the left.




3.5. One-Fault Scenario with Poorly-Sealing Backfill


The transport pattern for the case of a poorly-sealing backfill is visualized in Figure 10. Since the short fault terminates within the low-permeability host rock, the overpressure transmitted from the saline formation through the fault is directed into the borehole, pushing contaminated groundwater along its axis toward the vertical access hole. Once it encounters the more permeable overburden, radionuclides are radially lost to the formation by both advective and diffusive transport. As described above, the axial flow of water is exponentially reduced along the flow direction, slowing the migration of contaminated water up the access hole. Even after 100,000 years, the contamination front has advanced only about half the distance from the top of the host rock to the bottom of the near-surface aquifer. After 500,000 years, the overall shape of the contaminant plume is again dominated by the transport processes in the geosphere, with no distinct pattern overprinted from the access hole. Some radionuclides do reach the aquifer through the poorly sealed access hole, mainly because the drawdown in the aquifer caused by the pumping well leads to an upwards head gradient within the borehole. However, the contribution to the total activity from the access hole is minor due to the very small cross-sectional area of the access hole, which only allows for a small leakage rate compared to the wells pumping rate.




3.6. Performance Comparison


The simulations discussed in the previous subsections demonstrate that a fraction of the radionuclides released from the waste canisters are transported along the curved and vertical sections of the access hole. However, only a small portion eventually reaches the near-surface aquifer. Recall that the purpose of this study is to examine whether this leakage fraction is significant, and if so, whether it is essential to backfill the borehole with a sealing material that will have sufficiently low permeability for periods far outside the range of engineering experience. These questions are answered by comparing the results obtained for the three studied scenarios: The nominal scenario and the fault-activation scenarios with a well-sealing and poorly-sealing backfill material. The performance metrics examined are the radionuclide flux at different locations along the migration pathway (see Figure 11) and the maximum annual dose of an individual exposed to contaminated groundwater (see Figure 12).



The dotted lines in Figure 11 indicate the rate at which radionuclides enter the bottom of the vertical access hole at a depth of −1200 m. We first consider the case where a disruptive seismic event reactivates two faults, causing early canister failure and providing an axial head gradient; the two-fault scenarios are shown in Figure 11a. If the borehole is sealed, no significant flow along the curved section occurs (green dotted line). However, if the borehole is only poorly sealed, radionuclides start entering the access hole relatively early (around 1000 years after repository closure) and reach a maximum rate of 10−4 pCi s−1 (blue dotted line).



The second point of interest is the activity flow rate from the vertical access hole into the near-surface aquifer, as shown by dash-dotted lines in Figure 11a. For both scenarios—with a well-sealing and poorly-sealing backfill material—the maximum outflow rate is about 6 × 10−3 pCi s−1, i.e., it is considerably higher than the inlet flow rates at the bottom of the access hole. This confirms that most of the radionuclides enter the slightly underpressured vertical access hole radially from the contaminated overburden rather than directly through preferential axial flow from the disposal section. The difference between the cases with a well-sealing and a poorly-sealing backfill are relatively small because the DDZ around the access hole (with a permeability two orders of magnitude higher than the geological formation) remains the dominant axial channel in this parallel-flow configuration.



Finally, the solid lines in Figure 11a show the 129I inflow into the drinking water well. For the nominal case, the peak rate of 5 × 10−2 pCi s−1 is about half the peak rates for the disruptive scenarios. Only about 6% of the 129I produced by the well entered the aquifer through the access hole and its surrounding DDZ, even if the borehole is not sealed and a seismic event occurred. The majority of the radionuclides enter the aquifer and the well through the faults and through the contact with the overburden. The outflow from the vertical access hole into the aquifer is dominated by the contribution from the overburden, which far exceeds the direct contribution from the repository through the curved borehole pathway.



The results from the one-fault scenario are shown in Figure 11b. Recall that the driving force in the one-fault scenario is considerably stronger than in the two-fault scenario, because the short fault terminates within the tight host rock. With the borehole being the only high-permeability pathway for pressure release, radionuclides leaking from breached canisters emplaced along the entire disposal section are persistently pushed along the backfilled borehole. They eventually enter the bottom of the vertical access hole, reaching a maximum rate of 5 × 10−4 pCi s−1 after 500,000 years if the backfill is sealing (blue dotted line in Figure 11b), and reaching close to 10−3 pCi s−1 after 30,000 years if the backfill is poorly-sealing (orange dotted line in Figure 11b). As expected, radionuclides migrating along the poorly sealed access hole are the first to reach the aquifer (orange dashed-dotted line); they are also the main contributor to the 129I activity rate at the drinking water well (orange solid line) up to about 200,000 years. However, at this time, the rate of 10−3 pCi s−1 is very small, almost two orders of magnitude lower than the maximum rate at the well of 10−1 pCi s−1 encountered after 1.4 million years. For both the well-sealing and poorly-sealing cases, radionuclides migrating along the access hole contribute about 20% to the total activity rate in the well.



The ultimate performance measure is the annual radiological peak dose to which an individual living at the repository site is exposed. As shown in Figure 12a, the peak dose for the nominal scenario occurs after 1.5 million years and is estimated to be 1.3 × 10−4 mSv yr−1, which is about half the peak exposure rates of 2.3 × 10−4 mSv yr−1 for the two-fault scenarios, realized after 0.5 million years. This difference between the nominal and disruptive scenarios reveals the impact that the seismic event and associated fault reactivation has on repository performance. As discussed in more detail in [45,46], a high-permeable fault triggers a faster, advective migration of radionuclides from the repository to the accessible environment, but at the same time, it leads to greater spatial and temporal dispersion of the contaminants over the geosphere, thus reducing the maximum concentrations within the plume and the peak concentration of the broadened breakthrough curve. Consequently, the larger dispersion dampens the detrimental impact that preferential flow along the fault zones would otherwise have.



The differences between the well-sealing and poorly-sealing backfill cases are insignificant, because only a small percentage of the radionuclides arriving at the drinking water well have traveled through the access hole, and these rates are dominated by radial 129I inflows from the overburden into the DDZ of the upper parts of the access hole rather than axial transport along the borehole from the disposal section to the aquifer. Backfilling the borehole is likely to have a greater impact on repository performance if it could be demonstrated that it also effectively seals the DDZ. The assumption that the borehole is surrounded by a highly permeable DDZ that persists over the entire simulation time is considered conservative regarding the calculated exposure dose but may have led to an underestimation of the benefits of sealing the access hole.



The exposure dose from the one-fault scenario is shown in Figure 12b. While the case with a poorly-sealing backfill leads to an earlier arrival of radionuclides, the peak dose value is not affected by the backfill properties and is only slightly higher than that of the nominal scenario. Unlike in the two-fault scenario, the peak dose also occurs at about the same time as in the nominal scenario. This indicates that the changes in the dose curves seen for the two-fault scenario are dominated by the faults rather than the backfill properties of the access hole; the short fault terminating in the host rock has no such impact on the overall dispersion of the bulk of the radionuclide plume.





4. Summary and Concluding Remarks


The concept of waste disposal in deep horizontal boreholes consists of a system of multiple engineered and natural barriers. In this system, the main engineered components are the waste form itself and the canisters. Conversely, in a relatively shallow mined repository, considerable safety functions must be assigned to the buffer surrounding the canisters, which is expected to chemically and mechanically protect the waste packages and to retard the migration of radionuclides once they are released from the breached canisters. A borehole repository does not afford the space necessary to hold a buffer sufficiently thick to make it an effective barrier, and its emplacement is challenging. Therefore, only backfills with a limited hydraulic sealing function are considered, including a bounding case of a highly permeable backfill.



The greater depth and the larger length-to-diameter aspect ratio of the access borehole in a DHBR both contribute to considerably improved passive repository safety. In particular, the great depth reachable by boreholes allows the repository to be separated from the drinking water aquifer and places it in a hydrogeological environment that has been isolated from near-surface impacts for a very long time. Each individual borehole terminates in a dead-end within the tight host formation, limiting the amount of water that can enter the borehole. This linear arrangement also disallows fluid circulation within an extensive network of access and deposition tunnels. Should the sealing of an access borehole be compromised, only the radionuclides from a fraction of a single disposal section may migrate toward the vertical access hole. For such axial flow and transport to occur, a properly oriented head gradient must exist, and a water-conducting feature needs to intersect the repository, which is capable of supplying sufficient and sustained fluid flow into the disposal section. Only the radionuclides released from canisters placed between this inflow point and the curved section of the access hole would be mobilized. Moreover, the waste disposal section is spatially separated from the vertical access hole. Vertical buoyancy forces generated during the thermal period are not aligned with the horizontal orientation of the disposal section where they are created, and they are spatially removed from the vertical access hole. Therefore, driving forces from thermal effects are insignificant in a horizontal borehole repository.



These design features suggest that borehole sealing may not be of great relevance for the performance of a DHBR. This premise has been examined by devising scenarios that promote axial flow along the borehole, potentially carrying radionuclides from the disposal section to the accessible environment at high rates or high concentrations. The examined scenarios are very unlikely or perhaps even unrealistic but were chosen to create conditions that circumvent the inherent safety features of the borehole repository design. Reactivated faults were introduced to supply ample water into the disposal section at elevated pressures, generating a sustained axial head gradient. The backfill material is considered degraded or otherwise of high permeability, providing little resistance to fluid flow and the advective transport of radionuclides, which are released from canisters assumed to have failed during the seismic event. All flow and transport processes have been calculated in an integrated numerical model that accounts for interactions and feedbacks among the various engineered and natural components of a geologic repository system.



Our modeling indicates that the addition of a backfill with low permeability in a DHBR does not significantly improve safety, even in situations in which the underburden is overpressured and one or two earthquake faults intersect the disposal section to drive contaminated fluid toward the access hole. Foremost, the calculated peak exposure dose is far below an assumed dose standard of 0.1 mSv yr−1, despite making cautious assumptions about most aspects of the repository system [46], specifically its position above an overpressured saline formation. The seismic scenarios with two faults lead to slightly higher dose rates than the reference scenario because of (1) the assumption of early canister failure and (2) the generation of a pathway for preferential fluid flow and radionuclide transport from the repository to the aquifer through reactivated fault zones. Furthermore, the two-fault configuration allowed radionuclides to be pushed axially along the disposal section toward one of the faults as well as into the access hole. The scenario with a single, short fault that intersects the repository but terminates in the tight host rock supplies the strongest axial push and displacement of contaminated groundwater along the access hole. However, the large ratio of the cylindrical to the cross-sectional areas of the borehole leads to advective and diffusive losses of radionuclides into the overburden, drastically reducing the axial rate of fluid flow and radionuclide transport with increasing upwards migration distance.



The cases with and without a sealing backfill yield essentially identical peak doses, because only a small fraction of the radionuclides produced by the drinking water well enter the aquifer through the access hole, whereas the majority enters through the fault and the contact area with the overburden, which is substantially larger than the cross-sectional area of the access hole. Moreover, the radionuclides found in the upper parts of the slightly underpressured access hole were drawn from the surrounding overburden having low contaminant concentrations rather than originating directly from the disposal section. The negligible impact of the borehole backfill may also partly be due to the assumption that a highly permeable DDZ exists throughout the simulation period. Should the DDZ heal with time, the relative benefit of borehole sealing would be more pronounced.



The small impact of borehole backfill on exposure dose suggests that the role of the access hole as a preferential leakage pathway for radionuclides from the repository to the accessible environment is considerably less important than anticipated, which is a conclusion supported by other studies of borehole leakage in the context of nuclear waste isolation. The main reason for its limited impact is the geometrical fact that the borehole’s cross-sectional area is extremely small in comparison to the areas and very large volumes of the geosphere into which radionuclides can diffuse, specifically if the repository is located at great depth. Axial transport along the access hole may only become relevant if it is advective with a very large flow rate. Such flow rates are unlikely to develop given that the disposal section of the repository is embedded in a host rock of very low permeability and that the borehole terminates in a dead-end within this tight formation, preventing any persistent throughflow of fluids. Moreover, a strong and persistent driving force would need to be present and appropriately oriented. Finally, the specific features and conditions that could enable considerable axial flow rates would need to persist over very long time frames.



The sealing of boreholes for the protection of freshwater aquifers is required by existing regulations in many nations. Following standard practice, hydraulic feed or thief zones identified during drilling and borehole logging may be plugged, and the borehole’s DDZ may be grouted at certain intervals. According to [33], boreholes and their associated DDZs can be effectively sealed, whereas the long-term sealing effectiveness of large emplacement tunnels and access structures and their extensive EDZs is very difficult to assess.



This paper examines the consequences of an earthquake for the components of a horizontal borehole repository that behave differently from deep vertical boreholes or shallower mined repositories. It shows that the geosphere and its interaction with a small-diameter borehole lead to a robust barrier system for waste containment, even under an unlikely disruptive scenario in which readily identifiable hazards (such as major faults and seismic risks) are assumed to be overlooked during site selection, and that engineering components (canisters and borehole seals and backfill) fail to perform as expected.



Sealing and backfilling the access borehole is straightforward and sensible. However, the long-term effectiveness of borehole sealing is difficult to assess or predict. Therefore, it is reassuring that—due to (a) the passive safety afforded by its design, (b) the effectiveness of diffusive and advective losses into the overburden, caused by the high length-to-diameter aspect ratio of the borehole, and (c) the small cross-section of the borehole in comparison to the repository footprint—a deep horizontal borehole repository does not need to rely on the long-term integrity of its seals and backfill material.



Ultimately, repository safety depends on judicious site selection based on the comprehensive characterization of geological and hydrological properties and conditions, and the achievement of project execution standards. Understanding the relevant conditions that jeopardize containment requires careful evaluation and analysis. The acquisition of high-quality subsurface data will be necessary to inform the risk and safety expectations. It will be important to develop criteria to rate containment risk and differentiate opportunities for inherent repository safety from poor choices. It is within this context that the work presented in this paper provides insights into the performance and safety functions of the vertical access hole seals in a deep horizontal borehole repository.




5. Patents


The basic approach is patented by Deep Isolation, Inc.: U.S. patent 10,002,683 B2.
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Figure 1. Schematic of a deep horizontal drillhole repository (not to scale) with vertical access hole, gradually turning horizontal. The near-horizontal waste disposal section holds the canisters. A repository may consist of multiple drillholes; the red-shaded box indicates a symmetry cell. 
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Figure 2. System components and processes represented in an integrated thermal–hydrological model of deep horizontal borehole repository. 






Figure 2. System components and processes represented in an integrated thermal–hydrological model of deep horizontal borehole repository.



[image: Energies 14 00091 g002]







[image: Energies 14 00091 g003 550] 





Figure 3. Computational grid: (top) excerpt of the radial–axial grid of the near-field model, which follows the trajectory of the directionally drilled borehole and is embedded in the three-dimensional Voronoi grid of the geosphere model (bottom). A total of 153 waste canisters are individually represented in the sub-horizontal disposal section, which is at a depth of 1.5 km. A detailed description of the grid can be found in [46]. 
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Figure 4. Porosity distribution within modeled symmetry cell, showing hydrostratigraphy and location and extent of (a) two faults and (b) one fault intersecting the sub-horizontal disposal section of the borehole repository. Note that the actual model domain extends in the X-direction from −2200 to 3550 m. Applying symmetric boundary conditions at the X-Z planes is equivalent to the assumption of an infinite number of wells spaced 100 m apart in the Y-direction. 
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Figure 5. Distribution of 129I activity at different times for reference scenario. The drinking-water well is indicated by the narrow vertical line that extends from the surface to 200 m depth. 
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Figure 6. Distribution of 129I activity at different times for a two-fault scenario with well-sealing backfill. 
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Figure 7. Distribution of 129I activity at different times for two-fault scenario with poorly-sealing backfill. 






Figure 7. Distribution of 129I activity at different times for two-fault scenario with poorly-sealing backfill.



[image: Energies 14 00091 g007]







[image: Energies 14 00091 g008 550] 





Figure 8. Distribution of 129I activity at different times near access borehole for disruptive scenario with poorly-sealing backfill. Note that the vertical scale ends 1 km below the surface. Diffusive and advective losses from the access hole to the surrounding rock formations result in very small fluid flow and radionuclide-transport rates in the upper reaches of the access hole. 
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Figure 9. Distribution of 129I activity at different times for one-fault scenario with well-sealing backfill. 
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Figure 10. Distribution of 129I activity at different times for one-fault scenario with poorly-sealing backfill. 
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Figure 11. 129I activity flow rates along vertical access hole with sealing and poorly-sealing backfill for (a) reference and two-fault scenario, and (b) one-fault scenario. 
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Figure 12. Annual exposure dose with well-sealing and poorly-sealing backfill for (a) reference and two-fault scenarios, and (b) one fault scenario. 
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Table 1. Permeabilities defining the differences between reference and disruptive scenarios.
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Parameter

	
Reference Scenario

	
Fault Reactivation Scenario




	
Well-Sealing Backfill

	
Poorly-Sealing Backfill






	
horizontal/axial 1 permeability (m2) 2




	
Aquifer

	
1 × 10−12

	
1 × 10−12

	
1 × 10−12




	
Host rock

	
1 × 10−17

	
1 × 10−17

	
1 × 10−17




	
Overburden

	
1 × 10−14

	
1 × 10−14

	
1 × 10−14




	
Underburden

	
3 × 10−16

	
3 × 10−16

	
3 × 10−16




	
Buffer 3

	
1 × 10−16

	
1 × 10−16

	
1 × 10−13




	
Plug

	
1 × 10−16

	
1 × 10−16

	
1 × 10−13




	
Backfill

	
1 × 10−15

	
1 × 10−15

	
1 × 10−13




	
transmissivity (m2 s−1)




	
Fault core

	
n/a

	
5 × 10−5

	
5 × 10−5








1 Vertical and radial permeabilities are one order of magnitude smaller than the horizontal and axial permeabilities of the formation; the axial and radial permeabilities of the drilling disturbed zones (DDZs) around the borehole are two orders of magnitude higher than the horizontal and vertical permeabilities of the formations intersected by the borehole. 2 A permeability of 10−12 m2 corresponds to 1 darcy or a saturated hydraulic conductivity of 10−5 m/s. 3 The buffer is material surrounding the waste canisters fulfilling specific barrier functions. Multiple buffer materials have been proposed. Portland cement has an approximate permeability of 10−16 m2.
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Table 2. Main geological zones and associated borehole sealing issues.
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	Zone
	Main Characteristics
	Borehole Sealing Issues





	1
	Near-Surface Critical Zone: Section impacted by the regional hydrologic cycle; contains both fresh and brackish aquifers. Generally isolated from deeper fluids. Water flows tend to be influenced by topography, lateral on a regional scale, driven by gravity, fluid pressures, available pathways, formation characteristics, and water supply. Gas pressure near atmospheric. Contaminants in this zone likely to reach the biosphere, with concentrations strongly influenced by mixing and bio-geochemical reactions.
	Operational design, abandonment, and sealing practices of wells penetrating the critical zone are highly regulated to ensure effective isolation from deeper circulation systems. Cemented casing is required; bentonite seals are proven effective for zonal isolation, preventing lateral, upward, and crossflow of contaminated water. Engineering solutions to long-term sealing issues strongly depend on local hydraulic and chemical conditions.



	2
	Overburden: The formations below the critical zone and above the repository host rock. The overburden’s site-specific composition and efficacy as a natural seal varies widely, ranging from highly effective seals (salts, evaporites, shales) to high porosity and high permeability sands, which may function as storage volumes for contaminants if capped by an effective seal.
	Wellbore integrity may be compromised by overpressured fluids in this zone. The direct prevention or remediation of undesired flows is the main purpose of well casing systems. Highly pressurized units present drilling and stability challenges when targeting deeper resources; however, a pressurized overburden may effectively prevent upward flow of fluids and contaminants from the host rock.



	3
	Host Rock: The target interval of the repository; a formation, member, unit or layer with rock properties and conditions (pressure, critical stress, geochemistry, flow rates) suitable to meeting repository performance criteria.
	Borehole sealing is part of the engineered barrier system, to be implemented and relied upon depending on the efficacy of the host rock and entire repository system to isolate the waste from the accessible environment.



	4
	Underburden: The geological section below the host rock. May affect vertical and regional head gradient and may provide lateral migration pathways. Upward flow from underburden requires a pathway (e.g., fault rupture) and major driving force.
	Access and disposal sections of the repository boreholes do not penetrate underburden. Characterization boreholes and exploration or injection/production wells may reach the underburden, potentially creating preferential upward or downward flow paths depending on relative pressure conditions.
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