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ABSTRACT

This document summarizes the key processes (thermal, hydrological, mechanical, and chemical; THMC)
impacting the features of a deep geological repository for radioactive waste in salt. Some processes are
natural and on-going whether the repository is there or not, and other processes are driven by the pertur-
bation associated with the repository. The features considered here include both engineered and natural
components of the repository system. The engineered barrier system (EBS) in a salt repository is quite
different from those implemented for a repository in clay or crystalline rocks, because it is comprised
mostly of granular salt and salt-compatible cements, rather than bentonite.

When compared to other rocks (i.e., silicates), salt has unique properties that make it an excellent poten-
tial host rock. Openings and fractures in salt creep closed readily. Salt has high thermal conductivity,
which can reduce peak temperatures. Additionally, far away from the excavations the porosity of salt
is unconnected, which leads to essentially zero advective or diffusive transport. The small amount of
hypersaline brine occurring in salt minimizes microbial activity, reduces colloid-assisted transport, and
eliminates in-package criticality (i.e., chloride is a neutron poison).

Atthe end of the report, we present a brief outline for a potential salt repository, including considerations
avoided in previous repository disposal concepts. We propose considering higher-temperature processes
in future disposal concepts, rather than trying to minimize the thermal perturbation of the repository.
Since hot saltis drier, a dry repository would limit corrosion, gas generation, and solute transport. Open-
ings and fractures creep shut faster in hot salt. Therefore, higher temperatures could be seen as beneficial,
rather than something to minimize, through increased spacing between waste packages (increasing repos-
itory costs).
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1. INTRODUCTION

This report presents relevant features and processes in a deep geological repository for disposal of heat-
generating radioactive waste in salt, from the point of view of coupled process models and performance
assessment (PA) models, finishing with aspects of an updated salt disposal concept. This report is an
update of the 2019 report “Processes in Salt Repositories” [130], updated with research and development
funded over the last 5 years by the US Department of Energy (DOE) Office of Nuclear Energy (DOE-NE)
Spent Fuel and Waste Science and Technology Program under the Salt Disposal Research and Develop-
ment work package. This recent work includes the Brine Availability Test in Salt (BATS) heater test at
the Waste Isolation Pilot Plant (WIPP) [141, 139, 140], the 2020-2023 Phase of Development of Coupled
Models and their Validation against Experiments (DECOVALEX) Task E [131, 133], and the international
projects KOMPASS (on granular salt reconsolidation [so, 79]) and RANGERS (on engineered barrier
systems — EBS [239, 240]).

Geologic salt is widely considered a potential host medium for radioactive waste disposal, since 1955 when
the US Atomic Energy Commission convened a National Academies of Sciences expert panel to recom-
mend best practices for radioactive waste disposal from US nuclear weapon production and the grow-
ing US nuclear power industry [101]. Multiple viable deposits of bedded and domal salt exist in the US
[120,196] and around the world [81]. US heat-generating radioactive waste is mostly spent fuel assemblies
from power reactors and solidified high-level waste from defense activities comprised of liquid reprocess-
ing waste that either has or eventually will be turned into vitrified glass logs [244]. Permanent geologic
disposal of solid radioactive wastes may involve placing waste packages or canisters into horizontal bore-
holes starting from, or laid directly on the floor of, rooms mined into stable geologic salt deposits. The
disposal rooms will be completed with granular salt backfill and salt-compatible cement seals (e.g., Sorel
cements). Differing from common designs for crystalline and argillite host rock repositories for heat-
generating waste, salt repositories do not rely on imported bentonite for backfilling, sealing, and closing
drifts. Salt repositories can use native granular salt for backfilling and long-term sealing.

The WIPP is an operating, licensed deep geologic repository for transuranic defense waste in bedded salt
in southeastern New Mexico, operated by the DOE Office of Environmental Management (DOE-EM).
This report discusses conditions relevant to a hypothetical future repository for spent fuel and high-level
(i.e., heat-generating) radioactive waste relevant to DOE-NE, but data and knowledge gained from WIPP
and other non-disposal salt facilities (e.g., salt caverns or salt mines) are also valuable towards this goal.

Salt is considered a viable candidate medium for deep geological disposal of radioactive waste [95] be-
cause:

¢ salt has high thermal conductivity for a geologic material (= 5 to 6 W/(m - K));

* salt far from excavations has ultra-low porosity (< 0.1%) that is largely unconnected, resulting in
vanishingly small permeability (<< 1072° m?) and effective diffusion coefficient (— 0 m?/s);
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* salthas no regional groundwater flowing through it (as demonstrated by its geological stability over
millions of years, despite its high solubility);

* hyper-saline brines are biologically simple [183] and have reduced colloid mobility [157, 14];
* high chloride concentrations in brines eliminate risk of in-package criticality [97, 42];

* salt can be mined easily and cheaply with a continuous miner (i.e., no drill-and-blast needed) and
unprocessed mined salt (i.e., run-of-mine material) is an excellent backfill; and

* fractures and damage around excavations, as well as open pores in granular salt backfill, will even-
tually close and heal to the same favorable properties as undisturbed salt.

The last ten years have seen significant international work on salt disposal research, much of it presented
at the annual meetings of the US/German Workshop on Salt Repository Research, Design & Operation
[165, 32, 92], which has been a key forum to discuss many of the projects and studies mentioned in this
report.

Itis of central importance to understand and predict the availability of brine in salt surrounding radioac-
tive waste [136, 143, 129, 135]. The availability of brine to excavations in salt is a function of the initial
distribution of the different types of water in salt, and the distribution of damage around the excavation
that provides the connected porosity and permeability allowing vapor and liquid brine to move. The
amount and movement of brine is important in a salt repository because brine is required for:

* waste package (i.e., metal) corrosion;
* waste form (i.c., oxides or glasses) corrosion and radionuclide mobilization;

¢ liquid-phase transport of radionuclides away from the repository (gas phase transport is often ne-

glected); and
* most gas generation processes, which can pressurize brine and drive releases.

The BATS field test was a heater-test experiment (2018—-2025) located in horizontal boreholes at WIPP,
funded by DOE-NE. The field tests were designed with previous experiments on heated salt in mind [144,
136, 128, 143, 142]. BATS included a shakedown phase [85], a BATS 1 phase where heated and unheated
arrays of horizontal boreholes were drilled and monitored during multiple heating and tracer experiments
[140], and a BAT' 2 phase where a new heated array was drilled and monitored during repeated heater
tests [139, 141]. The tests were designed and analyzed by Sandia, Los Alamos, and Lawrence Berkeley
National Laboratories and were implemented through the WIPP Test Coordination Office (funded by
DOE-EM). Temperatures, acoustic emissions, electrical resistivity tomography, fiber optic distributed
sensing (temperature and strain), and gas stream composition (both isotopic and species) were monitored
during heating, cooling, and tracer addition. These data are described in the above listed reports and
several conference and journal papers [69, 280, 40], and were used in tasks for DECOVALEX-2023 and
DECOVALEX-2027.

In DECOVALEX-2023 Task E (2020-2023) and DECOVALEX-2027 task BATS II (2024-2027), mod-
eling teams from the US (Sandia, Los Alamos and Lawrence Berkeley National Laboratories), Germany
(Bundesanstalt fiir Geowissenschaften und Rohstofte - BGR and Gesellschaft fiir Anlagen- und Reak-
torsicherheit — GRS), The Netherlands (Centrale Organisatie Voor Radioactief Afval - COVRA), and
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The United Kingdom (Radioactive Waste Management - RWM and Quintessa Limited) participated in
a range of comparisons between observations and numerical models [133, 131].

KOMPASS-T and KOMPASS-II were the first two parts (started in 2018) of an on-going multi-lateral
collaboration (now called MEASURES, starting in 2025), led by GRS, on the topic of granular salt re-
consolidation [so, 79]. The project includes laboratory granular salt reconsolidation experiments seeking
to standardize and systematically consider the effects that testing conditions have on the salt reconsol-
idation process. The laboratory components are balanced by both micro-structural investigations into
crystal-scale deformation mechanisms and macroscale (cm- to m-scale) numerical modeling of lab recon-
solidation tests.

R ANGERS was a bi-lateral collaborative project between Sandia National Laboratories and BGE TEC
(2020-2024) that demonstrated methodologies and modeling for performance assessment (PA) and in-
tegrity evaluation of the EBS in a salt repository system [239, 240].

The next chapters discuss the features of a repository, the types and distribution of brine in salt, and
the processes to be included in either process and PA models for a heat generating waste repository in
salt. Typically a process would first be included in a process model to understand it and test its impacts
on model predictions, then later could be included in PA models if deemed critical. Since PA models
may serve multiple uses during their lifetimes (i.e., optimization, re-design, consideration of new waste
streams), the number of simplifying conservatisms should be kept to a minimum. What is conservative
for one purpose may not be conservative for a new purpose.

7
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2. SALT REPOSITORY FEATURES AND PROCESSES

The general nature of thermal, hydrological, mechanical, and chemical (THMC) processes in salt has been
known since the late 1950s [101, 235, 214], but the details regarding implementation and constitutive laws
have only been well-understood and confirmed since large-scale heated brine migration field and labora-
tory tests in the 1980s at Asse in Germany, WIPP in New Mexico, and Avery Island in Louisiana [237, 86].
Numerical modeling the web of subsurface coupled processes (Figure 2-1) is an active area of research in
repository science [267, 266, 268, 289, 269], reservoir geomechanics [297], carbon sequestration [65], and
hydrogen storage [1], among other earth science fields, leading to the development of generic modeling
tools for numerical simulation of coupled processes.

Solubility, Dissolution Constant Rate Fluid Inclusions Migration (Soret Effec

Solution Heat

Thermal Chemical
T C

Non linear
Fourier's Law

Generalized

Porosity /
Permeability

Figure 2-1. lllustration of THMC couplings in salt [47].

At proposed mined repository depths (< 1 km depth) and thermal loads (< 10 W to a few kW per
canister [244]) THMC processes in salt become close to egually important and tightly coupled with one
another, often including non-linear temperature, stress, or moisture dependencies to constitutive behav-
iors. Except under special experimental designs or restrictive circumstances, we usually cannot predict in
isolation a single process from a THMC experiment in salt. The thermal-mechanical (TM) problem in
salt is characterized by the strong dependence of mechanical properties on temperature; faster creep at
elevated temperature. The thermal-hydrological-mechanical (THM) problem in salt (Figure 2-1) is char-
acterized by strong dependence of salt’s hydraulic properties on mechanical deformation, thermomigra-
tion of fluid inclusions, pressure solution of brine films on salt crystals and grains [250, 108], the effect of
pore pressure on stress, and the differential thermal expansion of salt and brine. Chemical effects further
complicate the THMC representation, with additional coupling due to the rapid precipitation and dis-
solution of salt in the pore space, the different mechanical behavior of salt when including even a small
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amount of moisture (i.e., the Joffe effect [271, 272]), and including possible creation of heat pipes around
heat sources in granular salt.

In this report we neglect biological effects, since they would be slight for a salt repository, where the ac-
tivity of water is usually < 0.75, making it difficult to maintain all but halophile life [183].

2.1. FEPs and Models

In a post-closure safety case for a deep geologic repository, the aim is not to predict the future, or even
identify everything the future could hold, but rather to provide confidence all credible futures will be safe
[134]. The safety case is the integration of arguments and evidence that describe, quantify, and substanti-
ate safety, and the level of confidence in safety for a deep geological repository [111]. PA is a key component
of the safety case, but natural analogues also provide an important line of independent evidence to sup-
port claims regarding the long-term geological stability and viability of salt [182].

Exhaustive databases of features, events, and processes (FEPs) relevant to deep geological repositories
have already been assembled and are maintained by the Nuclear Energy Agency [184]. Features are the
logical components of a repository system (Figure 2-2). Events and processes are things that can happen
to features, either discretely (events) or continuously (processes). Features are connected by processes
and events to other features and likewise events and processes are connected through the features they act
upon; this can be visualized as a “FEP matrix” [77]. This report is primarily about processes (rather than
events), and how they apply to features of the repository disposal system.

Engineered Barrier System (EBS) Natural Barrier / Geosphere Biosphere

Waste Backfill & EDZ EdzZ Intact Surface
Package Seals Host Rock or Well
Disposal Drift Salt Deposit Other Formations
Source Near Field Far Field Receptor

Figure 2-2. High-level features and conceptual regions of a salt repository system from source (left) to
receptor (right) [77]. EDZ and EdZ are introduced in detail in Section 4.

Starting from a comprehensive international list, FEPs are either included or excluded based on the host
rock, disposal site, disposal concept, and waste form. All FEPs that are included in (i.e., “screened into”)
a safety case must be represented somehow in the PA, either as part of the base scenario (i.e., the nomi-
nal case) or as a variant scenario, where a feature providing a key safety function fails early or otherwise
behaves in an off-nominal way [134].

In the context of a repository safety case, a “process model” is any numerical, conceptual, or mathematical
model that simulates the impact of one or more processes occurring in the features that comprise engi-
neered or natural components of a repository system. In the near-field of a salt repository, these processes
include [143]:

20



* brine, gas, and heat flow;
¢ advective and diffusive transport of solutes including radionuclides;
* gas generation (which may increase gas pressure, driving fluid advection);

* chemical reaction like waste package corrosion, waste form dissolution, sorption and reaction of
solutes with solid phases, and mineral precipitation and dissolution;

* mechanical deformation of non-salt backfills, cementitious materials, and waste packages; and
* clasto-visco-plastic deformation of the intact and granular salt surrounding the excavation.

Process models may be developed for stand-alone simulations aimed at testing understanding, justifying
parameterizations, or screening out processes. Process models may also be further matured and developed
for incorporation into PA models, the goal of which is to assess the consequence associated with transport
radionuclides from the repository to the biosphere or to the accessible environment (Figure 2-2).

Process models can be used to simulate processes occurring on features across a wide range of time and
space scales, but are often validated against data collected under field and lab conditions where things are
changing fastest (similar to early time after waste emplacement) and have the steepest gradients (in and
immediately around the disposal drift — Figure 2-2). Challenges of scale arise when integrating process
models into PA simulations due the coupling between far-field transport processes occurring over long
time (thousands to millions of years) and distance (kilometers) scales and near-field processes occurring
over short time (up to hundreds of years) and distance (up to meters) scales. Sometimes processes at
the lab scale are different from those at the repository scale requiring careful extrapolation (e.g., granular
salt reconsolidation, § 4.2.1.1-non-Darcy flow, § 4.4.4—metal corrosion, or § 4.3.3—creep at low deviatoric
stresses). Because PA simulations often include Monte Carlo uncertainty analysis, the need for compu-
tational efficiency creates an additional challenge, which may be addressed by using coarser numerical
model meshes, simplified physics, or even look-up-tables, compared to a stand-alone “full resolution”
process models.

Stand-alone process models that predict in-drift evolution of the system during pre-closure and early post-
closure times may also be used to predict initial conditions for simplified PA models. Process models may
also be used to “screen out” some physical processes from PA models as inconsequential with respect to
the consequences of radionuclide release and transport to the biosphere.

2.2 Repository System Disturbances

Processes are continuously occurring in the natural and repository systems, while events are discrete in
time. Even continuous processes are primarily driven by perturbations associated with the engineered fea-
tures of the repository system (i.c., the system was largely quiet before repository construction). Reposi-
tory design, simulation, and optimization requires understanding, accommodating, and minimizing dis-
turbances to the extent possible. For a salt repository, perturbations include:

* thermal disturbance, peaking during the first = 1, 000 years due to waste decay heat;

* hydrological disturbance during pre-closure due to depressurizing the excavation and removing
water from the host rock via mine ventilation (less extensive in salt);
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* gas pressure disturbance due to gas generation in later post-closure (less in a dry system);

* mechanical disturbance from mined openings in pre-closure and early post-closure (salt heals nat-

urally);
* microbial disturbances brought into the repository during operational period (much less in salt);

* reduction potential (i.c., redox state) associated with the operational period (system will rapidly
become anoxic after closure);

* radioactivity effects (@, B8, v) from radioactive waste (largely confined within waste packages);

* chemical, hydrological, and mechanical disturbances due to incidental man-made infrastructure
in repository (e.g., ground control, tunnel lining, cables); and

* chemical, hydrological, and mechanical disturbances associated with drift and shaft seals, backfill,
and other intentional engineered barrier components (partially made from salt in a salt repository).

These perturbations illustrates the long-term process disturbances associated with the features a salt repos-
itory are somewhat smaller than a similar deep geological repository in other rock types. The thermal
perturbation could be interpreted to be positive, rather than a liability. Hotter salt repositories (with
larger or more closely spaced waste packages) may present more benefits to long-term containment than
a cooler repository with a larger footprint. A cooler repository with a larger footprint would likely be
more expensive to create and seal than a hotter repository with a smaller footprint.

The repository is designed and built to ensure post-closure safety, but its design will also be subject to the
constraints of pre-closure worker safety and costs associated with construction.

2.3. Engineered Barrier System in Salt Repositories

The engineered barrier system (EBS) includes the human-made or at least human-altered features of the
repository (Figure 2-2). The EBS, unlike the natural barrier (i.e., geosphere) and biosphere features, can
be designed and optimized to improve the performance, cost, or robustness of the overall repository sys-
tem. Salt-based repositories are designed with different EBS components than most other repository
designs in crystalline or argillite rocks, which use bentonite clay to seal and backfill around waste pack-
ages. Salt repositories typically use granular salt for backfill, often called “run-of-mine” salt or “crushed
salt” produced from standard mining of drifts (not specifically crushed after mining, but sometimes very
large particles are removed). This incorporates the simple use of material sourced from the excavation
process, rather than importing large amounts of material from elsewhere, while simultaneously needing
to dispose of the material mined out to make the excavations. The direct use of mined salt for backfill is
already a large optimization and cost-savings measure over repository designs that rely on other imported
materials, such as bentonite.

A consequence of the large differences between the EBS in a salt repository from the EBS in a crystalline
or argillite repository, is that salt-repository specific backfills and cements are specialized and are an on-
going subject of research in the salt repository community. Bentonite has seen more use, experience, and
research in the oil and gas and construction industries, than more specialized salt EBS components.
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The international KOMPASS projects (KOMPASS-I, KOMPASS-II, and MEASURES) have been in-
vestigating aspects of the reconsolidation of granular salt, including the execution of laboratory tests,
used to calibrate numerical models to predict granular salt reconsolidation in a repository [so, 79]. The
RANGERS project developed and simulated THMC behavior of the EBS for salt a salt repository [239,
240, 238]. The international RANGERS project produced a State-of-the-Art report [238], summariz-
ing the current state practices used in different countries and discussing key findings from several recent
relevant projects on the topic of EBS.

Plain run-of-mine granular salt, without additions, is conceptually very simple to implement and will
achieve low permeability upon reconsolidation [96]. The factors affecting the precise time it takes to
achieve full reconsolidation include: water content, stress state, grain size, and temperature. Laboratory
tests can reconsolidate granular salt with moisture at elevated temperatures in days to weeks. The recon-
solidation process, under conditions expected in a repository, can vary from tens to hundreds of years,
depending on the conditions.

Investigations have been made into different additives to include in granular salt (e.g., bentonite or at-
tapulgite), to reduce the initial high permeability of the granular material in drift seals at emplacement
(Figure 2-3), to buffer the brine chemistry (e.g., MgO at WIPP [62]), or to increase the long-term sorption
properties of the backfill [33]. However, too many additives in granular salt backfill may end up hinder-
ing the reconsolidation process, increase the late-time permeability after reconsolidation, or reduce its
thermal conductivity (thermal conductivity of clay is lower than salt). Any potential benefits of additives
should be balanced against their additional financial costs, operational complexity, and possible reduced
performance after reconsolidation.

Shaft Seal System

Bitumen-Filled
Gravel

Granular Salt +
Clay Mixture

Bentonite

Salt-Filled
Gravel Column

Sorel Concrete

: Sealing Elements /
Drift Seal System Abotmsmte OF

Sorel (MgO) Concrete
Figure 2-3. EBS components (drift and shaft seals) from RANGERS [239].

Because granular salt backfill is = 30 to 40% porosity at emplacement, cementitious seals or abutments
can be emplaced on one or either end of the granular salt backfill in drifts to provide low-permeability seal
properties immediately at emplacement [239]. The cementitious seals and abutments only need to pro-
vide sealing function until the granular salt has reconsolidated to low enough porosity and permeability
to take over the sealing function, expected to happen over a few hundred years.

Cementitious seals in a salt repository are necessarily different from those in non-saline systems [124].
Repository designs in other disposal media (e.g., argillite or crystalline rocks) tend to minimize cement
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usage, because it can locally create hyper-alkaline brines that can degrade some minerals in the host rock
or bentonite backfill and adversely impact actinide solubility and mobility [288]. In salt repositories these
geochemical issues are less of a concern because there is less water, and the granular salt backfill and host
rock are less susceptible to change at high pH. Additionally, low-pH cements using fly ash or other alter-
natives are also possible. The chloride associated with halite and hypersaline brine will degrade ordinary
Portland cement [31], so the cements either need to be made with brine instead of fresh water (i.e., salt
concrete [277, 278, 198, 197]) or they are a salt-specific alternative formulation like Sorel cement (made
from MgO, as opposed to CaO [78, 114]). Utilizing granular salt as aggregate in brine-based cements
allows for additional compatibility to the host rock, potential beneficial creep behaviors, and reduced
material costs. The interaction between more rigid and brittle cements and more compliant and creeping
granular backfill and salt host rock must also be considered in the design [125].

The EBS contains both horizontal seals in the drifts within the repository footprint and shaft seals be-
tween the repository elevation and the surface (Figure 2-3). Drift seals can be located between disposal
panels or between the disposal system and the infrastructure area. Drift seals can be emplaced in a staged
manner during the completion of the repository. The shaft seals are installed when the repository is finally
closed [94]. Figure 2-3 shows drift seals and shaft seals in a hypothetical RANGERS repository design,
with the components of the shaft seals tailored for the geologic units encountered. The RANGERS ex-
ample was for a hypothetical pillow (i.e., gently deformed bedded salt) or bedded salt geology. There are
two key differences between the drift seals and shaft seals: 1) shaft seals are vertical or are steep ramps, so
their seals are easier to emplace (i.e., gravity assists in emplacement), and 2) shaft seals are multi-barrier sys-
tems that include both granular salt that will reconsolidate and redundant water-stop components (e.g.,
asphalt, cements, and bentonite) to prevent water from overlying units reaching the repository [94, 110].
Drift seals are either purely cementitious or granular salt, or a combination of the two. Drift seals do not
usually include water-stop components.

Because of the large excavation damaged zone (EDZ) associated with excavations in salt compared to
stronger rocks like crystalline granites or gneisses (see § 4.3, Mechanical Processes), an effort is often made
to either mine out part of the EDZ before installation of drift seals or plug fractures in the EDZ with
grout, to reduce the amount of fracture porosity and permeability in the salt adjacent to the seal. Since
the EDZ is an accumulation of damage through time, and the difference in stress state from trimming
(i.c., mining away a small amount near the wall) is slight compared to the stress differential associated
with the initial mining, this approach is often successful at removing potential flow pathways (i.c., the
EDZ does not grow significantly upon trimming). The ADDIGAS project demonstrated the ability of
trimming to remove or at least reduce the extent of the EDZ at the Asse underground research lab in
Germany [119]. Demonstrations conducted at WIPP illustrated the feasibility of grouting open fractures
in anhydrite marker beds in the floor of the excavation [2].

Another additional repository EBS component, not specific to salt repositories, is the addition of a high-
porosity infrastructure area at the bottom of the shaft filled with non-salt backfill. The addition of an area
filled with silica-based gravel, that will not creep closed, reduces potential gas pressurization effects (i.c.,
provide an air-filled buffer volume). This may slow down the late-time re-saturation of the repository, in
the case brine were able to migrate through multiple water-stops and reach the bottom of the shaft seal
from overlying aquifers.
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3. BRINE IN SALT

Understanding salt behavior is critical in a salt repository because it makes up both the host rock (i.e.,
natural barrier) as well as the backfill and seals (i.e., engineered barrier). Salt has a unique THMC behav-
ior compared to most silicate rocks (silicates do not significantly creep and do not have temperature-
dependent brine components under repository conditions) and even compared to metals (which do
creep, but do not experience significant pressure solution, a pore-scale chemical-mechanical coupling).
Brine contributes in multiple ways to salt’s unique character, so this report begins with a discussion on
brine types in salt and their migration [188, 204]. Table 3-1 summarizes the relationship between the pri-
mary water forms in geologic rock salt (both bedded and domal): intergranular brine, intragranular fluid
inclusions, water of hydration, and water in non-salt components [56].

o1 Bedded
Water Form Bedd(.ed Salt ,Stablhty at Unload- Stability at Heating vs. Do-
Fraction ing
mal
Hydrous minerals < 5% mass frac. | Stable MobilearT" > 200°C (Fig3-4, ~same
curve B)
Clay mineral water I to 2% mass Stable Mobile at ~ 100 “C (Fig 3-4, <clay
frac. curve C)
. . . much
I.ntragra-ml?lar inclu- < 1% vol. frac. | Stable Moblle under VOT, decrepita- less
sions within crystals tionatT > 250°C ~ 0.1
Intergranular  inclu- | 0.1 to 0.2% vol. MO[,)lle ifgrain bound- Mobile under VT, decrepita-
i ary is part of fracture | . . ~same
sions between crystals | frac. tionatT > 250°C
network
< 5% clay X clay | Mobile (driven by gas | Additional release if not gone
Clay pore water . i ) <clay
porosity (30%) exsolution) already due to unloading

Table 3-1. Summary of water types in geologic salt, from most stable to least stable.

Roedder [219] and the NBS Monograph on rock salt properties [80] both summarize geologic salt water
content values in the literature. Measuring brine content in salt rocks is more difficult than other rock
types, requiring special methods and sample preparation [220].

3.1. Brine Types

Figure 3-1 shows a medial cross-section from an X-ray computed tomography scan of WIPP salt core from
BATS, illustrating the main types of water discussed here. Water in the clay pores is the largest and most
mobile reservoir of water in bedded salt deposits (e.g., the Permian Salado Formation at WIPP). Clay
pore water is usually mobile upon unloading the rock, because the brine starts at lithostatic pressure

25



Figure 3-1. X-ray CT images from salt core. C is clay (darker gray), P is polyhalite (lighter gray), F is
fracture (from EDZ and core handling), Fl is fluid inclusion; red scale bars are 20 mm [16].

and the clay is considered undercompacted before the rock is depressurized through access from a nearby
excavation [59, 60, 58, 57]. This brine is the main contribution to “popcorn” (i.e., efflorescence — Figure 3-
2a), which follows bubbling dampness observed on the drift ribs (i.e., walls) immediately after mining,
and is preferentially found in areas of higher clay content. Bubbling is likely due to gas exsolving from
high-pressure brine upon depressurization [284]. Popcorn continues to grow slowly as far out as 1. to 2
years after mining. Popcorn formation has been observed to renew after trimming (i.e., slightly enlarging)
areas [59, 58], indicating the source of the brine is very near the excavation surface.

SEM HV: 10.0 kV WD: 10.69 mm | VEGA3 TESCAN|

"ﬁ, f :ii’:v’:::i::;:’ukr: nate(ms:;):sfwwms s ‘Sandia National Laboratories

(a) headlamp and efflorescence (b) halite with primary fluid (c) isolated intergranular fluid

(i.e., popcorn) visible on surface inclusions (field of view = 600um, inclusions along healed grain
of drift. image by BGR). boundaries.

Figure 3-2. Images of WIPP brine.

Fluid inclusions are the next most abundant form of water in bedded salt [220, 219], but they are not
available to flow under a pressure gradient, they are released to connected intergranular porosity usually
during heating or accumulation of fracture damage (e.g., they are released when the sample is powdered,

26



as is done for thermogravimetric analysis in Figure 3-4). Fluid inclusions are either primary or secondary.
Primary fluid inclusions are from the initial evaporation process, are usually found in chevron patterns,
are intragranular, and are distributed approximately fractally (small inclusions are common, large inclu-
sions are rare — Figure 3-2b). Secondary fluid inclusions form during the salt recrystalization process, and
are often along grain boundaries (i.c., intergranular — Figure 3-2c). Domal salt is often recrystallized to the
point that it has no remaining primary fluid inclusions. Essentially, primary fluid inclusions are almost
all intragranular, but not all intragranular fluid inclusions are primary.

Although intergranular brine is the smallest component of water in bedded geologic salt [254], the inter-
granular brine likely occupies the main pathway from the far field to the excavation (assuming damage
preferentially occurs between crystals, rather than through crystals). The gas-filled intergranular poros-
ity can be closed by hydrostatic loading and brine-filled intergranular porosity can become disconnected
through hydrostatic loading, while the intragranular porosity is largely fixed without thermal or chemical
changes (Figure 3-3). Microscopic observations [90] of damage in salt cores from a 20-year old WIPP exca-
vation found that the intergranular porosity and observed fracture aperture increase up to the excavation
face (= 2.5% porosity and > 300 um aperture), above the observed small values (< 0.5% porosity and
< 100 pm aperture) in cores obtained from the far field (> 5 m away from drift). Many mentions of fluid
inclusion volumes in the literature lump together inter- and intra-granular fluid inclusions. Geologists
interested in extracting information about ancient evaporative environments are exclusively interested in
primary fluid inclusions [262, 263]. Figure 3-4 does not include fluid inclusions, because the 0.1 g samples
were powdered and dried at 70 °C before the high-temperature thermogravimetric analysis.

Reconsolidating
Granular Damaged (EDZ)

Intergranular
Brine

Intergranular

Intragranular
Fluid Inclusions

Intergranular
Fluid Inclusions

Figure 3-3. Intergranular and intragranular brine for reconsolidating salt at >> 5% porosity (top left),
damaged salt in the EDZ at = 1.5 to 2.5% porosity (top right), and healed salt with disconnected
intergranular fluid inclusions < 0.1% porosity (bottom). Derived from [192].

Recent analysis of stable water isotopes in Salado Formation primary fluid inclusions and brine collected
in BATS boreholes has provided evidence supporting the claim that only a small amount of brine col-
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lected in boreholes from primary fluid inclusions (< 20%) [69]. The isotopic signature of brines col-
lected from different horizontal boreholes during heating or cooling is different from the isotopic signa-
ture of fluid inclusions measured in the lab under controlled conditions. The isotopic makeup of water
in clay porosity, or the water in hydrous minerals has not been directly measured yet, but it is assumed
their composition must account for some of the observed difference.

Hydrous minerals represent a potentially large amount of water, but this water is usually quite stable,
being released only at elevated temperatures. The main hydrous minerals in WIPP salt are polyhalite
(K2CapMg(S04)4 - 2H50), gypsum (CaSOy - 2H,0), bassanite (2CaSOy4 - H>0), and inter-layer wa-
ters in clays (at WIPP, corrensite is common — an ordered mixed-layer chlorite/smectite [61]). Polyhalite
is the most common hydrous mineral in WIPP salt, with a dehydration temperature of approximately
280 °C [179] (see “Polyhalite-bearing rock salt” curve in Figure 3-4), above the temperature expected in
most salt repositories (i.e., this is at or above the expected temperature of decrepitation for most bedded
salts). Water released from clays upon heating is another source of water, at lower temperatures than poly-
halite [122]. Figure 3-4 shows one curve for “clay-bearing rock salt” with significant water loss at 100 °C.
As thermogravimetric analysis samples are powdered before testing, these clay samples would have re-
leased any mechanically confined fluid in clay (i.e., pore water) or fluid inclusion brine before testing; the
water content in the clay-bearing sample should only be intercalcated water in clays (i.e., water associated
with layers in the clay structure).
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Figure 3-4. Characteristic thermogravimetric analyses from powdered Salado Formation bedded salt
samples (no fluid inclusions or mechanically held clay water) [206].
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Domal salt is typically drier than bedded salt (rightmost column in Table 3-1) with approximately 1/10 as
many fluid inclusions as bedded salt, because it has usually been buried deeper and has buoyantly moved
upwards (i.e., halokenesis, diagenesis, or metamorphism [6s, 117]). Halokenesis is a process [80] which:

1. recrystallizes the salt—¢/iminating most primary intragranular fluid inclusions;

2. sometimes also changes stabilizes hydrated mineral phases (i.c., higher dehydration temperature,
like bassanite to polyhalite); and

3. homogenizes or breaks up layering that existed in the source bedded salt (e.g., boudinage).

The connectivity of planes of intergranular fluid inclusions may also be impacted by the equilibrium di-
hedral angle [151, 104]. Under certain conditions (i.e., chemical equilibrium between the brine and solid
phases), the connectivity of the intergranular porosity in salt is a function of pressure and temperature
[217, 216]. When the dihedral angle (i.e., fluid inclusions at junctions where three salt crystals come to-
gether) is above the critical value (60°), geometric and thermodynamic arguments indicate intergranular
porosity will not be connected, as shown in Figure 3-2c. Unconnected porosity makes both the perme-
ability and the effective diffusion coefficient go to zero before the porosity goes to zero. The dihedral
angle can drop below the critical value (i.e., permeability and effective diffusion coefficient will tend to
increase for the same porosity) at pressures and temperatures found at depths below typical radioactive
waste repositories (e.g., depths greater than 2 km at 100° C). It has been shown conclusively via exper-
iments [166, 156] that permeability of actual geologic salt does not measurably increase due only to the
pressure and temperature configuration leading to a dihedral angle < 60°. The Lewis and Holness lab
experiments used to justify the importance of dihedral angle [151] were made in a idealized and signifi-
cantly fluid-excess system of pure NaCl and deionized water. A lack of sufficient intergranular brine, or
a non-ideal brine chemistry (i.e., other species like K¥, Mg** and SOj) can impact surface tension that
contribute to dihedral angles, further reducing connected porosity [216].

3.2. Brine Migration Mechanisms

Laboratory permeability testing in the r9sos and 1960s illustrated porous media flow under a large laboratory-
imposed pressure gradient through salt cores from the Grand Saline salt dome mine [214, 82]. Despite
this early understanding that salt has a non-zero permeability when it is damaged, most early research into
brine migration focused on thermomigration of fluid inclusions down a temperature gradient, through
salt crystals. The historic surge in fluid inclusion research was fueled by field and laboratory observations
made during Project Salt Vault in the late 1960s [27, 26] and significant interest in thermomigration of
fluid inclusions dominated through the mid 1980s [199, 237]. Data collected during project Salt Vault
was fitted by Jenks [115] using a simple exponential model, which saw wide application. Riibel et al. [223]
surmised the Jenks model [115] was fitted to anomalous data, making most subsequent applications of
this model inappropriate.

Fluid inclusions migrate through halite crystals due to an imposed temperature gradient [286, 287, 27,37],
driven by solubility and possibly also due to stress effects [298]. Single-phase liquid fluid inclusions move
up a temperature gradient (towards the heat source), while bi-phase fluid inclusions (gas and brine) move
down a temperature gradient (away from a heat source). The rate of fluid inclusion migration is slow (e.g.,
1 to5cm/yrat 1.5 °C/cm [219]) and size dependent (0.1 mm inclusions moving 30% slower than 1 mm
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inclusions [219]). There is also a threshold gradient under which fluid inclusions do not move, given their
stability over geologic time in the presence of a constant geothermal gradient. Most fluid inclusions only
migrate a few mm to cm before they encounter an open fracture (i.e., most heat sources are near excava-
tions). Fluid inclusions may leave tracks in the salt, indicating where they migrated, which contribute to
the intergranular porosity and permeability [147, 38, 37]. Fluid inclusions will rupture (i.e., decrepitation)
if the vapor pressure of the brine exceeds the strength of the surrounding crystal. Unconfined samples of
WIPP salt decrepitate at = 250 °C, while salt from other bedded formations can get as high as 380 °C
before decrepitating. Domal salt typically does not decrepitate, even up to 400 °C [26]. Confined salt can
experience higher temperatures without decrepitation, compared to unconfined salt. Sizes of individual
fluid inclusions and the overall densities of fluid inclusions in a sample will influence the decrepitation
temperature.

The network of microfractures and open grain boundaries make up a discrete fracture network or an
equivalent porous medium. This network is what gives damaged salt its connected porosity, permeability,
and effective diffusion coefficient. Brine-saturated clay produces brine as a source term to the intergran-
ular fracture network upon being de-stressed (driven by brine pressure and gas exsolution [284]). Fluid
inclusions could also be treated as an intergranular fracture network brine source term, where brine is
released to the fracture network, once inclusions have migrated under a temperature gradient to a grain
boundary [220]. Decrepetation of fluid inclusions and dehydration of hydrous minerals could also be
included as an intergranular porosity source term triggered at a specific temperature, but adding vapor
that readily dissolves salt to become brine [122].

The significance of brine flow due to pressure gradients through connected intergranular porosity in
damaged or dilated salt has been shown in numerous field and laboratory studies [9, 133]. A thermoporoe-
lastic conceptual model for intergranular brine flow in salt has been successfully applied to unheated and
heated brine transportin bedded salt [160, 161, 9]. Hadley [87] developed an alternative conceptual model
for vapor flow associated with an evaporation front. These models assumed liquid or vapor movement in
connected intergranular porosity and left out intragranular fluid inclusions to simplify mathematical and
numerical models. Olander et al. [191] developed a conceptual model including both intergranular vapor
flow and intragranular fluid inclusion movement. Ratigan [208] developed a numerical model includ-
ing intragranular fluid inclusions and intergranular brine flow, but it did not include thermal expansion
effects on the intergranular porosity. Current numerical models for brine flow in granular salt assume a
porous or fractured continuum (e.g., FEHM, TOUGH2, PFLOTR AN) with water and vapor moving
under pressure gradients and solutes diffusing under concentration gradients. Most numerical models
do not incorporate fluid inclusion thermomigration along with intergranular brine and vapor migra-
tion. Rutqvist et al. [225] illustrated an implementation of fluid inclusion migration with intergranular
brine and vapor flow using a dual-porosity conceptual model using TOUGH2.

These detailed conceptual models regarding the distributions and types of brine sources and their various
migration mechanisms in salt have not all been fully implemented and tested in most process models,
but parts of them have been implemented in different places. The larger question of if, how, and in
what way to implement these in PA models has not yet been fully addressed. PA models usually treat
brine migration in a simplistic and idealized manner. PA models have not yet fully implemented the
range of intergranular brine source terms described here, triggered at different stresses, temperatures, and
temperature gradients.
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4, SALT REPOSITORY THMC PROCESSES

The features of the repository conceptual model include the excavated drift, the waste packages emplaced
with backfill there, and the undisturbed far field (Figure 2-2). The extent and nature of the transition be-
tween the near- and far-field is somewhat gradational and evolves significantly with time. For this report,
we distinguish between the excavation damaged zone (EDZ), where material properties have been altered,
and the excavation disturbed zone (EdZ), where only the system variables have changed (Figure 4-1). Sys-
tem variables can include observable variables (e.g., strain, temperature, water content), internal variables
(e.g., damage, hysteresis), or associated variables (e.g., stress, pressure) [148]. Because mechanical damage
to salt will eventually heal, these zones will shrink with time; their maximum extent at early time is their
typical definition.

Drift: Replaced material
(Engineered Barrier System - EBS)

Modified material properties
(Excavation Damaged Zone - EDZ)

Modified variables
— (Excavation disturbed Zone - EdZ)

EDZ EdZ

Waste package (WP) heat source
Far-field geologic system (geosphere)

intact properties and parameters

Figure 4-1. Definitions of EdZ and EDZ regions in salt repository conceptual model at early time.

The following definitions are given by Tsang et al. [268]:

* The EdZ is a zone with hydromechanical and geochemical modifications, without major changes
in flow and transport properties.

* The EDZ is a zone in which hydromechanical and geochemical modifications induce significant
changes in flow and transport properties. These changes can, for example, include one or more
orders-of-magnitude increase in flow permeability.

We further consider multiple overlapping EDZ and EdZ may exist, as many as one for each group of
processes [268, 52]. A thermal EDZ would be where the thermal properties have been modified (i.e., in
the drift and areas of significant mechanical damage), and the thermal EdZ would be where only the
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temperature has been perturbed from background (may extend several tens of meters into the formation
during post-closure). With coupling between the processes, these definitions can become complex and
time dependent.

Process EDZ-defining Properties EdZ-defining Variables
Thermal thermal conductivity, heat capacity, temperature
fluid advection, porosity
Hydrological =~ permeability, porosity, tortuosity fluid pressure, liquid saturation,
fluid density, fluid advection
Mechanical  moduli, creep constitutive law stress, strain, strain rate, damage

parameters, interface slip parameters,
Poisson’s ratio

Chemical  tortuosity, porosity, fluid advection, water activity, redox state, pH, species
fluid density, salinity concentrations (solid, liquid and sorbed

phases)

Table 4-1. Process-specific EDZ and EdZ.

The processes are presented here in a generic way to cover both the near field and the far field, but most
processes are not equally impactful or relevant everywhere. We present the key properties and variables

at a high level.

Since we cannot represent the entire subsurface in our numerical simulations, we must truncate the do-
main at some convenient but hopefully adequate distance from the repository. The size of the domain
required increases with the time extent of the simulation. Thermal boundary conditions may need to be
located much farther from the repository than hydrological or chemical boundary conditions to reduce
unwanted non-physical boundary interactions. Mechanical model domains often extend to the land sur-
face, and the effects of salt creep may accumulate and increase the lateral size of the domain needed over
long periods of time.

PA simulations usually require larger domains than process model simulations. PA models have expecta-
tions regarding their extent in space (i.e., beyond the extent of the majority of the disturbance from the
repository or at least beyond a legally specified compliance boundary), time (e.g., from before emplace-
ment to the regulatory compliance time horizon), and parameter space (i.e., relevant combinations of
physically plausible parameters should be considered), that are often much larger than the same expecta-
tions on process models. Setting up initial conditions, especially in simulations with coupled processes,
must be considered carefully. Often an initial simulation must be performed to derive a consistent (i.c.,
steady-state) set of thermal, chemical, or hydrological inputs for a transient repository flow model. The
initial simulation is often quiescent without the disturbance of the repository. Sometimes process models
are used to define initial conditions, boundary conditions, or source terms used in PA models.

4.1. Thermal Processes

The primary thermal variable is local change in temperature, T, [K] above the background temperature
(i.e., geothermal gradient) due to the energy output from radioactive waste decay and any other thermal

32



perturbation in the system. It is highest near the waste package immediately after emplacement, and is
lowest in the far field away from the perturbation of the repository. Mechanical deformations and hy-
drological flow are usually slow enough to neglect mechanical heating and viscous dissipation heating.
Dissolution and precipitation may be endothermic or exothermic processes, but these changes in tem-
perature are often neglected because their effect is usually minimal, but their importance may grow if
significant dissolution or precipitation is expected. In-package criticality at later times [42] could modify
the thermal output and waste source term, but it is usually not included in salt repositories, because of the
high chloride content in salt and brine, which would prevent neutron multiplication and criticality.

4.1.1. Heat Conduction

Heat conduction due to a temperature gradient is the dominant energy transport mechanism in the far
field, where porosity and permeability are low. It is the only energy transport mechanism through non-
porous salt (i.e., it does not require connected pore space),

where thermal diffusivity, ar = k7/(pC,), [m?/s] is the ratio of thermal conductivity, k7, [W/(m - K)]
and specific heat capacity, C,, [J/ (kg - K)] times bulk density, p, [kg/m?]. Itis not significantly different
in the mechanical EDZ and in the far field [46], but both k7 and pC, are much lower in the backfilled
drift than in intact rock. In granular salt, thermal conduction becomes less effective because the run-of-
mine salt is up to 40% porosity, resulting in lower k7. At the same time significant thermal gradients in
fluid-filled spaces may initiate convection.

Intact salt has temperature-dependent thermal conductivity; it is higher at ambient temperatures by as
much as 50% compared to the temperatures expected next to heat-generating waste [260]. A simple
example thermal conductivity model used for intact bedded salt is

K7 (0) = kro/(1+a16) (4.1)

where 6 is temperature (not change in temperature) [C], k79 = 6.0 W/(m - K) is the thermal conduc-
tivity at 7 = 0 °C, and a; = 0.0045 is a linear resistivity coefficient (i.e., k7 o 1/0). The granular salt
model developed for Gorleben [21] is a modification of the intact salt model as

4
k%raHUIar(H,n) = kTO/(l + 6119) . (1 - l’li()) + ni() : (bl + bze) 5 (4-2')

where n is the dimensionless porosity, ng = 0.35 is the initial porosity, ¥ = 1.14 is an exponent, b =
0.42 and by = 0.0027 are linear temperature dependence coefficients (i.e., k7 o 6) relevant at high
porosities. The relationships in Equations 4.1 and 4.2 are illustrated in Figure 4-2.

At emplacement, the granular salt near the waste packages starts at high porosity and low thermal con-
ductivity (= 0.5 W/(m - K)), but then evolves to the thermal conductivity of intact salt during the re-
consolidation process. The thermal conductivity of the backfill can go up by a factor of 10X during
reconsolidation to intact properties. This is a significant benefit of crushed salt over bentonite backfill.
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Figure 4-2. Thermal conductivity of granular salt as a function of temperature and porosity (Equation 4.2).

For numerical models, the initial conditions (before heat-generating waste emplacement) is a geother-
mal gradient increasing temperature with depth. Physical boundary conditions are specified-temperature
near the top of the domain, and either a specified-temperature or specified heat flux at the bottom of the
domain. Before the waste is emplaced, energy is being conducted up from warmer rocks at depth to the
cooler surface.

The thermal boundary condition on the sides of the domain usually do not correspond to physical bound-
aries and are either specified temperature (type I) or specified flux (type II). If we represent them as spec-
ified temperature, we will #nderestimate impacts of the repository in the far field (since temperature is
fixed there). If we represent them as specified flux or insulated, we will overestimate impacts of the repos-
itory in the far field (since flux is fixed there). The most physically realistic option is to make the model
domain larger, until a physical boundary is reached or the impacts of the repository perturbation do not
reach the model boundaries, but this could lead to very large model domains.

4.1.2. Heat Convection

Convection occurs when energy is moved by either gas- or liquid-phase transport through pore spaces.
Convection, when viable, can be a far more efficient mechanism for energy transport than conduction,
but it can only occur through a connected pore space, and requires a freely circulating fluid phase (gas or
liquid). Heat pipes are a type of free convection cell (Figure 4-3) that is possible in the near field, when
high temperatures cause boiling of brine, they drive convection of energy (i.e., internal energy + pressure
X volume) away from the heat source. Convection and diffusion of energy is

aT -
pCi—or = krVT + VT

where i is the pore velocity vector [m/s].

The pore flow velocity of brine or vapor driving convection (if) varies significantly between the drift,
EDZ, and the far field (see § 4.2, Hydrological Processes). In the far field there is very little connected
porosity and no convection of energy. If there is any convection through the tiny pore space, it is minor
compared to heat conduction through the solid salt. Convection of gas in the drift, through granular
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Figure 4-3. lllustration of cross-section through a heat pipe due to a hot waste package in granular salt;
the boiling region (orange) is nearly constant temperature.

salt or through large open fractures, can be significant in high porosity and permeability materials. Addi-
tionally, the heat source is needed to drive free convection. A heat-pipe can form; hot vapor carries energy
away from the heat source efficiently (lower temperature gradients than heat conduction), precipitating
salts and reducing the porosity where the brine boils away (see § 4.4, Chemical Processes). When the
vapor migrates to a cooler region, it condenses and dissolves salt (increasing the porosity).

If heat conduction is the only mechanism for thermal energy transportin the near field, the temperature at
the heat source will be hotter than in a system with free convection (Figure 4-4). Convection is potentially
a more efficient heat transfer process than conduction. Kuhlman [129] presented an analysis based on
dimensionless parameters, which illustrated how the thermal Péclet number changes from the near to
far field, illustrating how the problem goes from convection-dominated in the near field to conduction-
dominated in the far field.
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Figure 4-4. Conceptual trends in temperature under conduction and convection scenarios.

Thermal convection is most effective at high porosities, where thermal conductivity is lowest (due to
the relatively low thermal conductivity of granular salt * 0.5 W/(m - K) compared to intact salt
5.0 W/(m - K) - Figure 4-2). During compaction and precipitation of salt from boiling brine on the
waste package, porosity and permeability of the granular salt will reduce, eventually conduction domi-
nates over convection. As porosity reduces, the thermal conductivity of the granular salt increases (as it
approaches the properties of intact salt), in part making up for loss of convection as a energy transport
mechanism.

The initial condition for thermal convection is no regional liquid or gas flow, and therefore no thermal
convection. Previous DOE-NE Generic Disposal Safety Assessment simulations have included minor
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lateral regional hydrological flow [158, 236], but this does not convect energy because it is perpendicular to
the geothermal gradient. Thermal convection is solely due to the repository perturbation. The boundary
conditions applicable to the regional hydrological flow problem drive thermal convection. Even if there is
some component of regional groundwater circulation to drive convection, there will be minimal regional
steady-state energy convection.

4.1.3. Radiation

Radiative transfer of electromagnetic radiation only occurs in open air-filled spaces (i.e., open drifts or
high porosity) for repository-relevant conditions, where the heat flux is proportional to the fourth power
of difference in temperature. It can be an efficient and important energy transport mechanism where
large temperature differences exist in an air-filled borehole or drift, but is not usually considered because
most salt reference cases assume all openings are back-filled with porous materials. It may occur in any
gaps that occur next to waste packages. Some models for heat transfer in granular salt include terms
that approximately include the effects of radiation (Equation 4.2), but the impact of this is slight unless
temperature differences are large [149].

4.2, Hydrological Processes

A common set of primary hydrological variables are fluid pressure (p [Pa], liquid or gas phase pressures)
and the volume fraction of each phase (S [—], relative fraction of the pore space). Figure 4-5 illustrates the
trends in hydrological properties and variables. In the far-field the small amount of pore space is liquid
saturated (no connected gas phase) and the liquid pressure is equal to the lithostatic pressure (e.g., WIPP
is at 650 m depth or 15 MPa lithostatic pressure). In the drift, the system is nearly gas saturated (limited
brine) and the gas pressure is equal to atmospheric pressure (0.1 MPa) before closure. There is a very steep
gradient in saturation and fluid pressure going away from the drift into the far field, which is supported
by the low permeability and porosity of the salt (which themselves are changing in space across the EDZ)
[257, 254, 255, 256]. If the salt were more permeable, brine would flow and dissipate the steep pressure
gradient, extending the EdZ much further away from the excavation. Here, we use H! and H? to indicate
single- or two-phase hydrological processes, like TH!C or TH2C.

Thermal expansion can drive thermal pressurization, creep closure or chemical precipitation and disso-
lution can reduce the free porosity, increasing pressure and liquid saturation. High pressures due to fluid
pressure or thermal expansion can hydrofracture and lead to fracturing. Additionally, pressure gradients
or saturation gradients can also be driven by energy flux or electric currents (i.e., Onsager coupled pro-
cesses [232]) or transport can be driven by gradients in surface tension (i.e., thermo-capillary convection),
but these effects are often minor and usually neglected. That being said, heat-generating radioactive waste
does maintain a large temperature difference across the EBS for a long time, which may enhance the cu-
mulative impact of otherwise minor processes.

The following subsections describe contributing driving factors or considerations in hydrological flow:
pressure-driven flow, capillarity-driven flow, gravity-driven flow, and the distribution of material proper-
ties that control hydrological flow.
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Figure 4-5. Conceptual trends in hydrological properties and variables around an excavation.

4.2.1. Pressure-driven Flow

Pressure-driven flow of fluid through a porous medium or fracture network moves fluids (i.e., gas or
brine) down a pressure gradient. Flux of gas or liquid can occur if a continuous phase exists in the pore
space and a pressure gradient is maintained and is described by Darcy’s law,

kkr,f
Me

in=gq = V(p+pgz)

where ¢ is Darcy flux (over the bulk of the whole rock) [m/s], p is liquid viscosity [Pa - s], k, ¢ and
k4 are the dimensionless relative permeability for liquid and gas, k is the medium intrinsic permeability
[m?], g is gravitational acceleration [m/ s?], and z is elevation above a datum [m].

Darcy’s law is then combined with mass conservation to arrive at either Richards’ equation for variable-
saturation single-phase flow or a pair of flow equations (one for liquid and one for gas) for two-phase
flow. The mixed form of Richards’ equation is

00

T v.g

ot ’

where 6 is the dimensionless volumetric water content. The non-linear relationship between water con-
tent and pressure and &, ¢ are both given by the moisture retention curve, discussed in § 4.2.2, Capillarity-
driven flow.

The flow of brine or vapor varies significantly between the open drift and the far field [269]. In the far-
field there is no gas flow (k, ¢ — 0, because there is no connected gas-filled porosity) and no liquid flow
due to low intrinsic permeability and possibly due to non-Darcy effects. In the near field there can be
significant short-range flow of both gas and liquid through the open intergranular porosity.

The absolute permeability increases near an excavation, but the relative permeability to liquid simulta-
neously decreases (due to decreasing liquid saturation, because brine cannot quickly flow in to fill new
damage-derived porosity), therefore the relative liquid permeability reaches a maximum some distance
into the salt (see § 4.2.5, Hydrological Properties and Figure 4-19). The flow of fluids is very sensitive to
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changes in permeability, for a fracture network the permeability can be very sensitive to changes in stress,
including thermal expansion from changes in temperature.

The initial condition for single-phase pressure-driven flow is a pressure distribution. The liquid pressure
in the far field may be as high as lithostatic, since salt cannot support a deviatoric stress over geologic time.
At equilibrium all the stress components are equal, and pore pressure is equal to the average stress, and
should be near lithostatic (the weight of the overburden rocks). The fluid pressure in the salt can be up
to lithostatic pressure, since if it were higher it would lead to hydrofracture and dissipation of pressure.
Field data measured in boreholes from the underground at WIPP [218, 11, 10] indicate the far-field static
formation pressure is approximately 12 to 15 MPa (hydrostatic to lithostatic pressure at a depth of 650
m).

A regional boundary condition for Darcy flow is often simulated by an imposed fluid pressure difference
between two vertical sides of the domain to create uniform lateral low. The aforementioned evidence
for a lack of regional groundwater circulation in salt means either the undisturbed permeability of salt
is low enough (with or without non-Darcy flow mechanisms) to prevent steady-state circulation, or the
imposed gradient is too small to drive flow.

The brine saturation and pressure distribution around a deep excavation can be simulated via the relief
of pressure around the excavation from the initial state, either using a hydrological model (e.g., Figure 4-
6) or a coupled hydrological-mechanical model [225]. Figure 4-14 shows DECOVALEX results on the
development of a two-phase flow initial condition.

Pressure
0.1 3.0 6.0 9.0 12.0

—_— —>
30 Years 6 Years
1982 2012 2018
Drift Excavated Boreholes Drilled Phase 1 Begins

Figure 4-6. Liquid pressure evolution (in MPa) around horizontal boreholes and a drift in salt from
undisturbed conditions [252].

4211, Non-Darcy Threshold Flow

In some low-permeability rocks, non-Darcy flow has been observed [154, 153], where a threshold gradient
(I shown in Figure 4-7 [m/m]) must be overcome to achieve a typical Darcy flux (i.c., flowrate is linearly
proportional to pressure gradient). This threshold non-Darcy flow mechanism (sometimes called “pre-
Darcy” flow) yields zero or lower regional groundwater flow than would be found by simply applying
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Darcy’s law with the regional gradient and permeability. One proposed non-Darcy expression for flux in
terms of pressure gradient is [153]

kkrpg
He

q=

(i eﬁw)l |
[

wherei = V (p/pg + z) is the hydraulic gradient vector in terms of head [m/m] and [ is the threshold
gradient [m/m]. Although there is no salt-specific field data, it is conceptually consistent with geologic
stability of salt deposits, which would dissolve if regional groundwater flow were significant across geo-
logic time. This assumption was made in Germany for the Gorleben radioactive waste disposal reference

case [20]. In the German safety case, there is no far-field hydrological flow beyond the permeability asso-
ciated with damage from excavating the repository. The non-Darcy approach is consistent with both the
US and German conceptual models of how flow in salt should be treated [240].
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Figure 4-7. Threshold non-Darcy flow characteristics [153].

Figure 4-8 illustrates the effect of non-Darcy flow at early time around a salt repository, as implemented
in PFLOTRAN for the RANGERS project [240]. The definitions of the hydrological EdZ in these
two cases are clearly very different (i.c., the extent of the region where the pressure and flow velocity are
perturbed by the presence of the repository). Given the same initial conditions for repository and far-
field pressure, saturation, and material properties (aside from the non-Darcy flow parameters), there is a
marked difference predicted away from the repository. In the non-Darcy case, there is no flow outside a
halo of few 10s of meters surrounding the repository (i.e., the low magnitude is < 107! m/yr), while in
the Darcy case it is small but non-zero (* 1 um/yr) all the way to the boundaries of the domain (beyond
the extents of the Figure 4-8—up to several km). In this model the intact salt has an intrinsic permeability
of 10729 m? and the threshold gradient is estimated from the permeability with the “curve fitting” line
plotted in Figure 4-7, I = Ak® (A =4 x 10712, B = -0.78).
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Figure 4-8. RANGERS comparison of flow velocity in salt for a horizontal slice through a repository 100
years after closure for non-Darcy (top) and Darcy (bottom) flow cases [240].

Earlier model-data validation exercises at WIPP (specifically the INTR AVAL study [145]) were interested
in confirming the use of standard Darcy flow for very low permeabilities of salt [9, 146]. The WIPP
portion of INTR AVAL showed that Darcy flow could be used to predict the observations of brine inflow
made at WIPP [9]. Although the exercises did not require non-Darcy flow effects to explain the data, they
did not definitively rule out non-Darcy flow as a possibly contributing factor. There were differences
between observations and model-predicted inflow (especially in estimated parameters for the transient
storage mechanisms), given the uncertainties in the observations and parameters used in the numerical
models. The model-data differences were attributed to hydrological-mechanical coupling.

4.2.1.2. Thermal Pressurization

In DECOVALEX-2023 Task E, TH'M and TH! numerical models were benchmarked against the Mc-
Tigue analytical thermoporoelasticity solution [160, 161] around a heated borehole in an unpressurized
formation [131, 133]. The exercise illustrated the difference between two popular, but quite different ways
of simulating thermal expansion. Firstisan “unconfined” system (i.c., TH! models, only with the thermal
expansion of fluid or equivalently allowing the solid to expand freely), and second is a “confined” system
(i.e., TH'M models, which include the expansion of the solid or equivalently confining the expansion of
the solid). The two approaches resulted a difference of 38 in predicted thermal pressurization resulting
in similarly different brine inflow rates to the heated borehole, due to the effects of confinement of the
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surrounding rock (Figure 4-9). In the example shown, the very high pressures predicted by the TH'M
models would likely exceed the lithostatic load (e.g., 15 MPa at 650 m depth) and lead to hydrofracture,

but this process was not included in this simple benchmarking model.

The results in Figure 4-9 clearly show the crest of a thermal pressurization “divide” or “dam,” with the
peak slowly moving away from the heater with time. This divide splits the direction of pressure-driven
flow to be directed away from the peak pressure, either towards or away from the excavation (i.e., away
from the peak). In this simplistic DECOVALEX example, there is no initial formation pressure gradient
towards the excavation. In reality, the divide will be superimposed on a monotonic gradient towards the
borehole (Figure 4-10). This simplistic problem also has uniform material properties and single-phase
flow. Despite these limitations, the benchmark clearly illustrated the impacts that confinement has on

pressure build up.
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Figure 4-9. Comparison of TH! (top) and TH!M (bottom) responses in McTigue thermoporoelasticity
problem from DECOVALEX-2023 Task E. Left subplots show pressure distribution at two times as a
function of distance; right subplots show predicted brine inflow through time [133].

In arepository where damage exists around boreholes or excavations, thermal pressurization may be great-
est at the edge of the hydrological EDZ (Figure 4-10), if the temperature increase is large enough to cause
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significant thermal expansion and pressurization of the pore fluids and the intrinsic permeability is low
enough to prevent the liquid pressure from dissipating quickly. The McTigue problem (Figure 4-9) is
single-phase liquid. In a two-phase flow problem (TH?M), liquid saturation must also be high enough
for thermal pressurization, or the more mobile residual gas will preferentially bleed off pressure due the
higher mobility of gas in the EDZ.
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Figure 4-10. Conceptual trends in TH processes, including thermal pressurization.

If the temperature perturbation from the emplacement of waste in a repository (i.e., the thermal EdZ)
extends out further than the hydrological EDZ (the region where permeability and porosity are increased
due to damage) and the hydrological EdZ (to the undisturbed region where fluid pressure is nearly litho-
static and the liquid saturation is unity), the thermal pressurization could locally bring liquid pressure
above lithostatic pressure, leading to hydrofracture, increase in permeability, and dissipation of the excess
pressure. Therefore the hydrological EdZ is larger or approximately the same size as the region with signif-
icant thermal perturbation to cause expansion and pressure increase (i.c., the thermal EdZ), since the hy-
drological EDZ would grow in size due to hydraulic fracture if thermal pressurization exceeded lithostatic
pressure. This is an example of the highly-coupled nature of salt; thermal diftusivity (3.5 x 1076 m?/s)
is close in magnitude to hydraulic diffusivity (0.16 x 107° m?/s) [160, Table 1].

4.2.2. Capillarity-driven Flow

The eftect of capillarity on flow is not a separate hydrological process; it is a contributing factor in two-
phase flow (H?), but it is discussed here separately. Capillary pressure represents the pore-scale effect that
surface tension in small pores or thin fractures has on the balance between gas and liquid pressures, and
is given by

Pc = Pair — Pbrine>

where p. is capillary pressure [Pa], and brine is the wetting fluid and air is the non-wetting fluid. The
Young-Laplace equation additionally relates the capillary pressure to the air-brine surface tension on an
idealized surface characterized by a single capillary radius,

_ 2ycos 0
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where 7 is the surface tension of water [N/m], 6 is the contact angle (often considered to be small or
zero, therefore cos 6 = 1), and R is the pore or tube radius [m].
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Figure 4-11. Moisture retention curve for granular salt (down to = 5% porosity) [193, 41].

The capillary pressure relationship illustrated in Figure 4-11 is for reconsolidated (to = 5% porosity) gran-
ular salt. The connectivity of the media is more characteristic of a porous media than fractured salt.
Figure 4-12 shows capillary pressure data for a fractured anhydrite marker bed located near the disposal
interval at WIPP (MB-139), which is fractured, but not strictly halite [22]. These data can be fit to rela-
tionships that can be used to predict k, ¢ or k, 4 as a function of liquid saturation (e.g., see Figure 4-19).
Capillarity can wick brine into a porous or fractured medium, or prevent air (i.c., the non-wetting fluid)
from entering brine-saturated fractures and pores below the air-entry pressure. When the porosity gets
high (i.e., an open drift or large open fracture, with large values of R in Equation 4.3), capillarity can be
significantly reduced [121]; the maximum capillary pressure in an open space should be much lower than
that in small pores or fractures. Reconsolidation could change the maximum capillary pressure and it
may also change the shape of the moisture retention curve, but there is not significant data on this de-
pendence (moisture retention curves are available for reconsolidated salt at two porosities [193], but these
are not exhaustive).

The dryout, later re-wetting, and possible subsequent invasion of high-pressure gas into the backfill and
host rock could each require different moisture retention curves (i.e., hysteresis). This is likely more im-
portant in an argillite host rock or in bentonite backfill [83, 228], and has not been considered in salt.
Including the effects of hysteresis makes the numerical solution more complex, and there are few data
available on salt capillary pressure curves, and there are no known data in salt for both wetting and dry-

ng.

Surface tension, and therefore capillarity, increases when salinity increases. When changing from o to 5
molal NaCl solution the surface tension at 25 °C increases from 72 to 81 mN/m (a 12% increase; [150]).
Despite this change, salinity is often considered simplistically to be uniformly saline in a salt repository
(see § 4.4, Chemical Processes). At the same time, capillarity is reduced at higher temperatures, due to the
decrease in water surface tension with temperature; from 25 to 100 °C the surface tension of pure water
reduces from 72 to 59 mN/m (an 18% decrease; [274]). Measurements of surface tension in different
strengths of synthetic seawater at different temperatures show the combinations of these two effects [180]
(Figure 4-13). Contact angles in a halite-brine system (0 in Equation 4.3) have been observed to be near
zero [259]; similar to those in a brine-silica system.
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Figure 4-12. Moisture retention curve for fractured anhydrite marker beds at WIPP [105].

This reduction in surface tension with increase in temperature could lead to a release of brine in a system
where the brine is held in the formation near the borehole or drift primarily by capillary forces, which
would be reduced upon heating (i.c., emplacement of waste). The effect may be reduced in some part
by the slight increase in brine salinity due to the temperature-dependence of salinity for NaCl, and the
availability of salt to dissolve. The temperature effect on surface tension is implemented in several numer-
ical models (e.g., PFLOTR AN, TOUGH, FEHM), but the effect salinity has on surface tension is not
implemented widely, and the effect of salinity on contact angle is largely ignored for being insignificant.

Capillary effects are limited to the saturation perturbation around the excavation [129]. The saturation
distribution around an excavation is related to the distribution of dilated salt which is a function of stress
state and the age of the excavation. The salt is low-permeability in the far field, the mechanical damage
which increases the absolute permeability and porosity near an excavation simultaneously decreases the
liquid saturation near the excavation. The decrease in relative permeability in the EDZ will cancel out
any increases in absolute permeability, creating a type of vapor barrier near the excavation, reducing the
ability of brine to flow into an excavation (see § 4.2.5, Hydrological Properties).

In DECOVALEX-2023 Task E, a comparison was made between different modeling approaches for ini-
tializing two-phase flow models for the EDZ around a drift (i.e., the initial condition for the BATS exper-
iment). Figure 4-14 shows the spread between model predictions for this exercise, despite the relatively
strict specification of parameters and constitutive models. In this case, the EDZ was treated as a step
change in properties at ¥ = 2.5 m (i.e., permeability, porosity, and air-entry pressure). Some of the differ-
ence between models is due to how compressibility and storage are handled (i.e., largest effects are early
time) and some is inherent to different assumptions in making non-linear two-phase flow predictions.
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Figure 4-14. DECOVALEX-2023 Task E comparison of 1D model initializations for EDZ around a drift [133].

Additionally, as part of Task E, the Quintessa team made a comparison (Figure 4-15) of the results ob-
tained when using different two-phase flow properties associated with data in Figures 4-1r and 4-12 (top
two rows) and between using the “wetting up” and “drying down” conceptualizations (bottom row). In
the drying down scenario, the EDZ region surrounding the drift has higher permeability and porosity
and starts fully saturated with brine. Water then drains from the EDZ via the constant-pressure atmo-
spheric boundary condition in the drift. In the wetting up scenario, the higher porosity and permeability
EDZ region starts mostly air-filled. Water then flows into the EDZ from the intact salt. The comparison
shows that even at 100 years, the two conceptualizations do not produce similar results. The simpler and
more common “drying down” conceptualization results in an EDZ that is overly saturated with brine
and therefore produces too much brine, especially at early time (e.g., see “DRZ rain” at WIPP [36]).

The difference between the granular (Olivella; Figure 4-11 left) and the fractured (H&C-F; Figure 4-12)
capillary models results in a fairly large change in initialization (2 vs. 3 kg brine inflow per m along the
axis of the drift), while the difference between the two conceptualizations results in a much larger (100x)
difference in brine production. Even if the “drying down” conceptualization is only used to initialize
two-phase flow models (i.e., brine inflow at early time is not assigned any physical meaning), it can have a
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Figure 4-15. DECOVALEX-2023 Task E comparison by Quintessa for 1D model initialization in “wetting
up” and “drying down” conceptualizations [133].

significant impact on the starting conditions. Two-phase flow models may require a long time to initialize
(e.g., 100 years or more), and as a consequence of using the wrong initialization, the EDZ may start out
too wet in PA simulations.

4.2.3. Gravity-driven Flow

The effects of gravity on flow is also not a separate process, it is a contributing factor to density-driven
flow. Gravity effects become significant where two fluids of different densities exist in a pore space (i.e.,
gas and liquid, or brines of different ionic strengths), leading to free convection of fluid, which can then
drive solute or energy convection. Changes in salinity or temperature of a single phase can also lead to
significant enough density changes to drive free convection.

Multiphase or Richards’ equation flow simulations can track the drainage of liquid under gravity. Only
multiphase flow simulations can also track the rising of gas through a liquid-saturated medium. Coupled
TH? models can track the effects of free convection due to thermal expansion (Figure 4-9) and coupled
TH2C models can track the impacts dissolution and precipitation of solutes has on the density of the
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liquid phase (see § 4.4, Chemical Processes). Gravity can drive brine to accumulate in the EDZ below an
excavation, simultaneously driving gas to rise up in the EDZ above an excavation.

In the far field, flow is essentially single-phase and brine is assumed to be of uniform density, so the initial
condition does not usually involve free convection; geothermal gradients are usually too small to induce
vertical convection in low-permeability media. Density effects may stabilize regional groundwater flow
systems near the edge of salt deposits [207] (i.e., fresh water above saline brine is stable, but fresh water
below saline is not). The density and viscosity of brine in a salt deposit may inhibit the mixing of fresh
meteoric groundwater from above [75]. Breccia pipes were a hypothesized “event” FEP at WIPP, where
a high-pressure fresh aquifer below the salt would suddenly and catastrophically dissolve up through the
salt deposit from the bottom, driven by density (Figure 4-16). This event was then excluded through
the siting process; WIPP was sited away from places where the more permeable Capitan Reef directly
underlies the salt [s5, 205]. The effect may also important around the edges of salt domes or at the fringes

of a bedded salt deposit.

South North
"""""" B ni"--—\—-a-"--D--——“--"
i D uaternary Deposits and
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O
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"Capitan Reef"

Generalized Cross Section

Figure 4-16. Hypothetical breccia pipe in Permian Basin [205].

In excavations at WIPP, brine is observed to accumulate in the EDZ below an excavation. The Brine
Sampling and Evaluation Program at WIPP [s7] established several sets of shallow vertical monitoring
locations in MB-139 (a 1-m thick clay, anhydrite, and salt layer below the disposal horizon). A “water ta-
ble” was observed at or near the bottom of MB-139 (Figure 4-17). Multiple low-flowrate short-duration
pumping tests were performed in and between these boreholes, illustrating the connectivity of the frac-
tures. These observations are consistent with a mostly dry EDZ surrounding the drifts, with the bottom
of the EDZ (MB-139 in the floor) acting as a sump, collecting brine flowing into the EDZ surrounding
rooms via gravity [137]. At WIPP, the excavations follow geologic bedding (specifically Map Unit 2, the
“orange marker band”), which undulates slightly. Flow of brine is known to occur in the sump along
drifts towards the regional low point, the waste handling shaft—where brine is collected and removed

[137].

Heater experiments were conducted in arrays of 1-m diameter vertical boreholes in the late 1980s and early
1990s in WIPP Experimental Area Rooms A and B [177, 178]. Several of the vertical heater boreholes were
also instrumented to measure brine inflow [187, 189], which encountered significant brine (= 22 L of
water collected per borehole per year [187]), which was attributed to clay layers intersecting the boreholes.
The main clay layer intersecting these boreholes was Clay F, which is a relatively minor and disseminated
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Figure 4-17. Water table observed in shallow MB-139 boreholes in the EDZ at WIPP. Modified from [57,
Appendix E].

clay layer (contrasted to Clay E at the base of MB-139). In retrospect, it is likely that the brine accumulated
in these heated boreholes was largely due to the “sump” effect, which is consistent with observations in
other unheated vertical boreholes at WIPP (Figure 4-17).

This gravity driven collection effect is one reason to avoid disposal of waste in vertical boreholes in bedded
salt (domal salt is drier). Instead, disposing into horizontal boreholes or placing waste packages on the
drift floor would avoid the region that could potentially become a “sump” for brine to accumulate. Since
the EDZ porosity is comprised of fractures, it does not have significant porosity (< 5%), and therefore
it does not take a large volume of brine to fill the sump. A primary reason to install waste into boreholes
is to take advantage of the higher thermal conductivity of intact salt (approximately 10x higher than
granular salt). In domal salt, less brine would be expected, and the benefit of higher thermal conductivity
near the waste package (intact vs. granular salt) may outweigh any concerns there for potential brine
accumulation. In crystalline disposal concepts (e.g., Finland and Sweden), vertical disposal boreholes are
used, but the bentonite backfill hydrates and swells to keep free water away from the waste packages. This
is a difference between a salt disposal concept that may keep the waste packages dry as long as possible, and
the crystalline concepts that maintains the waste packages in the saturated zone. Additionally, the disposal
drifts could be designed with a slight slope to drain and collect brine away from the waste packages.

4.2.4. Gas Generation
Gas generation processes generally convert solid and liquid substances to non-condensable gas, increasing

the gas pressure and potentially driving transport away from the repository. There are some gas pressure
increases that occur without the generation of gas, but gas generation is often considered the major factor
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contributing to high gas pressures at late time in PA simulations [223, 224]. High gas pressures are also a
concern in argillite and crystalline repositories. Since salt repositories have the potential to be drier than
argillite and crystalline repositories, they may have potential for less gas generation.

Assuming the shaft seal readily saturates with brine at some point along its length and becomes gas tight
(i.e., its relative gas permeability goes to zero), gas pressures in the repository will rise. One gas pressure
increase mechanism in a salt repository is creep closure of the formation during the period of reconsol-
idation (i.e., reduction in repository volume during the first few 100 years). Additionally, the heat from
the waste will cause some minor temporary gas pressure increase due to thermal expansion of the gas in
the repository (i.c., gas expansion due to Charles’ Law). Finally, the main source of gas pressure rise is
associate with gas generation (i.c., increase in the number of moles of gas).

Gas generation is a source term of gas in two-phase TH? models (e.g., TOUGH2, PFLOTRAN, FEHM).
Gas generation may be dependent on the local conditions (e.g., temperature and liquid saturation), but
sometimes it is simply specified at an expected rate regardless of local conditions. While Richards’ approx-
imation [215] can be used to simulate migration of liquid brine due to gravity and capillary effects, this
approximation cannot be used to simulate the effects that may arise due to the accumulation of gas pres-
sure from closure, thermal effects, or gas generation. Explicit two-phase flow of liquid and gas is needed
to understand the accumulation and effects of elevated gas pressure in a repository.

4.2.4.1. Gas Generation Mechanisms

Gas can be generated in a repository via several mechanisms, and excessive gas generation can create high
gas pressures in the repository during later post-closure [88, 181]. Primary gas pressure mechanisms in-
clude:

* anoxic corrosion of metals (i.e., Fe, Cu, Al) in the presence of brine, producing H or H>S;
* microbial metabolism of cellulose (i.e., wood), plastic, and rubber, producing CO, or CHy;
¢ radiolysis of water, producing Hy and O; and

* generation of gaseous daughter products during radioactive decay, producing 4HeZ* and Rn from
alpha decay or producing Kr and Xe during spontaneous fission.

Anoxic corrosion gas generation can happen with copper, aluminum, or iron, all resulting in the pro-
duction of Hy or H»S gas. Although aluminum and copper metal are more reactive in brine than iron,
there is expected to be small amounts of them in the repository. There should be significantly more iron
in a repository for spent fuel (e.g., low-carbon steel), so this is the main reaction considered [261]. Gas
generation from iron corrosion can be written as [29, 28]

Fe + (x + 2)H20(5) - Fe(OH)z -xHO + Hz(g),

where liquid water is a reactant and gaseous hydrogen is a product, leading to the large increase in volume
(assuming a relatively small volume difference between the reactant and product solid phases). If the
reactant water is instead vapor, the associated change in volume will be much less significant (i.c., less
pressure generated). Pressure from generation rates are significantly less in a vapor-limited (i.e., “humid”)
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environment, compared to a system with excess water [s4] (see § 4.4.4, Corrosion). Anoxic corrosion
strongly depends on the availability liquid water.

Microbial gas generation [74] is expected to be limited in a salt spent-fuel and high-level waste repository
because 1) there are limited amounts of cellulose, plastic, and rubber (i.c., the WIPP PA considers these
significant for its waste stream), and 2) there are limited number of halophilic microbes that can thrive
in a halite environment where the activity of water is < 0.75 [183]. Microbial gas generation strongly
depends on the availability and activity of liquid water. Microbes (if viable) may also consume excess gas,
especially Hy . Any halophilic microbes that consume H» could reduce excess gas pressure from anoxic
metal corrosion.

Radiolysis of water will occur in the presence of ionizing radiation, but is generally a slow process, and
does not contribute significantly to the overall gas pressure compared to the expected gas generation rates
of anoxic corrosion [62]. Radiolysis strongly depends on the availability of water.

The generation of 4He or radon from alpha decay or krypton and xenon from spontaneous fission are a
minor source of gas pressure that is independent of the availability of liquid water. The process will occur
in a dry, intact spent fuel cask, and also occurs during surface storage [98, 97].

4.2.4.2. Consequences of High Gas Pressure

Excessive gas pressure can lead to hydrofracture (and increase in porosity and permeability) if gas pres-
sure exceeds the least principle stress, believed to be close to the lithostatic stress in the far-field [283].
Even if the gas pressure does not lead to hydrofracture, it will slow down or even reverse creep closure
of openings, by reducing the deviatoric stresses [240], and it can change patterns of brine migration that
would otherwise exist [s4]. At closure, brine flow is largely directed from the far-field to the low-pressure
excavation, while increased repository pressure could stop or reverse this trend.

Gas permeation into brine-filled pores allows the gas to migrate into the formation (i.e., to develop in-
terconnected gas pathways). This process would be limited by the air-entry pressure characteristic of the
formation. Media that are fully saturated with brine are impermeable to gas, until the capillary forces
resisting the penetration of gas into the medium have been overcome and a network of interconnected
gas pathways are established. The gas-threshold and air-entry pressures (pg = pe + p¢, Where pg is gas-
threshold pressure, pe is the air-entry pressure, and py is the liquid or formation pressure) are important
parameters related to two-phase flow behavior. Air-entry pressure is the pressure required for air to enter
a liquid-saturated sample [53]. It can be estimated through laboratory or field experiments, but is often
empirically related to permeability or pore/fracture aperture (Figure 4-18). Lower permeability materials
tend to have high air-entry pressure, since both are related to the pore radius or fracture aperture. Re-
consolidation of salt should change the air-entry pressure, which can affect the moisture retention curve
too.

Field tests were conducted in boreholes at WIPP to estimate the air-entry pressure of anhydrite interbed
MB-138 [218, Appendix E]. These experiments were mostly unsuccessful, but one test found the air-entry
pressure to be much lower (= 0.2 MPa) than the lithostatic stress (15 MPa), indicating gas would likely
invade the formation well before it builds up to a pressure that could lead to hydraulic fracturing. This
value estimated from field testing is also lower than that predicted by the correlation in Figure 4-18.
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Figure 4-18. Relationship between permeability and gas-threshold pressure in salt [231].

Some of the generated gas will dissolve into the formation brine (reducing the total volume and pressure),
as the air pressure rises in the repository. The solubility will depend on the species of gas that generated
(noble gases, Ha, CO», or O2), total pressure, and temperature. The solubility of air, H, or noble gases
in brine are mostly known as a function of temperature and total pressure, and can be found in the
literature [49, 68, 123]. Two-phase flow simulators (e.g., PFLOTR AN, TOUGH2, FEHM) can track the
dissolution of gas into the liquid phase, and the diffusion of dissolved gas, if the relevant solubility data
are available for the gases of interest. Hydrogen may also react with minerals or microbes, reducing the
gas pressure [275].

4.2.5. Hydrological Properties

Permeability, porosity, tortuosity, and the moisture retention curve are hydrological properties that vary
significantly from the drift, across the EDZ, to the far field.

Intrinsic permeability and porosity increase significantly around an excavation over their very low, undis-
turbed far-field values [132]. The intrinsic permeability of the EDZ can be several orders of magnitude
higher than the far field, and the porosity of the EDZ can be a factor of 10 or 20 higher than the far field

(Figure 4-19).
Figure 4-19 shows possible distributions of porosity, permeability, saturation, and relative permeabilities

for gas and liquid phases around an excavation, extending the power-law approach of Kuhlman [132] to
two-phase flow. First, porosity is assumed to vary like

n(r) =max(ngsisc (r/r0)"", Rfar),
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power-law porosity and permeability, and two-phase flow properties. Gray areas indicate intact salt.

where 7 is the radial distance away from the center of the drift [m], r¢ is the drift radius, ng,, = 0.001
is the far-field porosity, ngrifc = 0.015 is the porosity at the drift wall, and n = 3 is a dimensionless
power-law exponent. Next, the permeability is assumed to follow

k(r) = max (kg (7/70) "7, kar),

where kg = 10720 is the far-field permeability [m?], karif; is selected to make k(r) continuous at the
outer edge of the EDZ, and 8 = 3 is another dimensionless exponent; permeability is related to porosity
as k(r) = n(r)P. Then, the liquid saturation is assumed to be

S¢(r) = ngae/n(r),

where all new damage-derived porosity is assumed to be air-filled. This is consistent with the “wetting
up” conceptual model in Figure 4-15. Lastly, the capillary pressure model and the relative permeability
models are based on the data for fractured marker bed core (Figure 4-12). The values used here are just
for illustration of trends.

Figure 4-19 shows the liquid permeability (k¢ = k - k, ¢) is highest at the far edge of the EDZ and the gas
permeability (kg = k - k, 4) is almost equal to the intrinsic permeability across most of the EDZ. The
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EDZ behaves somewhat like a vapor barrier does in a landfill cover design, to keep out liquid water. This
observation, along with the gravity drive of brine to the “sump” of EDZ fractures below the room, would
then lead to collection of brine from the far field, mostly along the outer edge of the EDZ. In reality, some
brine is also released inside the EDZ due to various sources (i.e., not all brine originates from the far field,
see § 3.2, Brine Migration) and mine ventilation removes some moisture from the salt, too.

During drift closure and healing of the damage associated with the excavation, the porosity will be re-
duced, eventually back to the undisturbed state. Permeability will also be reduced during healing, but the
relationship between porosity and permeability is not always a simple linear relationship (even on log-log
scale; [138]). Sometimes a small change in porosity can lead in a huge change in permeability, depending
on the connectivity of the porosity. Permeability in the EDZ surrounding a room is also directional, with
fractures preferentially forming parallel to the drift walls (Figure 4-1).
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Figure 4-20. Porosity-permeability data for dilating (orange) and reconsolidating (blue) salt [203]. Slopes
of power-law exponents shown in inset.

Porosity holds a special place among the parameters in the THMC problem, because it can be changed by
several processes and it controls the extent of convection through the domain. Mechanical damage (i.c.,
volumetric strain) and healing can increase or decrease the porosity, along with chemical precipitation
and dissolution. Permeability is often given simply as a power-law relation to porosity (e.g., Figure 4-20,
[138]). Tortuosity is often a function of porosity and phase saturation. Capillary pressure distributions
have been shown to depend on porosity [121]. Heat conduction and mechanical deformation are the
primary processes that do 7ot exclusively rely on porosity, since they are effective through the solid matrix,
as well as the open pore space. Heat convection, radiation, hydrological processes, and chemical processes

all depend explicitly on a connected gas- or liquid-filled porosity.

Porosity in undisturbed salt is associated with very small inter-granular apertures (Figure 4-21), which
tend to be dominated by surface forces (e.g., held or influenced by electrostatic forces associated with
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Figure 4-21. Porosity and pore size around a salt excavation [47].

the mineral phase). A large number of small pores and tight fractures contribute significantly to the spe-
cific surface area (surface area per volume [1/m]). Granular salt backfilled in the excavation behaves much
more like a traditional porous medium, with pores, pore throats, and significant connectivity. Microfrac-
tures added to the salt due to excavation or heating/cooling damage tend to be planar structures, which
only have an aperture and roughness, with lower overall connectivity. The connectivity of porosity is
captured implicitly in the relationship of porosity to permeability and tortuosity. A non-zero porosity
can be associated with a zero permeability or tortuosity, if the porosity is disconnected (Figure 3-2c)

A pore distribution conceptual model (e.g., bundle of capillaries, parallel fractures, or fractal pore net-
works [66, 229]) can be used to derive the moisture retention curves and tortuosity factors. Porosity is
an important variable that impacts anything occurring exclusively in the pore space, the pore model and
pore-size distribution and further constrain this important backbone of hydrological processes, discrim-
inating between granular and fracture-based media [138] (Figure 4-20). As mechanical deformation (i.e.,
damage and healing or hydrofracture) or chemical processes (i.c., precipitation and dissolution) occur in
the salt, the porosity changes, ideally the permeability, pore distribution, and specific surface area should
also change.

Dissolution and precipitation only occur in the smaller liquid-filled pores in a two-phase medium, pref-
erentially changing these smaller pores while leaving larger air-filled pores unchanged. Mechanical de-
formation may occur differently in gas-filled pores compared to liquid-filled pores, based on impacts of
fluid-assisted deformation and pressure solution [107, 108, 281] and the effects that soil matric potential
has on effective stress [293]. The air-entry pressure or gas-threshold pressures have been shown to be
correlated to the formation permeability [53] and porosity (larger pores have lower air-entry pressures).
Further, the maximum capillary pressure of a formation that changes porosity significantly (i.e., during
dissolution and precipitation) has been shown to be a function of porosity as well [r21].

The evolution of the natural salt and EDZ are important, but we must also consider the evolution and
hydrological stability of the EBS components. Cement seals are an integral component of the EBS in a
salt repository. They would be placed at the ends of a seal of granular salt. The granular salt will be used
to provide long-term sealing function in a repository, that will take over the sealing function from the
cement abutments before the failure of the cement sealing elements (i.e., their accumulation of damage
and increase in permeability) due to loading and creep, depending on whether the seals are brittle or
can creep (i.e., made with granular salt as aggregate). Cement seal exposure tests have been conducted
as part of the Small-Scale Seal Performance Tests at WIPP [258, 270], but mostly from the point of view
of the hydrological isolation provided by the seals. Seals need to guarantee immediate strength to hold
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against convergence of the host rock, and seals need to have a specified minimum permeability at early
time (e.g., 107! m?). Full-scale drift sealing demonstrations have been conducted at Morsleben [291],
with extensive in situ monitoring and sampling of the seal-salt interface. Asse has seen significantisolation
of mined regions by filling and sealing mined areas with Sorel cement backfill [71], to both slow down
overall salt-dome convergence and plug potential pathways for migration of brine within the facility.

4.3. Mechanical Processes

Rheology is the field of study of flowing materials that exhibit both fluid and solid characteristics, in-
cluding salt [152]. The mechanical deformation of salt results from the configuration of and time rate of
change in stress and strain around an excavation, including damage accumulation, creep closure, thermal
expansion, hydrofracture, and healing [113, 44, 112]. The primary mechanical variables are stress [o-, Pa],
strain [€, m/m], and strain rate [€, 1/s].

There are several modes in which salt deformation takes place [117]:
e cataclastic fracture of intact salt or salt grains;
* intergranular movement (e.g., grain rotation in granular salt);
¢ intergranular dislocation and gliding (i.e., damage-free creep); and
¢ diffusive mass transfer in liquid films (i.e., pressure solution).

Unlike many other rocks and geomaterials, salt readily creeps at ambient temperatures and pressures
(rather than only at conditions found in the Earth’s mantle). At ambient conditions (298 K), salt is
at 28% of its melting point (1074 K). Unlike metals, which also experience dislocation creep, pressure
solution is a significant micro-mechanical deformation process in salt [23]. Like salt, water ice creeps and
experiences grain-boundary melting, which is analogous to pressure solution [28s, 126].

Elastic stress-strain behavior is (at the speed of elastic wave propagation, ~ 4.5km/s [100]), rate-independent,
and reversible. In salt elastic deformation is often a relatively small strain component compared to the
magnitude of strain associated with long-term creep closure of excavations, although a non-trivial amount

of early elastic deformation can happen when a room is first excavated due to the significant stresses at
depth [213]. Plastic damage is initially irreversible, rate-independent, and accumulates when the mate-
rial exceeds its yield strength (i.e., based on stress state). Viscoelastic creep is an initially irreversible and
time-dependent change that relates the deformation rate to the stress state [121]. All damage in saltis even-
tually reversible, through creep closure of porosity and healing or suturing of salt across closed micro- and
macro-fractures.

Most laboratory creep testing is concerned with characterizing steady-state creep behavior, rather than
the early transient creep phase, or the tertiary phase usually seen just before failure (Figure 4-22). During
viscoplastic creep the rock slowly and continuously deforms under a constant differential stress, like a
very viscous fluid (effective viscosity of halite at repository conditions is about 3 X 1078 Pa - s [76]).
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Figure 4-22. lllustration of different stages of salt creep [93]. Elastic response at / = 0 not included.

4.3.1. Salt-Specific Constitutive Models

Early transient phases of creep are characterized by micro-mechanisms that lead to strain hardening (i.e.,
concave down part of red curve in Figure 4-22) and later tertiary phases are dominated by micro-mechanisms
that lead to strain softening (i.e., concave up part of red curve in Figure 4-22) [93]. The macroscopically
observed transient and steady-state creep stages are due to multiple simultaneous small-scale processes
(e.g., dislocation multiplication, dislocation movement [glide, cross slip, and climb], pressure solution
creep, recrystallization/healing [93]), active at different pressures, temperatures, relative humidity, and
strain rates [175, 39, 210]. Hot salt creeps faster than cold salt and its temperature dependence is often re-
lated to an exponential Arrhenius term, and small amounts of moisture speed up salt creep (i.c., enough
liquid to make continuous films that enable the pressure solution mechanism) [80]. It seems the differ-
ent micro-mechanical deformation mechanisms should contribute in different ways to the macroscopic
system variables of volumetric strain (i.e., porosity), tortuosity, permeability, specific surface area, and the
moisture retention curve, but this is currently not accounted for in models.

Not all combinations of stresses applied to the salt result in permanent damage, or an increase in poros-
ity. The dilatancy boundary delineates stresses that result in damage from those that do not. Figure 4-23a
shows two different dilatancy boundaries in salt, the red one for triaxial tests where the maximum prin-
cipal stress (071) is axial and the green one for triaxial tests where o is radial (also called an “extension”
test). The abscissa (/1 = 0y + 0% + 03) is the first stress invariant (hydrostatic or confining stress), and
the ordinate is the square root of the second deviatoric stress invariant, proportional to octahedral shear
stress, more specifically Jo = % [(0’1 — )+ (09— 03)% + (03 — 0'1)2] [90]. Conditions above these
curves (higher deviatoric stress for the same confining stress) result in dilatancy or the accumulation of
microfracture damage. Still larger deviatoric stresses can result in failure (“F” curve in Figure 4-23b). Con-
ditions below the dilatancy boundary are isochoric (constant volume) and do not result in accumulation
of microfracture damage, and lead to the eventual closure of fractures and healing [203, 233]. Damage
tends to accumulate near excavations in unconfined regions, where /I is relatively low and J; is relatively
high. Further from the excavations, the salt tends to be damage free, due to lower deviatoric stresses and
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Figure 4-23. Dilatancy boundaries for laboratory triaxial tests in salt.

Testing of bedded Salado Formation salt in Germany as a part of the historical “Joint Project III” interna-
tional collaboration observed a constancy of the dilatancy boundary with respect to temperature (over the
range 20 < T < 100 °C) and strain rate (1076 < € < 107 1/s) [230, 67]. This constancy then supports
the relevance of the dilatancy boundaries determined in the laboratory to field conditions. Figure 4-23b
also shows a region of compressibility (“C”), where healing occurs.

The repository relevant geomechanical problem is typically a static balance of forces (2; F; = 0), ignoring
inertial terms (3; ma;) due to the very slow speed of mechanical movements (except during fast events
like rockfalls [212] or to track propagation of elastic waves like acoustic emissions). The geomechani-
cal problem then maps forces and the corresponding stresses onto strains and displacements through a
constitutive law (e.g., Hooke’s law) [209]. Viscoelastic effects are included through stress-strain rate rela-
tionships. Versions of these constitutive laws can include the effects of changes in temperature (i.e., ther-
moelasticity [195]), pore pressure (i.e., poroelasticity [279]), or both (i.e., thermoporoelasticity [48, 234]).
Mathematically, thermoelasticity and poroelasticity have analogous formulations; changes in pore pres-
sure or temperature have analogous effects on stress [279].

The isotropic elastic response (i.c., generalized Hooke’s law) for primary direction stress in terms of strains
in the same direction, other primary direction stresses, pore pressure, and temperature is

op=Ee +v(op+03) +ap+ bKT, (4.4)

where stress, pore pressure, p, [Pa], and temperature are changes from an initial value (i.e., not absolute
values), E is Young’s modulus [Pa], K is the bulk modulus [Pa], v is Poisson’s dimensionless ratio, &
is the dimensionless Biot-Willis coefficient, and b is the coefficient of volumetric expansion [1/K]. This
constitutive behavior is a link between the kinematic (i.e., displacement or strain) and dynamic (i.e., forces
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or stresses) responses of the system. The poroelastic and thermoelastic responses are dynamic contribu-
tions (i.e., stresses derived from changes in temperature or pore fluid pressure).

The generally non-Newtonian viscous steady-state response of strain rate to deviatoric stress (i.., steady-
state creep rate), can be given by the Norton power law [152]

€norton = AOe_Q/Rg(O'l - 0_3)n, (4'5)

where n is an empirical exponent, Ao~ = o7 — 033 is the differential stress [Pa], Aq is a material-dependent
parameter analogous to viscosity with an exponential Arrheneius temperature-dependence term (6 in
K), Q is an activation energy [J/mol], and R is the universal gas constant (R = 8.314 J/(mol - K),
balancing the dimensions of typical activation energy). Equation 4.5 has the form of Newtonian viscosity
forn = 1.

For viscoplastic materials, different combinations of spring (elastic), dashpot (viscous), and sliding block
(perfectly plastic) elements can be combined in parallel and in series to result in more complex and phys-
ically realistic constitutive models (e.g., Kelvin or Burgers [72]). The effect of changes in fluid pressure
or temperature are associated with the elastic element, and combined with viscous elements to result in
time-dependent thermal-poro-viscoelastic models.

The mechanical properties of the salt (i.e., Young’s modulus, bulk modulus, shear modulus, Poisson ratio
and creep constitutive law properties) may change smoothly as a function of damage across the EDZ
to the far field [148]. Some constitutive models include this (e.g., Lux-Wolters), but other constitutive
models (e.g., Munson-Dawson) do not [209, 210].

4.3.2. Modeling Repository Mechanical Processes

We differentiate between mechanical models with infinitesimal-deformation elastic behavior and large-
strain behavior, with and without with creep constitutive laws. We also consider the difference between
purely mechanical models, and models with thermomechanical coupling, poroelastic coupling, or both.
Some modeling approaches approximated the deformation of a salt, brine, and gas system as being made

up solely of different fluids.

FEHM and PFLOTR AN both have some ability to simulate infinitesimal mechanical deformation (e.g.,
include effects of thermal expansion of the solid phase on the changes in fluid pressure, as shown earlier
in Figure 4-9), but are not considered viable mechanical models for long-term salt simulation without
the ability to simulate creep and large deformation (e.g., closure of drifts). Sierra Mechanics, FLAC,
and OpenGeoSys have the ability to handle large deformations. Salt often requires complex constitutive
laws, that are not commonly used for other rock types [296, 210, 89]. Not all geomechanical simulators
capable of large strains are also useful for salt. TOUGH-FLAC has been developed to accommodate large
deformations and use modern salt constitutive models [227, 18, 264].

Predictions of simultaneous flow of salt, brine, and gas at WIPP was once cleverly treated in an approx-
imate manner using a three-phase hydrological flow model (i.e., TOUGH2 EOS8 for liquid, gas, and
“dead 0il”), by changing the viscosity and density of the oil phase to that of salt [76]. Although it cap-
tures some characteristics of salt behavior (i.e., viscoelastic creep), the elastic response is only in terms

58



of pressure (i.e., I1); the shear response of the medium is neglected. Fluids cannot sustain shear stresses
without continuously straining.

The mechanical initial condition for a repository is usually an undisturbed state (i.e., just before the exca-
vation is made), with the overburden stress and self-weight of the rocks being the primary driving force.
Since salt cannot support differential stress long-term (i.e., creep will dissipate any differential stress), salt
tends to be in a hydrostatic stress state far from interfaces or excavations. Mining out the underground
excavation for the repository leads to a large differential stress perturbation that creates the EDZ and
drives creep closure [213]. Figure 4-24 shows how the distribution of radial and hoop stresses around an
excavation lead to the development of the EDZ (i.e., dilation or porosity) at three different times. In the
uppermost panel (earliest time, immediately after excavation) the differential stress (07 — 07-) is maximum
at the drift wall. This exceeds the dilatancy boundary, resulting in plastic damage (gray bar in subsequent
panels), which tends to grow with time.
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Figure 4-24. Temporal evolution of radial (r) and azimuthal () components stress and strain (porosity, ¢)
contributing to the EDZ (gray) around an idealized circular 2D salt excavation [202].

Granular salt in a backfilled drift has quite different mechanical properties from intact salt and requires
using a different constitutive law from the intact or EDZ salt [3s, 194], but eventually the backfilled salt
will also reconsolidate to the properties of intact salt in the far field [175]. Consistent mechanical constitu-
tive laws should be used for intact, damaged, and reconsolidating salt, since in reality these different types
of salt exist on a continuum, and they should smoothly evolve from one type another, during repository
post-closure. Granular salt is used as a backfill material in the EBS because it is readily available (i.e., does
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not need to be brought in from another location) and it will evolve back into the same material as the
host rock with time. While the exact details regarding the timing of the reconsolidation of granular salt
are complex, it is generally understood that the process will ultimately happen [so, 79, 96]. Drift clo-
sures and shaft seals include granular salt seals, along with other complimentary components (see § 2.3,
Engineered Barrier Systems).

4.3.3. Creep at Low Deviatoric Stresses

It has become clearer in the last ten years, pressure-solution deformation mechanism is very important
in salt at low deviatoric stresses (i.c., low von Mises effective stress or octahedral shear stress). Field creep
rates will be significantly underestimated if steady-state laboratory creep test results at large deviatoric
stress (> 8 MPa) are extrapolated to low stress levels (Figure 4-25). Despite most laboratory testing
being done at higher differential stresses, low differential stresses are expected to exist over a large volume
of rock surrounding the repository for a long period of time.

At higher differential stresses, behavior is often described by a Norton power law (i.e., Equation 4.5; a
straight line on a log-log plot) with n = 6 to 7, but at lower stresses, pressure solution requires a unit
slope in this model [250]. Pressure solution is a pore-scale MC coupled process [23, 281]. Excess chemical
potential drives dissolution of asperities that are stress concentrations, and diffusion of brine in thin films
allows migration of excess concentrations to precipitate at regions of lower chemical potential. Small
grains or crystals experience faster pressure solution creep than large-diameter grains. Pressure-solution
creep can be described using a Newtonian viscosity model [152]

€ps = BOe_Q/Rg (0—1—:-3) (4.6)
6D

where By is a material parameter with an Arrhenius term (like Equation 4.5), and D is a grain size [m].
Pressure solution is relatively a more important mechanism in fine-grained (small D) salt than in coarse-
grained salt [251]. Pressure solution is more grain-size dependent than temperature-dependent at repos-
itory relevant conditions (see large difference in responses at high deviatoric stress for different tempera-
ture curves in Figure 4-25). The Arrhenius temperature dependence in B is balanced to some amount by
the 6 in the denominator of Equation 4.6. A very fine-grained backfill could be engineered to speed up
pressure solution creep (the effect of grain size is not shown in Figure 4-25).

Given that a large volume of the salt surrounding an excavation will be in this low deviatoric stress regime,
the effect of pressure-solution creep can be significant at the field scale and over long times. This raises
the possibility of waste package sinking over the life of the repository (given their high temperatures and
their high density compared to salt), essentially the reverse of the buoyancy effect that leads to the creation
of salt domes. Recent modeling at LBNL has shown that even with a range of behaviors for creep that
includes the pressure-solution mechanism, negligible sinking of waste packages is expected (< 2 m) over
10 years [265].

4.3.4. Shearing on Discrete Layers

In bedded salt, thin clay layers or other interfaces between different materials (e.g., salt and anhydrite) can
slip, which relieves shear stresses, and impacts the predicted damage or closure rate around an excavation.
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Figure 4-25. Comparison of creep strain rate at high and low deviatoric stresses [15]. Norton creep law
(Equation 4.5) exponent visualized in bottom inset.

The Mohr-Coulomb shear stress criteria with pore pressure effects [12] can be given

Oc=7—u(on—p) (4.7)

where all the factors are relative (i.e., changes); 7 is the change in shear stress on the plane in the expected
slippage direction [Pa], 07, is the change in normal stress on the plane [Pa], p is the change in pore fluid
pressure on the plane [Pa], u is the dimensionless coefficient of friction, and o7 is the change in Coulomb
failure stress [Pa]. Positive values of o indicate the plane is closer to slipping, whereas negative values
indicate stress changes that move the plane further from slipping. The interface is assumed to be stiff in its
normal direction, but the plane can slip if shear stresses dominate over normal stresses, which are further
reduced by pore pressure. There are not significant data available to characterize the slipping properties
of in-situ clay layers in bedded salt [211, 246], therefore a nominal value (1 = 0.2) has been used at WIPP
[176], based on engineering judgment (although many silicate rocks have u ~ 0.7 [34]). Mechanical
simulations at WIPP also have not taken fluid pore pressure effects into account.

Elevated pore pressure in clay layers reduces the effective normal stress that otherwise clamps the layer and
prevents sliding [12]. In the far field, the clay has pore pressure approaching the lithostatic stress (see § 3.1,
Brine Types). Far from the excavation, where both 07, and p nearly equal lithostatic stress, Equation 4.7
indicates the layer is “floating” (effectively no normal stress preventing slip) and may slip easily, but shear
stresses in salt in the far field are also very small or zero, so there are no stresses tending to drive slip. Clay
layers closer to the repository excavation have lower pore pressure (brine from clay is the first to bleed oft
— Table 3-1), but they will also have higher shear stresses, associated with the excavation. The clay layer
may be in a critically stressed state [297]. Thermal pressurization could also increase slip on clay layers by
increasing the pore pressure in the clay layers, reducing effective normal stress.
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Sobolik investigated the apparent static and dynamic friction coefficients for different man-made clay lay-
ers in salt [246, 247]. It is difficult to sample an undamaged clay layer in core, because it is a preferential
weakness that often fails during drilling. The nature of the interface depends strongly on whether the
surfaces on either side of the clay layer are smooth or comprised of rough and possibly interlocking salt
crystals. Smooth surfaces are found with some clay layers at WIPP (e.g., clay layers associated with anhy-
drite layers which do not have large crystals like halite, e.g., Clay E), while other clay layers are associated
with rough, interlocking crystal surfaces (e.g., Clay F, where large halite crystals may penetrate the clay
from either side).

Frictionless Nominal

N S A
[ sat I Anhydrite

Figure 4-26. Model predictions of open-room closure evolution at WIPP for different slip behaviors [211].

Figure 4-26 shows mechanical predictions (notincluding pore pressure or gas-generation eftects) of open-
room closure at WIPP for three different types of discrete anhydrite and clay layer behavior [211]. A clay
layer is often associated with the bottom of anhydrite layers in the Salado Formation. In this simulation,
“frictionless” indicates ¢ = O for the anhydrite layer, “glued” indicates there is no slippage (1 = o), and
“nominal” is u = 0.2, as has been used in most WIPP simulations.

Discrete layers can allow stresses to redistribute, resulting in different predictions of early time (< 100
years) closure. Domal salt does not have significant continuous layering; slipping on clay layers is mostly
a bedded or pillow salt phenomenon. Figure 4-26 shows visible separation at layers for the frictionless
case. In reality, there would likely be discrete failure and roof falls, rather than continuous deformation.
Discrete fracturing and failure are difhicult behaviors to capture in large-scale models, especially over long
time periods [212].
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4.3.5. Development of Damage and Fracture Closure

Coupled THM models can be used to predict the distribution of microfracture damage (i.e., porosity)
due to creating an excavation (i.e., a borehole or drift), heating, or changes in pore pressure. The creation
of and distribution of porosity as well as the directionality of porosity (i.e., permeability or tortuosity)
are critical to those processes that require pore space for convection (advection of solutes or heat or dif-
tusion of solutes). Plastic damage is often implemented as an isotropic scalar quantity (Figures 4-27 and
4-24). In reality, microfracturing or dilation results in oriented fractures (i.e., with the fracture normal
preferentially along 03), which contributes to directional permeability and diffusion [148].

The distribution and accumulation of damage around an excavation is a function of the lithostatic stress,
the orientation of the stress tensor near the excavation (fractures open perpendicular to o3 — Figure 4-
28a), the size and shape of the excavation (i.e., rounded vs. rectangular excavation — Figure 4-27), and any
geologic heterogeneity associated with the salt (e.g., lettered clay layers or anhydrite marker beds at WIPP,
also shown in Figure 4-27). Not only do fractures and granular pores have different porosity-permeability
relationships (Figure 4-20), but properly aligned fractures are far more compressible than pores typical
of reconsolidated granular salt [s1].
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Figure 4-27. Model predicted damage around rectangular excavations, including effects of non-salt clay
layers and marker beds [273].

The effect of accumulated damage on gas permeability around the N-11oo drift at WIPP was character-
ized by Stormont [24] using specified-pressure (70 kPa) gas flowrate tests (Figure 4-29). The log-spaced
contours of flowrate in this figure effectively quantify damage magnitude, which is highest in the anhy-
drite marker bed (MB-139) below the floor of the excavation. At these low gas working pressures, some
regions without measurable gas flowrate may have had open fractures that were filled or at least blocked
with brine, and therefore low-pressure gas did not flow into them (i.e., the low-pressure gas system is sen-
sitive to the relative gas permeability, not the absolute permeability). Higher gas pressures may have been
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(a) Mostly azimuthal cracking around mined openings (b) Radial cracking (highlighted by
at Asse, due to excavation stress relief [24, 84]. staining) observed at cool-down after
heating [221].

Figure 4-28. Fracturing in salt; o3 was perpendicular to the fractures when created.

less susceptible to relative permeability effects, but they may also have mechanically opened the aperture
of the fractures, changing their absolute permeability.

The distribution of higher gas flowrate regions corresponds well to the envisioned fracture distribution
(Figure 4-28a) and the areas of higher model-predicted damage for WIPP disposal rooms (Figure 4-27).
Gas flow can be used to probe the extent of damage and fracturing in the EDZ in salt. Other methods have
also been successfully used to delineate the EDZ, including ultrasonic wave velocity [103] and electrical
resistivity tomography [40, 24, 119].

4.35.1. Thermal Expansion Feedback to Hydrological Properties

Heatingleads to thermal expansion. Due to this non-uniform constrained thermal expansion, stresses will
beinduced in the saltin the area being heated. The increased stresses may close some fractures (depending
on their orientation to the stress state and the geometrical configuration). Closing fractures may only
reduce the porosity slightly, but it may reduce the permeability significantly. As illustrated in Figure 4-20,
granular salt will result in a relatively small change in permeability from a small change in porosity (e.g.,
from 3% to 2% porosity leads to a factor of approximately 2 change in permeability — blue arrow). While
in fractured salt, the same change in temperature might result in a similar change in porosity, but a larger
change in permeability (e.g., 1% to 0.5% porosity leads to 2-3 orders of magnitude change in permeability
— orange arrow).

Figure 4-28b shows radial fracturing observed around a borehole in alab heater test [221]. The test showed
a sharp increase in ultrasonic wave travel time upon the start of cooling, indicating damage was imparted
when heating ended. Staining after the experiment revealed the radial cracking pattern seen in Figure 4-
28b. Large hoop stress set up around the borehole during heating, and during the rapid after-test cooling
the drop in hoop stress allowed radial fractures to develop. In the fields of geothermal energy production
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Figure 4-29. WIPP gas flowrate contours (SCCM is standard cm?®/min) from constant-pressure 1-m long
packer-isolated intervals; stars indicate no flow [24].

and carbon sequestration, “thermal shock” is known to occur in rocks after cyclic heating and cooling,
and is known change to the hydrological properties of rocks [106, 17, 295]. To a lesser degree, different
thermal expansion coefficients for different materials can also lead to microfracturing during large tem-
perature changes (heating or cooling). This differential expansion and contraction can occur at bound-
aries between different macroscopic layers in evaporite deposits (e.g., contributing further to movement
on layers, as discussed in § 4.3.4, Shearing on Discrete Layers), or at grain/material boundaries associated
with smaller-scale heterogeneities (e.g., as shown in X-ray tomograms in Figure 3-1).
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Figure 4-30. BATS 2g breakthrough of Ar (green line) from D borehole to HP borehole that is stopped by
heating and restarts after cooling [141].
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The BATS 2 field experiment showed similar development of radial fractures from damage associated
with cooling in earlier tests (as seen in the lab experiment by Roest & Gramberg [221]), the experiment
also demonstrated repeated opening and closing of the fractures by heating and cooling.

In the BATS 2 heater experiments [139, 141], argon was pressurized behind an inflatable packer in a satellite
borehole (D) parallel to the heated borehole (HP). After three heating/cooling cycles (BATS 2a-BATS 2c),
it was observed subsequently that pressurizing the gas in the satellite packer borehole while the heater was
off resulted in rapid breakthrough of Ar (i.e., breakthrough of tracer gas along radial fractures emanating
from the central heated borehole, connecting up with the parallel tracer borehole, 10 cm away). Figure 4-
30 shows gas concentrations in the heated HP borehole gas stream (measured on an in-drift quadrupole
mass spectrometer). Once damage had been imparted to the rock from repeated heating and cooling cy-
cles, gas breakthrough in later heater tests stopped soon after the heater was turned back on and restarted
once the heater was turned off. Even after 8 weeks of heating, there was no breakthrough while the salt
was hot.

In arepository, fractures in the EDZ (Figure 4-28a) would be closed due to emplacement of heat-generating
radioactive waste, through thermal expansion of the EDZ and increased stresses due to confined thermal
expansion. In a repository, decay heat should not experience an abrupt shutdown, like at the end of
a heater test. Cesium-90 and strontium-137 are significant components of radioactive waste, with half
lives of approximately 30 years. On this time scale, any slight change in devaitoric stress due to thermal
contraction from incremental cooling will likely be dissipated via viscoplastic creep, rather than result in
fracturing.

Previous field experiments have attempted to reduce the thermal shock that occurs at cool down after
a heater test by reducing the temperature in steps (i.e., at Avery Island [127], at Asse [222], or in a labo-
ratory salt block test [102, 264]), but even relatively small steps lead to shocks and damage at each small
change (e.g., Figure 4-31). Brine is often produced to the heated borehole at the end of heating, due to
the fracturing imparted from rapid cool down. The rate of change in temperature at the source may be
more important than the absolute value of the change in temperature.
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Figure 4-31. Daily stepwise reduction in heater power (bars) at end of Avery Island heater test, plotted
against gas permeability through time (dots) [127].
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4.4. Chemical Processes

The primary variables relevant to chemical dissolution and precipitation reactions and liquid-phase trans-
port are concentration or activity of dissolved components (including dissolved radionuclides) in the lig-
uid and solid phases (mostly halite, but & 5% anhydrite, polyhalite, and clay may exist locally).

As was mentioned earlier for mechanical processes, changes to porosity may change relationships to mois-
ture retention curves, permeability, and tortuosity. Typically, these parameters are only related to poros-
ity through simple power-law relationships, with porosity being the main variable changed. Pressure-
solution is a pore-scale MC coupling, and is one of the main deformation mechanisms in salt, especially
at low deviatoric stresses.

At WIPP, primary fluid inclusions (i.., intragranular) have a different chemical and isotopic composition
than intergranular brine or clay porosity produced to boreholes in the salt [69, 135]. The composition of
fluid inclusions has been observed to change after thermomigration [38, 37].

Water vapor from hot regions (above the boiling point) can migrate and condense at cooler locations and
dissolve salt (Figure 4-3). This new brine derived from dissolved salt is observed to be quite different com-
position from native brine [135], since it is more closely related to the highly soluble solid minerals present
(e.g., halite) than to the highly concentrated bitterns associated with fluid inclusions—brine with elevated
concentrations of species that do not readily precipitate, e.g., Br~ and Li*. Given these differences, the
contributions of these different water types can be distinguished in samples from boreholes given major
ion analyses and geochemical modeling [135, 163].

As a primary eftect, condensing water vapor will dissolve salt (increasing porosity) and boiling brine will
precipitate salt (reducing porosity). As a lesser secondary effect, the minerals in the geologic salt deposits
have solubility limits that are functions of temperature (Figure 4-32). Heating salt permeated with Na-Cl
brine will dissolve more salt into the brine (increase porosity a bit) while cooling a hot salt-brine system
will precipitate salts (decreasing porosity a bit). These changes in porosity due to dissolution and precip-
itation can also drive change in fluid pressure or liquid saturation.

Many evaporite salts (e.g., halite or sylvite) are very soluble and are essentially not kinetically limited at
time scales relevant to other repository flow processes. PFLOTR AN, FEHM, and TOUGH2-EWASG
have the capability to simulate an equilibrium (i.e., notkinetically limited) soluble matrix [6, 25], account-
ing for mass balance of both water and soluble solid.

We distinguish here between geochemical modeling capabilities in chemical transport models, in increas-
ing order of complexity:

* simulation of advecting, diffusing, and sorbing tracer transport with possible radioactive decay of
non-interacting solutes (Ctracgr — feasible in large 3D domains);

* simulation of dissolving and precipitating salt, which modifies the porosity, permeability, and tor-
tuosity (Cppr/pis — possible in large 3D domains, but more effective in 2D or smaller domains);

* simulation of “full chemistry” of the dissolved and solid species in the system (e.g., Na*, CI~, and
pH), using thermodynamic and kinetic data to predict dissolution and precipitation of minerals,
and requiring a framework that can predict activities in high ionic strength solutions (CrurL -
typical in only oD or 1D models [118]).
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Figure 4-32. Solubility of minerals during evaporation of seawater with temperature [282].

THC models that include full chemistry information, which is needed for waste package corrosion or
cementitious material degradation, are the most complex geochemical models. These models are typically
only simulated in simplified oD or 1D configurations (i.e., at the waste package or under representative
repository-wide conditions). Fully coupled THMC process models may be used to screen processes for
inclusion in PA simulations, and may ultimately be incorporated into PA simulations through multi-
scale coupling (e.g., source term to near-field coupling or near-field to far-field coupling), reduced order
modeling, or surrogate modeling. Elevated temperatures may change solubilities (Figure 4-32), kinetic
dissolution rates, or equilibrium constants in full chemical reactions. Dissolution and precipitation can
also lead to changes in temperature, if the reactions are endothermic or exothermic (but this is often
considered insignificant).

4.4.1. Reactive Transport

Reactive transport includes transport of dissolved species in the liquid phase, allowing species to react
with each other and the solid phase during movement [253]. The reaction-advection-diffusion equation
is a set of N reactions (one for each species), with each equation taking the form

6c,~
ot

= Deff’ivzci + IZVC‘,' + R;
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where ¢; is molar concentration [mol/m?] of species i, Defr; = Dpuik,iT™ is the effective diffusion coef-
ficient of species i in a porous or fractured medium [m?/s], T* is a dimensionless tortuosity coefficient
(0 < T* < 1, specifically “diffusional tortuosity” in [43]), Dpulk,; is the free-water molecular diffusion
coefficient for species i [m?/s], and R; is a reaction term that accounts for radioactive decay, ingrowth,
dissolution, precipitation, and reactions [mol/ (m?-s)].

The equations of state for the viscosity, density, enthalpy, surface tension (Figure 4-13), and vapor pressure
for brine must be used in place of the more typical equations for pure water [7, 249, 64, 63, 180], to
represent the hydrological system for a brine, rather than fresh water. Viscosity of both fresh water and
brine are a strong function of temperature, potentially increasing the mobility of brine upon heating.
The density of both fresh water and brine are also functions of temperature (see § 4.2.3, Gravity-driven
Flow). The vapor pressure of water is also a function of salinity, which results in elevated boiling point
for brine compared to fresh water (= 8 °C at1atm [70]).

Hyper-saline pore fluids in salt systems tend to reduce potential solute-transportissues like colloid-assisted
transport of actinides [157, 14]. In a strong brine, the electric double layer is much thinner which reduces
the electrostatic attraction and repulsion forces at the pore scale (e.g., membrane effects). While the thin
electric double layer results in less colloid transport, it also results in less sorption of radionuclides to
the salt itself [289]. One of the benefits of bentonite is its high sorption capacity for dissolved actinides
leached from waste forms. The soluble portions of the halite do not provide much sorption, while some
sorption may be provided by geologic clay or anhydrite layers within evaporite deposits. This is one of the
reasons bentonite has been proposed as an additive to granular salt backfill (but the sorption properties
of bentonite hydrated by high ionic strength brines may be difterent from that in fresh water).

Gas-phase reactive transport is also possible (e.g., oxidation and reduction of metal waste packages), but
often is not considered in porous media subsurface simulations. Commonly, the gas phase is treated in
a simpler manner than the liquid phase (e.g., single component of air), since most chemical reactions of
interest happen in the liquid phase. Gas transport of radionuclides is possible (e.g., krypton or xenon
daughter products, carbon-14 in CO», and radon from alpha decay), but it has not been considered in
previous US PA simulations, because of the short half-lives of most gaseous radionuclides.

Reactive transport of solutes in the liquid phase in salt formations is complicated by the high ionic strengths
in hyper-saline evaporite brines. To accurately predict mineral solubility and speciation at high ionic
strengths and elevated temperatures require an activity model that accounts for more complex ion inter-
actions, such as the Pitzer approach [200, 201]. Both EQ3/6 [290] and TOUGH-REACT [294] have
Pitzer capabilities, allowing full chemistry in high ionic strength systems.

The oD geochemical model EQ3/6 [290] has been used to predict speciation of actinides in WIPP brines
at ambient conditions as part of WIPP Compliance Recertification Application [62], and by DOE-NE
to predict ion concentrations and solid precipitants during the evaporation process at elevated temper-
atures [135]. Figure 4-33 shows the predicted evolution of precipitated salts (top) during the process of
evaporation (proceeding from left to right, increasing degree of evaporation) and concentration at ele-
vated temperatures (50 °C). In this situation, the solid phases remain in contact with the solution, and
therefore control the solution chemistry (i.e., geochemical “divides” occur when some minerals appear or
disappear from the solid phase [8, 282]). This is the expected behavior inside a heated borehole, except
additional brine may flow in during the evaporation process.
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The thermodynamic databases require consistent data across a range of temperatures and for the dissolved
and mineral components of interest. The Nuclear Energy Agency maintains reference thermodynamic
databases for low ionic strength solutions. Thermodynamic databases relevant to high ionic strength sys-
tems have been developed for the WIPP project [62], but not for elevated temperatures. Prediction of
precipitation and dissolution of minerals also requires information on kinetic precipitation and disso-
lution rates for minerals of interest, possibly with different forward and backward rates as a function of
temperature.
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Figure 4-33. Brine evaporation at 50 °C; precipitated phases (top) and solution composition (bottom).
Experimental observations are symbols. Degree of Evaporation represents concentration of Br above
seawater [135].

4.4.2. Water-salt Interactions

In most chemical modeling of salt systems (e.g., TOUGH-EWASG, FEHM, PFLOTR AN) where poros-
ity is created and destroyed through precipitation and dissolution, variation in composition of the brine
and solid salt are not explicitly tracked. The solid is considered to be pure halite, and the brine only a
saturated Na-Cl brine [6]. The distribution of different minor minerals found in bedded salt deposits or
in native brine collected from boreholes are usually not considered (except in some CryrL simulations
[135]). As a first approximation, this approach is more realistic than treating the salt as non-reactive, but
the different minerals and components in the brine should be considered in a reactive transport simu-
lation (even if the exact spatial distribution of minerals is unknown) — especially one with significant
heating and vapor transport.
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If a humid vapor is passed over a multi-mineralic salt deposit, depending on the relative humidity, some
minerals will hygroscopically pull water from the air (i.e., water will condense from the air onto the min-
eral (i.e., deliquesce) and if enough condensation occurs, it can dissolve the mineral). Figure 4-34 shows
the different equilibrium relative humidity associated with common evaporite minerals associated with
concentrating seawater; it shows halite has an equilibrium relative humidity of & 75%. This is the steady-
state humidity in a borehole or room in salt with minimal ventilation [116]. Other more soluble min-
erals will deliquesce at even lower relative humidity, such as sylvite (KCl), carnallite (KMgClg - 6H,0),
bischofite (MgCl, - 6H,0), and tachyhydrite (CaMg,Cle - 12H,0). While these minerals beyond halite
only exist in small amounts in WIPP salt, they will preferentially dissolve from moisture removed directly
from humid air (i.e., in the air-saturated portion of the porosity), and can change the composition and
physical properties (e.g., density and viscosity) of brines around a heat source.

Figure 4-34 also shows how brines at different points along the evaporation curve have increasing specific
gravity (relative density of brine to fresh water). As a brine is heated to evaporation near a heat source, it
may tend to sink because of density contrast with surrounding brine (see § 4.2.3, Gravity-driven Flow).
Furthermore, the temperature dependence of halite solubility in brine can lead to increases in permeabil-
ity and porosity around a heat source, as the salt further dissolves into the heated brine (which would also
only occur in the brine-saturated porosity).
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Figure 4-34. Critical relative humidity and brine specific gravity during concentration of brine by
evaporation (moving down and right) [248].

Man-made engineered components like cements are key components of a salt repository. They must be
designed in a chemically compatible manner with the salt minerals and with any brine produced from
the salt. There are few geochemical compatibility experiments that used relevant materials and brine
under conditions expected for disposal of heat-generating waste. Since corrosion of the cement seals
could lead to premature failure of key sealing components, chemical exposure tests regarding the long-
term stability of salt concrete or Sorel cement should be conducted. Some predictions of stability are
based on geochemical modeling [240], these prediction are useful, but they may not take into account
complex metastable phases present during the expected transient evolution of the system.
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4.4.3. Chemical Transport Properties

Hydraulic tortuosity is a measure of how long an eftective flow path is through the pore space of a porous
medium, and most significantly impacts diffusive transport (i.e., it relates the effective diffusion coef-
ficient to the free-water or molecular diffusion coefficient) [43]. In the far field the intergranular salt
porosity is not well-connected and therefore the effective diffusion coefhicient is very low (i.e., essentially
zero), as evidenced by compositionally different brines being juxtaposed by a few m or cm in evaporite
deposits over geologic time [218]. Setting the tortuosity to zero or a very small value is necessary to stop
diffusion from occurring, even if the permeability is zero, or the brine flux is limited by non-Darcy effects
(§ 4.2.1.1). The porosity may not be zero, but if it is disconnected, the permeability and the tortuosity
should go to zero before the porosity does. In the near field the increased porosity and permeability are
associated with tortuosity values that allow gas- or liquid-phase diffusion. Most generally, tortuosity is a
tensor [18s] with different values in the principle directions (like permeability), related to the nature of
connectivity of a porous medium, which is a transport-centric description of the pore-space, beyond the
information conveyed by just the scalar porosity value.

Little data are available on the tortuosity numerical values in salt environments of the near- and far-field,
and no information is available on how tortuosity changes with mechanical damage and healing of the
excavations or chemical dissolution and precipitation in pore spaces. Fluegge et al. [73] presented results
of laboratory diffusion experiments (cesium through brine) in re-compacted granular salt (2% porosity).
One result showed tortuosity values close to unity (i.e., effective diffusion coefficient nearly equal to free-
water diffusion coefficient), but other data possibly show the effects of precipitation and dissolution in
the sample. In numerical models, often it is assumed tortuosity is a simple power-function of porosity and
phase saturation [162]. More data on effective tortuosity of liquid and gas phases in granular, damaged,
and intact salt would be useful for parameterization of both process and PA models. Since it controls the
magnitude of diffusion component of transport.

The existence of an open pore or fracture network (i.e., connected intergranular porosity) in the salt is
required for convection of solute. The following list mentions how the different brine types correspond
to different porosity types, and how they can participate in transport processes under different condi-
tions.

* intergranular salt porosity derived from dilation (i.c., fractures and secondary fluid inclusions):

— open and connected porosity (low confining stress environment): brine is mobile under Vp,
solutes mobile under Ve, fractures are directional and highly compressible

— closed porosity (higher confining stress; reconsolidated or healed): brine is immobile under
Vp, solutes immobile under Ve (tortuosity — 0), brine mobile through salt crystals under
VT, decrepitation and release of water vapor at high 7', possible reconfiguration of porosity
connectivity at high pressure and temperature (i.c., dihedral angle)

* intergranular porosity contributions from non-salt components (e.g., clay, anhydrite): behaves like
intergranular porosity in salt without decrepitation or thermomigration, and without dynamic
dissolution and creep

* intergranular porosity derived from reconsolidated granular salt: brine is mobile under Vp, solute
mobile under Ve, pores are isotropic and poorly compressible

72



* intragranular salt porosity (within crystals, not connected; mostly primary fluid inclusions): brine
is immobile under Vp, solute immobile under V¢, mobile under VT through salt crystals, and
decrepitation and release of water vapor at high T

* hydrous minerals: are always immobile, unless exceeding dehydration temperature, then they pro-
duce water vapor.

4.4.4. Corrosion of Metals in Brine

Corrosion of metal waste packages can be one of the main drivers of gas generation in a salt repository (see
§ 4.2.4, Gas Generation). Corrosion can also lead to breach and failure of waste packages, allowing brine
to access the waste form. Dissolution of the waste form (i.e., spent fuel rods) within any brine is complex.
The process depends on the dissolved species in the hot brine, waste package components (e.g., effect of
overpack, canister, and spacers), and the waste form itself (e.g., UO; fuel rods and cladding) [289, 118].
If there is liquid brine at the waste packages, there can be corrosion, depending on the metals and brines
present.

Several in-situ experiments were conducted at WIPP related to corrosion of waste package materials under
the Waste Package Performance Tests program [270]. The largest experiment was the Materials Interface
Interactions Test that involved placing 1845 “pineapple slice” shaped samples of proposed waste package
materials, waste form materials, geologic samples, and backfills into heated brine-filled boreholes in the
floor of Room J at WIPP for o.s, 1, 2, and 5 years of exposure [172, 170]. Coupons of materials were
supplied by a range of countries and programs. The coupons were exposed to hot (90 °C) NaCl brine.
None of the titanium test samples showed any evidence of corrosion, while mild steel and 304L stainless
steels showed uniform corrosion [167]. There were some issues interpreting the leachate data collected
in this test, possibly compounded by the large amount of salt precipitation that occurred. More recent
corrosion work in Germany supports the statements of impressive performance of titanium alloys and
Hastelloy (a corrosion-resistant superalloy) in salt repository brines [242, 243, 241].

Waste packages can be designed with corrosion-resistant materials or coatings to prevent release, or they
can be designed with corrosion allowances (i.e., thick overpacks of cheap sacrificial material). Both ap-
proaches have been considered [45, 168], but the details of a design would depend on whether costs, early-
time performance, or late-time performance were the primary optimization target.

When corrosion-resistant materials are used for waste packages in a repository, itis not the very low general
corrosion rate that is the most relevant to the breach and ultimate failure of the waste package, butinstead
localized corrosion processes [289]. The most important process leading to a breach is a potentially faster
and more localized corrosion process, such as crevice and pitting corrosion or stress-corrosion cracking,
which are an ongoing area of active research [30]. From the point of view of gas generation, it is the lower
general corrosion rate that may be most important, as it is potentially applied over a much larger surface
area. Localized processes are only occurring over small fractions of the canister surface.

Historically, laboratory exposure tests were conducted using autoclaves and representative metals with
salts [169]. Before testing began in the WIPP underground, preliminary field tests were conducted in
potash mines near WIPP [171]. Waste package exposure tests were also conducted on WIPP remote-
handled waste packages (placed into horizontal boreholes in the drift wall), and contact-handled waste
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packages (drums stacked in the drift) [168]. While useful demonstrations, these exposure tests can be dif-
ficult to extrapolate to long times expected in a repository. They exposure tests are at least confirmatory
about the general processes that are important in a brine/metal system, during the early months and years
of emplacement. Corrosion rates should be estimated and bounded for relevant conditions. Corrosion
rates can be bounded by the amount of brine expected to be present next to a hot waste package. The
best strategy is to keep the waste packages dry, since corrosion is very slow or non-existent in a dry salt
system.
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5. SUMMARY AND DISPOSAL CONCEPT

This report has presented the processes (thermal, hydrological, mechanical, and chemical) that are rele-
vant to a deep geological repository for radioactive waste. Most of these processes are derived from the
perturbation associated with the radioactive waste or the creation of the repository excavation. In salt,
there are many interactions between the processes, and they often have non-linear constitutive behaviors.

Processes depending on porosity Processes changing porosity
hydrological advection mechanical damage (dilatancy/healing)
advection: heat convection chemical (dissolution/precipitation)
advection: reactive transport hydrological (hydrofracture)
radiative heat transfer thermal expansion (stress changes)
Properties related to porosity | Processes occurring even without porosity
permeability heat conduction
tortuosity geomechanical deformation

moisture retention curve
air-entry or gas-threshold pressure

specific surface area

Table 5-1. Porosity dependence of processes.

To summarize previous sections, Table s-1lists processes that depend on porosity (top left) and those that
modify porosity (top right). When chemical or thermal-chemical processes modify the porosity, how
does this get updated in the mechanical model? In aloosely coupled THMC model, multiple processes
can change the porosity and it is updated in the next time step (requiring very small time steps). Not all
porosity (e.g., fracture porosity, granular porosity, intergranular fluid inclusions, intragranular fluid in-
clusions) has the same equivalent transport behavior (Figure 4-20), and therefore porosity/permeability,
porosity/tortuosity, and porosity/pore distribution relationships can be changed in different ways de-
pending on whether a change to porosity was made by the mechanical model, the chemical model, or
the hydrological model (Table s-1, bottom left). Different micro-mechanisms of mechanical deforma-
tion may even have different impacts on different transport properties (e.g., pressure solution tends to
reduce asperities in pores reducing specific surface area, while shear fracturing will increase connectivity,
increasing specific surface area).

The hydrological problem has a large change in material properties across the hydrological EDZ and a
large change in variables across the hydrological EdZ (Figures 4-5 and 4-19). Other processes (mechanical,
chemical, or thermal) tend to have smaller associated damaged zones than the hydrological problem. The
mechanical process results in dilatancy or changes in porosity that impact the hydrological model, but
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this damage is typically not considered to have a large impact on the mechanical properties themselves
(except where failure is explicitly accounted for in mechanical constitutive models).

The processes in a salt repository can be grossly divided into those that require porosity and those that do
not. Mechanical deformation and heat conduction do not require a connected porosity (Table s-1, lower
right), and therefore are effective into the far field. The processes that require a connected porosity can
either operate in air-filled porosity or brine-filled porosity, which can both exist in the backfilled drift, in
the EDZ around the drift, but they will not be effective into the far field.

5.1. Notes on a New Salt Disposal Concept

Building on the things learned in the international collaborations of BATS, DECOVALEX, KOMPASS,
and RANGERS, we present some notes on a disposal concept for heat generating waste in a salt repos-
itory. We acknowledge that there have been several historical salt disposal concepts, or partial disposal
concepts that any new repository concept should knowingly be built upon. The history of radioactive
waste disposal programs are complex both in the US [155] and internationally [186, 3] and salt has been
studied for a long time. In rough chronological order, salt disposal concepts and attempts are:

* (1965-1967) Project Salt Vault disposal concept for solidified reprocessing waste in vertical bore-
holes in bedded salt in Kansas [26, 159];

* (1971-current) Morsleben facility for low- and intermediate-level radioactive waste in a re-purposed
domal salt mine in Germany (Endlager fir Radioaktive Abfille Morsleben, ERAM), currently
licensed for decommissioning and closure [13, 292];

* (1981—current) currently operating DOE-EM WIPP repository for disposal of non-heat generating
defense-derived transuranic waste in the bedded Salado Formation [61];

* (1982-1988) US Office of Nuclear Waste Isolation salt disposal concept for borehole disposal and
in-drift self-shielded waste packages at the bedded salt Deaf Smith site in Texas [45, 190];

* (2011—2013) Gorleben disposal concept for spent fuel in a salt dome in Germany; Vorliufige Sicher-
heitsanalyse Gorleben, VSG (Preliminary Safety Assessment for the Gorleben Site) [174, 173, 276];

* (2011—2019) DOE Office of Nuclear Energy Generic Disposal Safety Assessment and Integrated
Waste Management reference cases for disposal of large, hot dual-purpose canisters in a generic
bedded salt formation [9s, 91, 245]; and

* (2020-2025) Centrale Organisatie Voor Radioactief Afval (COVRA) preliminary disposal con-
cept and conditional safety case for high-level waste in a salt dome in the Netherlands (COPER A
[4, 5], building on OPERA [99]).

In a generic salt repository for “hot” radioactive waste (i.e., above brine boiling temperature at the waste
package surface), the region around the waste packages will dry out. While drying out, additional water as-
sociated with clay, fluid inclusions, and hydrous minerals may also become mobile (see § 3.1, Brine Types).
Only a small amount of brine will enter the EDZ from the far field, due to the low intrinsic permeability
of intact salt and due to the low relative permeability to brine inside the EDZ (see Figure 4-19).
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Thermal expansion in the EDZ and host rock leads to closing some fractures, reduction of brine viscosity
and the creation of a thermal pressurization “dam” or “divide” (see Figures 4-9 and 4-10) driving some
near-field brine towards the excavation, while simultaneously driving brine on the far side of the divide
away from the excavation [264].

Depending on the EDZ extent and presence of non-salt layers, brine may accumulate in the damage
region (i.e., sump) beneath the drift (see § 4.2.3, Gravity-driven flow). Waste should not be emplaced
into vertical boreholes, if brine collected into a sump would be a problem. It could increase corrosion or
gas generation.

Boiling and evaporation of brine with salt precipitation on or near the waste package will reduce porosity
and increase thermal conductivity. Condensation of water in cooler regions away from the heat source
will increase porosity there due to dissolution of salt. At a slower rate, creep closure will eventually re-
consolidate granular salt backfill to low porosity and permeability, and will also close and heal the EDZ
associated with mined openings (see § 4.1.2, Heat Convection).

The combination of heat and creep closure will create a relatively dry, low-porosity, low-permeability zone
around the waste packages [19]. Corrosion is less in dry salt than in brine-saturated salt. Gas generation
is also less at a dry waste package than in one immersed in brine.

Generically, in a salt repository with hot radioactive waste surrounded by reconsolidating granular salt
backfill, we expect the following nominal behavior or base scenario:

1. decay heat from radioactive waste will dry out the backfill by the waste in the short term (months
to years — the hotter the waste the quicker the backfill dries out);

2. accelerated reconsolidation of hot granular salt backfill will eliminate porosity and permeability
near the waste (decades to hundreds of years—this is the primary focus of the KOMPASS and
MEASURES ongoing international collaborative efforts [164] and LBNL’s modeling efforts with
TOUGH-FLAC [226]). While dry salt creeps slower than damp salt (moisture activates the pressure-
solution mechanism), the faster creep at elevated temperature will mostly make up for this (see
Figure 4-25in § 4.3.3, Creep at Low Deviatoric Stress);

3. after peak decay heat from the waste has passed (~1,000 years), the near-waste area will be dry, low
porosity, and impermeable, slowing down late-time resaturation of the waste packages with brine
derived from the far field [239, 240]; and

4. a dry system does not have: waste packages corrosion, mobile radionuclides, nor gas generation
(most gas generation mechanisms depend on available water, see § 4.2.4, Gas Generation).

Variant scenarios (i.e., off normal) in a safety assessment might include deviations from these expected
behaviors [134]. For example, some of the waste packages may be cooler, and creep closure may be slower
near them and not fully eliminating pore space around them. There may be some residual permeability
near the cooler waste in the system after the peak decay heat has passed, and therefore there may be enough
moisture at cooler waste packages to drive corrosion and gas generation.

Itis possible to develop a salt repository disposal concept that relies solely upon the ability of the geologic
salt formation to provide complete containment of the waste in the far field, without taking credit for the
more complex processes in the EBS and EDZ near the waste packages, including rapid closure of porosity,
the drying out of the salt, or the expected low levels of gas generation in a dry salt system. Some TH PA
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models may use simplistic initialization schemes (i.e., drying down vs. wetting up — Figure 4-15) and there-
fore may significantly overestimate brine availability at repository closure as a conservatism. The waste
packages temperature may be lower at early time due to convection processes and the reconsolidation of
granular salt would reduce the porosity of the salt with consolidation. Granular salt reconsolidation and
precipitation of salt due to boiling may reduce porosity and therefore eliminate convection, but conduc-
tion simultaneously increases as porosity reduces (Figure 4-2).

The conservative approach (as used in the WIPP license application [61]), uses a simpler bounding con-
ceptual model to avoid the need for complex predictions associated with some processes in the EBS and
EDZ. For example, WIPP assumes the waste packages fail mechanically at closure and regulatory-specified
human intrusions ensure the repository is flooded with brine in most scenarios. As an alternative, in-
vestigating and striving to understand and predict these complex in-drift and early-time processes, can
produce a safety case for a repository in salt that is more physically realistic and has a larger safety margin
between the expected performance and the regulatory limit than a simpler safety case built upon many
conservatisms.

Understanding the processes that make up the base and variant scenarios is the first step towards making
a defendable safety case for a future repository in salt. In undisturbed geologic salt systems, the ultra-
low permeability and porosity of salt [10] provides the natural barrier to contain radioactive waste over
PA relevant time scales (10* to 10° years). However, physically realistic near-field conditions (e.g., fluid
pressures, liquid saturation, and chemical composition) and processes (e.g., brine and gas flow, waste
package corrosion, precipitation and dissolution of salt, thermal expansion and contraction of salt and
brine, and salt creep) are more complex to account for in disturbed scenarios (i.e., off-normal scenarios
like early waste package failure or inadvertent human intrusion). The current state of the salt at repository
construction, considering both EDZ and far-field intact salt, are the initial conditions for long-term PA
simulations.

Based on ideas presented here, a salt disposal concept could incorporate the following EBS features:

* Avoid vertical borehole waste package emplacement in bedded salt, since gravity tends to accu-
mulate any brine that flows into a repository to the sump in the floor, which the boreholes will
intersect. In-drift disposal with granular salt is likely optimal for cooler waste forms and horizon-
tal in-borehole disposal would be optimal for hotter waste forms. These disposal geometries avoid
the worst of the sump phenomenon (thus avoiding an early-time phenomenon, in the first years
after excavation — see § 4.2.3, Gravity-driven Flow). Access and emplacement drift infrastructure
could also be sloped to intentionally collect brine in areas away from waste.

* Designing the repository layout for higher temperatures at the waste package (higher density of
waste emplacement or larger waste packages with more fuel in each) may lead to some simplifica-
tions or improvements to the disposal reference case. Bedded salt be heated up to 200 °C, without
getting too close to the decrepitation temperature, and domal salt can get even hotter (see § 3, Brine
Types). Higher temperatures tend to speed up creep closure and lead to drier salt near the waste
packages. Drier salt means less corrosion, less gas generation, and less transport. If the salt dries
out and becomes impermeable (i.e., isolated porosity), it would take a very long time for any brine
to get to the waste packages.

* If needed to take advantage of the high thermal conductivity of intact salt in repository design, the
waste packages should either be emplaced in horizontal boreholes, or be emplaced in notches or
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grooves cut into the floor of the drift. Granular salt has lower thermal conductivity than intact
salt. The hottest waste forms should maximize the contact area where the metal canister makes
direct thermal connection with intact salt. Higher thermal conductivity will lower the peak tem-
peratures at the waste packages, compared to surrounding waste packages completely in granular
salt (see § 4.1, Thermal Processes). It is possible free convection could set up in coarse granular
salt, effectively increasing the heat transfer (also reducing peak temperature at the waste package).
To ensure convection, the backfill may require some changes to the run-of-mine granular salt to
optimize the grain size distribution, increasing its permeability.

¢ Chemically salt-compatible cementitious seals, where the EDZ is mined out before installation or
grouted after installation, should be emplaced for immediate strength and low-permeability at the
ends of granular salt drift seals and the bottom of granular salt in shaft seals. These cement seals
only need to hold until the granular salt backfill has reconsolidated to the properties of intact salt
(< 10° years), see § 2.3, EBS. Using granular salt as aggregate in cementitious seals may also give
them more ability to creep and deform without brittle fracture (keeping permeability low).

* High-porosity non-salt (e.g., silica gravel) region at bottom of shaft should be included to absorb
infiltration and gas pressure without rapid creep closure (important at later time, once the repos-
itory closes and there is some pressurization due to creep closure and gas generation — see § 4.2.4,
Gas Generation).

The salt engineered barrier system is made of saline cements and granular salt, so it doesn’t share much
overlap with crystalline and argillite disposal concepts, which rely almost exclusively on bentonite to fill
gaps and seal fractures. Research, development, and optimization of EBS components specific to salt
repositories is an area that could continue to benefit from future investment and continued international
collaborations.
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