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SUMMARY

This document is a summary of the R&D activities associated with the Engineered Barrier Systems Work
Package. Multiple facets of Engineered Barrier Systems (EBS) research were examined in the course of
FY19 activities. This report is focused on delvering an update on the status and progress of modelling
tools and experimental methods, both of which are essential to understanding and predicting long-term
repository performance as part of the safety case.

Specifically, the work described herein aims to improve understanding of EBS component evolution and
interactions. Utlimately, the EBS Work Package is working towards producing process models for
distinct processes that can either be incorporated into performance assessment (PA), or provide critical
information for implementing better contraints on barrier performance. The main objective of this work is
that the models being developed and refined will either be implemented directly into the Geologic
Disposal Safety Assessment (GDSA) platform, or can otherwise be indirectly linked to the performance
assessment by providing improved bounding conditions. In either the case, the expectation is that
validated modelling tools will be developed that provide critical input to the safety case.

This report covers a range of topics — modelling topics include: thermal-hydrologic-mechnical-chemical
coupling (THMC) in buffer materials, comparisons of modelling approaches to optimize computational
efficiency, thermal analysis for EBS/repository design, and investigations into buffer re-saturation
processess. Experimental work reported, includes: chemical evolution and sorption behavior of clay-
based buffer materials and high-pressure, hight temperature studies of EBS material interactions.

The work leverages international collaborations to ensure that the DOE program is active and abreast of
the latest advances in nuclear waste disposal. This includes participation in the HotBENT Field Test,
aimed at understanding near-field effects on EBS materials at temperatures above 100°C, and the analysis
of data and characterization of samples from the FEBEX Field Test. Both the FEBEX and HotBENT
Field Tests utilize/utilized the Grimsel Test Site in Switzerland, which is situated in a granite host rock.
These tests offer the opportunity to understand near-field evolution of bentonite buffer at in situ
conditions for either a relatively long timescale (18 years for FEBEX) or temperature above 100°C
(HotBENT).

Overall, this report provides tools and capabilities to investigate near-field performance of EBS materials
(esp. bentonite buffer), as well as tools for drift-scale thermal and thermal-hydrologic analysis critical to
EBS and repository design.
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SPENT FUEL AND WASTE SCIENCE AND
TECHNOLOGY/ENGINEERED BARRIER SYSTEM R&D

1. INTRODUCTION

This report describes Research and Development (R&D) Activities in the Spent Fuel and Waste Science
and Technology (SFWST) Camapaign, specifically related to the Engineered Barrier System (EBS) R&D
Work Package. This work package is focused on design and performance prediction of the EBS, and in
FY19 includes activities from Sandia National Laboratories, Lawrence Berkeley National Laboratory, and
Los Alamos National Laboratory.

The FY19 research in EBS R&D is focused on understanding EBS component evolution and interactions
within the EBS, as well as interactions between the host media and the EBS. Specifically, EBS R&D is
working towards producing process models for distinct processes that can either be incorporated into
performance assessment (PA), or provide critical information for implementing better contraints on
barrier performance. The main objective of this work is that the models being developed and refined will
either be implemented directly into the Genreric Disposal System Analysis platform (GDSA), or can
otherwise be indirectly linked to the performance assessment by providing confidence and/or insight into
process models.

1.1 Purpose and Scope

The purpose of this report is to provide a summary of the FY19 activities performed as part of the EBS
R&D work package.

This report covers a range of topics — modelling topics include: thermal-hydrologic-mechnical-chemical
coupling (THMC) in buffer materials, comparisons of modelling approaches to optimize computational
efficiency, thermal analysis for EBS/repository design, benchmarking of thermal analysis tools, and a
preliminary study of buffer re-saturation processess. Experimental work reported, includes: chemical
evolution and sorption behavior of clay-based buffer materials and high-pressure, high temperature
studies of EBS material interactions.

The work leverages international collaborations to ensure that the DOE program is active and abreast of
the latest advances in nuclear waste disposal. This includes participation in the HotBENT Field Test,
aimed at understanding near-field effects on EBS materials at temperatures above 100°C, and the analysis
of data and characterization of samples from the FEBEX Field Test. Both the FEBEX and HotBENT
Field Tests utilize/utilized the Grimsel Test Site in Switzerland, which is situated in a granite host rock.
These tests offer the opportunity to understand near field evolution of bentonite buffer at in situ
conditions for either a relatively long timescale (18 years for FEBEX) or temperature above 100°C
(HotBENT).
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2. INVESTIGATION OF THE IMPACT OF HIGH TEMPERATURE ON
EBS BENTONITE WITH THMC MODELING

2.1 Introduction

In the underground, Engineered Barrier System (EBS), bentonite or other expansive soils are used widely
as a buffer material to isolate the underground nuclear waste from the surrounding environment. The
buffer material is commonly characterized by high swelling properties, uranium absorption capabilities
and low permeability. Once bentonite is placed in the field, the nonlinear response of soil and the
interaction between the soil and the environment makes it complex and difficult to predict soil behavior.
To incorporate the effects of these phenomena, numerous experiments are necessary to improve the
understanding of EBS performance affected by different underground processes, and specifically to
develop mechanical constitutive models for numerical simulations. This section is aimed at utilizing a
coupled thermal, hydrological, chemical, and mechanical (THMC) model to evaluate mechanical changes
induced by the chemical alteration of the EBS bentonite and the NS (Natural System) clay formation
under various processes, as well as to provide necessary information for decision-making regarding the
temperature limit.

The coupling between chemical and mechanical processes is the key part of THMC model that allows us
to evaluate the direct impact of chemical changes on mechanical behavior. In a previous THMC model
(e.g., Zheng et al. 2015b), the coupling between chemical and mechanical processes was incorporate via
the Extended Linear Swelling Model (ELSM). However, such model does not accurately describe the
transient state of swelling, neglects the history of a mechanical change, and is unable to account for the
impact of cations exchange on the swelling. Since then, the double stnicture Barcelona Expansive Model
(BExM) (Sanchez et al. 2005) has been implemented to link mechanical process with chemistry. As a
result, the model can simultaneously incorporate the effects of exchangeable cations, ionic strength of
pore water and abundance of swelling clay on the swelling stress of bentonite. For each model, two
scenarios were presented: (1) a case, in which the peak temperature in bentonite near the waste canister is
about 200°C, and, (2) a case, in which temperature in bentonite near the waste canister peaks at about
100°C. A comparison between these two cases can be used to assess the impact of temperature on coupled
processes in bentonite.

This section contains three parts: the first is a summary of the status of the dual structure model — BExM,
which has already been implemented in the simulator TOUGHREACT-FLAC; we include an introduction
to the mechanical-chemical (MC) coupling through BExM, two verification cases of the model
implementation, and calibration of BExM parameters for FEBEX bentonite. In the second part, we
present two in-field modeling scenarios and compare the results of two MC coupling strategies between
BExM and ELSM to illustrate some of their differences. The third part is a presentation of a different
simulator—TReactMech, which is a coupled Thermo-Hydro-Chemo-Mechanical code, and which has
recently been developed at LBNL to simulate cases in nuclear waste disposal project. The first case is a
benchmark example to testify the code against the analytical solution. The second one describes an
ongoing generic in-field application of storing a high-level nuclear waste package underground similar as
the high temperature scenario in the second part of this section.

2.1.1 Double Structure Model

2.1.2 Introduction on BExM

In this section, we introduce a dual-stnicture BExM. For unsaturated soils, usually only the
macrostructure is considered in a constitutive model, such as the Barcelona Basic Model (BBM). The
microstructure is incorporated to extend BBM to a dual structure model such as BExM, which enables
simulating the behavior of expansive soils, such as the dependency of swelling strains and swelling
pressures on the initial stress state and on the stress path, strain accumulation upon suction cycles and
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secondary swelling. In the dual structure model, the total volume (V), the total void ratio (e), and porosity
(0) of the material are divided into a micro-structural part and a macro-structural part. The microstructure
can swell to invade the macro-porosity, depending on the mechanical confinement and load level. This is
relevant when considering permeability changes during the soil swelling, because fluid flow takes place
mostly through the macro-porosity, which is not proportional to the total strain and deformation of the
expansive soil. Equations to describe the mechanical behavior of micro-structural and macro-structural
levels and the interaction between structural levels are not expressed here for the sake of simplicity.

A coupling approach, in which chemical changes affect mechanical behaviors of bentonite through the
evolution of a volume fraction of smectite, exchangeable cation concentration, and ionic strength (via
osmotic suction), is utilized in this section. These effects are taken into account through BExM. The
mathematical formulations for MC coupling are summarized below.

The original BExM predicts the micro-strains induced by the effective stress for the whole microstructure,
ignoring the effects of the evolution of volume fraction of smectite. When the material is hydrated, only
the smectite in the micro-structures interacts with the water invasion, and the material swells. The
swelling capacity of the material should be proportional to the volume fraction of smectite, fs, and the
micro-structural volumetric strain (Evem) is assumed to depend on the change in the microstructural
effective stress as follows:

fsdEe
vm K 
= — dfi

r,
Equation 2-1

where 13 = p + sm, 13 is the effective mean stress, p is the net mean stress, which is the total mean stress d
minus gas pressure pg, and sm is the microstructural suction. The total suction, sm = s + so, contains two
components: matric suction, s, and osmotic suction, so. Apparently, liquid saturation affects the suction
through the matric suction term, s. The effect of ionic strength of the pore water on microstructural strain
is carried out via the osmotic suction, which is computed as:

RT
s = —10-6— 

V 
Ina0 w w

Equation 2-2

where K, is the molar volume of water (in m3/mol), R is the ideal gas constant, T is the temperature
(in °K), and ce, is the activity of water. ce, is calculated in TOUGHREACT (Xu et al. 2011) as follows:

1
ln aw = — cDm*

55.51
Equation 2-3

where (13. is the osmotic coefficient of the solution and m* is the sum of the molarities of all species in the
solution.

In Equation 2-1, Km is calculated as

earnf
Km = 

An
Equation 2-4

where am is the material parameter.

The effect of exchangeable cations is linked to mechanics through the dependence of /3, on exchangeable
cation concentration as follows (Gens 2010):



Evaluation of Engineered Barrier System Midyear Status Report
June 30, 2019 5

igm = mi x •t Equation 2-5

Gens (2010) and Guimardes et al. (2013) proposed that Ain is proportional to the ionic hydrated radius and
inversely proportional to its valence. An is the sum over all exchangeable cations. Based on this
hypothesis, we will calibrate the values of f37in for different cations against laboratory experiments.
2.1.3 Verification of BExM

The BExM has been implemented into our simulator TOUGHREACT-FLAC and verified against some
laboratory tests (Sanchez et al. 2005). Several verification cases were presented in the previous report
(Zheng et al. 2016), and two simulation cases are briefly summarized in this report to illustrate the
features of BExM and code verification.

2.1.3.1 Case 1—Swelling Pressure Test

The first case is modeling of a laboratory experiment carried out by Romero (1999) on a sample of Boom
clay pellets. The experiment was conducted to investigate the swelling pressure and swelling capacity of
expansive soils. This swelling pressure test was operated under constant volume conditions, while the
suction was controlled by means of external loading changes. In Figure 2-la, the observed behavior
during the test (noted as Experiment) and the numerical simulation results (noted as FLAC3D) are
displayed with vertical net stress-suction (o-v-s) path. The same simulation was done by CODE-BRIGHT
(Sanchez et al. 2005), and the results are also presented in Figure 2-la for comparison. Figure 2-lb
displays the relationship between the components, fic and fis, of the interaction function, fi, which is used
to scale the elastic microstructural strain to plastic macrostructural strain. The function fic is the
interaction function under compression, and fis is the interaction function for swelling. The status of the
interaction function is also based on the ratio between Pr and Po, which are the values of the reference
stress under isotropic confinement and the preconsolidation pressure at the current suction and
temperature, respectively. The figure illustrates that as the suction reduces, the sample swells, which can
be observed by the growth of the vertical stress and the interaction function L following the swelling path
fis. When the stress reaches the collapse threshold at Point B, the sample fails the swelling capacity. As a
result, the stress starts to decrease until the sample becomes fully saturated. Then, the desaturation
happens, and the suction increases again, resulting in the shrinkage of the sample, and the interaction
function L switching to the compression path fic. In general, the model can reproduce satisfactorily the
main trends observed during the swelling pressure test. The computation results obtained by the
implementation (FLAC3D) is close to those obtained by CODE-BRIGHT used by the model developers.

2.1.3.2 Case 2—Tests with Combined Loading Paths

In this section, we present the results of the BExM simulations of two oedometer tests on the Full-scale
Engineered Barrier Experiment (FEBEX) bentonite, which were carried out at Centro de Investigaciones
Energéticas, Medioambientales y Tecnológicas, Spain (CIEMAT). In these tests, a combination of
loading paths at constant suction for wetting and drying paths at a constant load were applied. The two
tests were conducted using the same initial and final generalized stress states, but their trajectories
appeared to be different (Figure 2-2). Test S1 was loaded up to a 5.1 MPa vertical load under a high
suction of 550 MPa, and was then wetted to fully saturation. In contrast, test S5 was first wetted to
saturation at a low vertical stress of 0.1 MPa, and then was loaded to a vertical stress of 5.0 MPa.
Figure 2-3 shows a comparison of experimental and computed variations of the void ratio over the stress
paths and over suction changes for the two tests.
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Figure 2-1. Simulation results of the swelling pressure test: (a) observed and
computed stress path in the cri,-s plane, and (b) evolution of the ft, (compression)

and ft, (swelling) interaction functions

The stress path of test S1 is displayed in Figure 2-2a. During the first drying stage (path A to B) and the
subsequent loading stage (path B to C), the deformations of both microstructure and macrostructure are
very small, inducing the small change of total void ratio. During the swelling stage (path C to E), the
microstructure swells, however, the macrostructural strains remain small. As a result, the total void ratio
only changes from about 0.52 to 0.7 at this stage.

Figure 2-3 presents the evolution of the total void ratio for test S5 against vertical stress change and
against suction changes. The first drying process (from A to B) does not induce much changes of the total
void ratio. During the period when the suction reduces, both micro- and macro-structures contract. At this
stage, since the stiffness is high due to the high suction, the compressive strains of both structures are
small. Then, during the following swelling stage (path B to D), the microstructure swells, inducing larger
plastic strains in the macrostructure (Figure 2-3a). As a result, the total void ratio during this stage
changes from about 0.55 to 1.1, which is much larger than the swelling deformation in test S 1. During the
final loading stage (path D to E), the specimen is already saturated, so the external loading induces small
compressive strains.

Although a good comparison of between simulations and experimental results was achieved for test Sl,
some deviations were observed at intermediate and final stages of test S5, especially the final contraction
of S5 is less than that observed in the experiment (Figure 2-3). The model is generally capable of
simulating the two-level structure of the material with the set of parameters adopted. For the sake of
brevity in this progress report, we don't present all simulation results of evolution of microstructure and
macrostructure for both tests.
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2.1.4 Calibration of BExM Parameters for FEBEX Bentonite

After CM coupling was incorporated into the BExM, the entire set of parameters is to be calibrated, so
that the numerical model can accurately describe the reference state of bentonite. In previous work, we
have calibrated the parameters of BExM based on the swelling pressure experiments. Calibration was
conducted to obtain the reliable reference state, needed to predict a reasonable range of the material
swelling pressure. We have also searched more laboratory experimental data with FEBEX bentonite to
fully consider the chemical effects including exchangeable cation concentration and ionic strength.
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We launched a series of simulations to investigate the swelling capacity of bentonite and to calibrate the
parameters of BExM for FEBEX bentonite against experiments conducted by Castellanos et al. (2008).
These swelling pressure tests were operated under constant volume conditions. All samples started with
an initial suction of 98 MPa and a low vertical stress. Then, during a wetting path, samples were saturated
by different salinity solutions, and the suction was reduced to 0 MPa. The numerical model mimic the
Hydro-Mechanical-Chemical (HMC) process when the swelling pressure was measured, including
infiltration of solutions of different salinity into the partially saturated FEBEX bentonite, its geochemical
and mechanical evolution, and the apparent CM coupling.

In this calibration, our current model was used to investigate all three chemical effects (the evolution of a
volume fraction of smectite, exchangeable cation concentration, and ionic strength). Four solutions were
applied to saturate the bentonite samples: distilled water, 0.1 mol NaC1, 2.5 mol NaC1, and 5.5 mol NaCl.
Simulations were conducted based on the initial smectite volume fraction determined from the laboratory
experiment, and the smectite volume fraction change over time is based on the simulation results.
Simulations of the osmotic suction were conducted based on the application of the chemical model. The
only calibrated parameters of each mineral are 137in. Based on calibration simulations, the optimal
parameters of BExM are listed in Table 2-1. The detailed definition of all parameters can be found in
publications by Lloret et al. (2003) and Sanchez et al. (2005). The void ratios emicro and emacro are
recalculated based on the experimental data reported by Lloret et al. (2003). The simulation results of the
swelling pressure test results are displayed in Error! Reference source not found..

Table 2-1. Parameters of BExM for FEBEX bentonite

Parameters defining the BBM for macrostructural behavior

K Ks = 0.006 i1(0) pc = 0.5 MPa r = 0.90 = 1 MPa-1 p'0" = 6.5 MPa
= 0.030 = 0.08

aa ao AV = 2.574 x 10-9 MPa-1 gi = 0.257 x 10-9 MPa-1
= 0.5 = 1

x 10-5°C

/IV = 3.346 x 10-9 MPa-1 gia = 2.574 x 10-9 MPa I

Parameters defining the microstructural behavior

am = 2.1 x 10-2 MPa-1 x = 1

Interaction functions

fc., = 1 + 0.9 tanh[20 ( 7'
Po

— 0.25)]

fsi = 0.8 — 1.1 tanh

—

Pr
[20 (—

Po

0.21

Initial conditions

emacro emtcro fs so = 0.777 MPa
= 0.21 = 0.48 = 0.5428
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Figure 2-4. Simulation results of swelling pressure with different salinity solutions: (a) distilled
water, (b) 0.1-mol NaCI, (c) 2.5-mol NaCI, and (d) 5.5-mol NaCI

In the sample under hydration, bentonite swells inducing the stress increase. The experiment indicated
that the swelling pressure of FEBEX bentonite saturated with distilled water was about 4.5 MPa
(Figure 2-4Error! Reference source not found.a). When the concentration of NaC1 increases, the
swelling pressure decreases to about 2.5 MPa. By adopting the calibrated parameters, simulation results
provide good agreements of the swelling pressure reduction in respect to salinity changes from 0 (distilled
water) to.5.5 mol NaCl. One exception is the case with 2.5 mol NaC1, in which the model predicted
swelling pressure about 0.7 MPa higher than that in the experiment. Also, model predictions show a
slower growth of swelling pressure after —100 minutes, but later the stress accumulation becomes stiffer
than that observed in experiments.

Castellanos et al. (2008) conducted laboratory tests and measured vertical swelling strains of bentonite
under constant vertical stress when samples were saturated with CaC12 solutions. These experiments
indicated that when the concentration of CaC12 is the same as NaC1, both solutions induce almost equal
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swelling pressure. As listed in Table 2-1, = ga. With all parameters listed in Table 2-1, we launched
simulations of swelling pressure tests with different salinity CaC12 solutions, and results, in terms of the
final swelling pressure, are shown in Figure 2-5. For comparison, the results of numerical simulations of
the effect of NaC1 are also displayed in the same figure. The figure illustrates that the final swelling
pressure after saturation by CaC12 is reduced when the concentration of CaC12 increases, which is
analogous to the trend observed using the NaC1 solution, but the swelling pressure induced by CaC12 is
lower than that of the corresponding NaC1 solutions. That is due to the fact that the chemical reaction and
cation exchange between solutions and original minerals in bentonite samples have not likely been
calibrated. Simulation results plotted in Error! Reference source not found. and Figure 2-5 show
comparisons between the simulation and experimental swelling pressure observations.
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c"..1 3.5

-±lu 3

2.5

NaC1 - exp.
NaC1 - num.
CaC12 - num.

2 3 4
Conccntration, Mol

6

Figure 2-5. Simulation results of swelling pressure with different salinity
CaCl2 solutions, and experimental results with NaCI solutions.

Thus, calibration simulations of swelling pressure experiments and parameters of BExM, based on a set
of chemical reactions, confirmed that swelling pressure is dependent on the salinity, the smectite volume
fraction, exchangeable cation concentrations, and the ionic strength. The BExM parameters will be
utilized in modeling of generic cases to study the long-term behavior of FEBEX bentonite as a buffer in
the nuclear waste disposal.

2.2 Generic Model Development

The model used in this report is similar to that given in previous reports (Liu et al. 2013; Zheng et al.
2014; Zheng et al. 2015b; Zheng et al. 2016; Zheng et al. 2017). In the current FY19 progress report, we
briefly describe each element of the THMC model. Additional details on the THMC model are presented
in Liu et al. (2013).

2.2.1 Simulator

A review of simulators of the coupled THMC model was given in Zheng et al. (2016). Although there are
several simulators for THMC processes, successful applications are seldom reported, because of multiple
challenging problems faced by the modelers. The numerical simulations in this study have been
conducted with TOUGHREACT-FLAC3D, which sequentially couples the multiphase fluid flow and
reactive transport simulator TOUGHREACT (Xu et al. 2011) with the finite-difference geomechanical
code FLAC3D (Itasca 2009). The coupling of TOUGHREACT and FLAC3D was initially developed by
Zheng et al. (2012), which provided the necessary numerical framework for modeling fully coupled
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THMC processes. Recently, the model was upgraded with multiple constitutive models, such as the dual
stnictural BExM and Extended Linear Swelling Model.

2.2.2 Modeling Scenarios

The model is applied to simulate a hypothetical bentonite-backfilled nuclear waste repository, which
involves a horizontal nuclear waste emplacement tunnel at a 500-m depth in Opalinus clay (Figure 2-6).
The case is a pseudo two-dimensional (2D) model with Y-axis aligned parallel to the tunnel, with 1 m
thickness along the Y-coordinate (i.e., along the length of the tunnel). The Z-axis is vertical, while the
horizontal X-axis is perpendicular to the tunnel. Note that the canister is modeled as a heat source with
mechanical properties of a steel material, the THC changes in the canister and their interactions with EBS
bentonite are not considered here for the sake of simplicity.

An initial stress field is imposed by the self-weight of the rock mass, with the normal displacement equal
to zero on the lateral boundaries of the model, the zero stress at the top (ground surface), and no vertical
displacement at the bottom of the model. An open boundary is applied to the liquid pressure at both the
top and bottom, and the model domain is initially in a hydrostatic state. The initial temperature at the top
is 11°C, while it is 38°C at the bottom, with a thermal gradient of 27°C /km along the depth. The model
simulation was conducted in a non-isothermal mode with a time-dependent heat power input. The power
curve shown in Figure 2-6 was adopted from the representative heating data obtained by the U.S. DOE's
Used Fuel Disposition campaign for pressurized water reactor (PWR) used fuel. This heat load is then
scaled in the 2D model to represent an equivalent line load, which depends on the assumed spacing
between individual waste packages along the emplacement tunnel. The heat load for the "low T" case
corresponds to an initial thermal power of 3144 W (total power, equal to about 220 W/m along the length
of the heater) for a 4-PWR-element waste package after aging for 60 years, a 50-m spacing between
emplacement tunnels, and 3-m spacing between the 5-m long packages. The input power is estimated to
increase to the peak temperature of 100°C at the interior of bentonite buffer. The heat load for the "high
T" case represents similar waste package and spacing, except with only 20 years of aging, and will induce
200°C at peak in the buffer. Initially the EBS bentonite has a water saturation of 65% and the clay
formation is fully saturated. From time zero, the EBS bentonite undergoes simultaneously re-saturation,
heating, chemical alteration, and stress changes.
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Figure 2-6. Schematic of the modeling domain used for simulations of the test example
of a bentonite back-filled horizontal emplacement drift at 500 m

2.3 Modeling Results

To improve the previously developed THMC model for studying bentonite alteration, the numerical
simulator was upgraded, more constitutive relationships were tested, and more scenarios were analyzed.
While the previous work only focused on the mechanical behavior investigated with each geomechanical
model separately, we have now employed the Extended Linear Swelling Model and the dual structure
model BExM for the same scenarios under same geological formation and compared the effects of
simulations of different mechanical features. The Extended Linear Swelling Model has been utilized
before by Zheng et al. (2015b) to study the chemical-mechanical behavior of different bentonites. An
additional stress generated due to hydration process is assumed to be associated with the liquid saturation.
In simulations, we used the same value of the swelling coefficient of 0.238 for FEBEX bentonite as in the
previous work. Simulations were conducted taking into account that FEBEX bentonite induced the initial
swelling pressure of 5 MPa, as it was observed in the laboratory test. As described in Section 2.1.2, the
chemical-mechanical coupling model is able to simulate the effects of the volume fraction of smectite,
exchangeable cations, and the ionic strength on the swelling capacity. Two scenarios of generic repository
cases described in Section 2.2.2 are simulated with each model to illustrate the swelling behavior of the
bentonite. The results of low temperature (low T") cases show similar behavior as that of "high T" cases,
and will be illustrated later. The coupling is approximated as one-way, i.e., the mechanical behavior does
not affect the fluid, thermal transports or chemical reactions directly, and poro-elastic changes in host



Evaluation of Engineered Barrier System Midyear Status Report
June 30, 2019 13

rock pore space are neglected. The evolution of temperature, liquid saturation and pore pressure is the
same for all cases, which helps distinguish the effect on stress simulated by different models.

2.3.1 THMC Results of "High T" Cases with Different Mechanical Models

The stress status at two positions inside the bentonite was monitored at Point A, which is located in the
bentonite near the canister, and Point B, which is located at the EBS-NS interface. The total stress
evolution at these two points simulated with two geomechanical models is displayed in Figure 2-7 and
Figure 2-8. In addition to the total mean stress, d, we present in these figures the mean effective/net
stress, 6, which stands for the mean effective stress 13 after bentonite is fully saturated or the mean net
stress p when the unsaturated bentonite. The trend of 6 can also be used to illustrate the accumulation of
stress in the solid skeleton of bentonite. The difference between the mean stress d and effective/net stress
6 is the pore pressure. At the beginning of the simulation, bentonite is unsaturated. During the unsaturated
phase, 6 is the net stress, and it increases to the peak stress after about 20 years until the bentonite
becomes fully saturated. Then, during the saturated phase, 6 becomes the effective stress. At Point A,
ELSM predicts a higher total stress peak, which is approximately 15 MPa at about 150 years, while that
simulated by BExM is —14.2 MPa at about 150 years. Even the stiffness used in ELSM simulations is
quite small, about 20 MPa, while the stiffness in BExM is proportional to the stress condition, the ELSM
simulation result is still 0.8 MPa higher than that from the computation by BExM. The reason is BExM is
a nonlinear model accounting for the plastic deformation and the stress threshold being dependent on the
suction. However, the linear elastic model ELSM does not capture these physical processes. The mean
effective/net stress peak at Point A is —5.7 MPa with ELSM and 6.3 MPa with BExM at around 20 years,
then the stress decreases to 4.7 MPa and 4 MPa, respectively. The stress predicted by BExM increases
faster at around 20 years than the one obtained with ESLM, when the bentonite is saturated, inducing the
stress collapse. However, ELSM captures the slight decrease of the effective stress, although it does not
incorporate the stress collapse into the model. This phenomenon is due to desaturation at the beginning of
the process, during which ELSM can account for the shrinkage as the liquid saturation reduces. In
general, the sophisticated BExM estimates a lower total stress peak, but a higher mean effective/net stress
peak at Point A in the bentonite compared to the simulation results with ELSM for the "high T" case.

Simulations showed some similar features taken place at Point B. ELSM also predicted a higher total
stress peak of —15.5 MPa, while the peak estimated by BExM was around 15 MPa, i.e., —0.5 MPa lower
than ELSM simulations. The mean effective/net stresses evolution at Point B by ELSM is different from
the computation at Point A. ELSM predicts the net stress increase to 4.7 MPa, when bentonite is
unsaturated. When bentonite is saturated, the effective stress is almost constant or slightly increases. The
mean effective/net stress peak at Point B obtained by BExM is about 5.4 MPa at around 20 years, then the
stress decreases to about 5 MPa, and keeps constant for a long term. Point B remains unsaturated all the
time, and the liquid saturation increases for the first 20 years. Thus, ELSM predicts only swelling, while
BExM still captures the stress collapse due to the hydration process, which is associated with the peak of
the effective stress, shown in Figure 2-8.
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Figure 2-7. Simulation results, using ELSM and BExM, of mean effective/net stress, a- , and total
mean stress, 6, in FEBEX bentonite at Point A for the "high T" scenario
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2.3.2 THMC Results of "Low T" Cases with Different Mechanical Models

The "low T" case is simulated to assess the effect of the increase the temperature to 100°C at peak in the
bentonite buffer. Since temperature is lower than that in the "high T" case, the thermal induced expansion
in bentonite is reduced. At Point A, ELSM predicts the total stress of 8 MPa at peak, which is about
0.5 MPa lower than the total stress of 8.5 MPa computed by BExM. Because ELSM assumes the stiffness
is very small, with less thermal expansion due to lower temperature in "low T" case, the total stress
obtained by ELSM drops more, inducing a smaller total stress than that from the BExM estimate. In the
"low T" case, ELSM also estimates a lower effective/net stress than BExM. The mean effective/net
stresses peak at Point A is about 5.2 MPa with ELSM and 6.2 MPa with BExM at around 20 years. The
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stress predicted by ELSM almost remains constant for a long time, while the stress computed with BExM
decreased insignificantly by 0.5 MPa.

Numerical simulations showed the similar behavior at Point B for the "low T" case. ELSM predicts a
lower total stress peak of —8.2 MPa, while the peak estimated by BExM is —9 MPa. The mean
effective/net stress evolution at Point B simulated by ELSM is different from that at Point A. ELSM
predicts that the net stress increases to 5 MPa, then after the saturation, the effective stress is almost
constant over the next 100,000 years. The mean effective/net stress peak at Point B obtained by BExM is
—6.3 MPa at around 20 years, then the stress decreases —0.5 MPa, and remains constant for a long term.
The simulated difference between two geomechanical models helps us better understand the mechanical
behavior of the EBS bentonite in terms of effective/net and total stress.
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Figure 2-9. Simulation results, using ELSM and BExM, of mean effective/net stress, a- , and total
mean stress, a, at Point A in FEBEX bentonite for the "low T" scenario
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A comparison of the mean effective/net stresses for both "high T" and "low T" cases shows that the
BExM predicts a lower stress status for "high T" case than for the "low T" case, which can be attributed
to the effect of the swelling capacity degradation due to the interaction between micro- and
macrostructures. The higher total stress generated in "high T' case likely induces the microstructure
penetration into the macrostructure, which causes the strength degradation of macrostructure and the
reduction of the swelling capacity. In the "high T' case, the invasion by microstructure is less than in the
"high T" case, inducing a smaller "collapse of the macrostructure. Thus, the mean effective/net stress in
"low T" case grows more than the "high T" case. The ELSM predicts the mean effective/net stress of —5
MPa for both "high T" and "low T" cases, which is the same as the swelling pressure observed in the
laboratory experiment. Without incorporation of such features, as the stress collapse or stiffness change
due to the volume confinement, the linear model cannot capture the stress degradation or reduction of the
swelling capacity when the temperature peak inside the bentonite increases after the canister will be
placed.

2.4 Transition to a New Simulator and Platform

2.4.1 Introduction on TReactMech

In FY19, as a part of Geologic Disposal Safety Assessment (GDSA) framework, we started to move our
work to Linux platform with a new numerical simulator — TReactMech, which has recently been
developed at LBNL. With this transfer, the simulation of large problems has become possible.
TReactMech introduces a parallel coupled continuum geomechanics capability into the thermal-
hydrological-(biogeo)-chemical (THMCB) parallel simulator TOUGHREACT V3.X-OMP (Sonnenthal
et al. 2014; Xu et al. 2011; Xu et al. 2006), with improvements to the TOUGH2 multiphase flow core
(Pruess et al. 1999). The geomechanical formulation is based on a three-dimensional (3D) continuum
finite-element model with full 3D stress calculations, plastic deformation via shear and tensile failure
(Kim et al. 2012, 2015; Smith et al. 2015).

TReactMech is ideally suited for a continuum representation of fractured and porous rock masses at
scales from meters to tens of kilometers. TReactMech can also be used to simulate processes at the scale
of individual fractures, such as those generated due to hydraulic fracturing or a single-fracture
deformation at the core-scale. The continuum model approach considers local (grid-block scale)
averaging of media porosity, permeability, and other properties, in comparison to discrete fracture models
(DFM that capture fracture aperture changes typically using statistical realizations of fracture size
distributions and orientations. Examples of the application of TReactMech to Enhanced Geothermal
System stimulation modeling and THMC experiments on rock cores are presented in Sonnenthal et al.
(2015), Sonnenthal et al. (2018), and Kneafsey et al. (2017).

In TReactMech, heat and fluid flow, stress, and reactive transport equations are solved using the
sequential non-iterative approach, as shown in Figure 2-11. Fluid flow and heat transport equations are
solved simultaneously as those in TOUGH2 (Pruess et al. 1999), with modifications to consider multiple
coupled geochemical and geomechanical effects on porosity and permeability, as well as new capabilities
such as temperature-dependent thermal properties. TReactMech uses a hybrid parallel computation
approach, in which the geomechanics are solved using Petsc/MPI and the reactive chemistry model with
OpenMP. Geomechanics (3D stress equations, strain and failure strain) are solved after fluid and heat
flow, followed by transport of aqueous and gaseous species, mineral-water-gas reactions, and, finally,
permeability-porosity-capillary pressure changes owing to geomechanical and geochemical changes to
porosity (or fracture aperture).
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Figure 2-11. TReactMech flowchart

2.4.2 3D THM Modeling Benchmark

The goal of this section is to demonstrate the use of TReactMech to model to simulate a basic benchmark
3D case to verify the correctness of the code implementation against the analytical solution of the
consolidation of an infinite homogeneous saturated porous medium around a single point heat input
power. The analytical solution for this problem was provided by Booker and Savvidou (1985) and Smith
and Booker (1993), considering an incompressible pore water and the solid skeleton of clays. The 3D
model is a cube of 15mx15mx15m. Considering symmetry planes at x=0, y=0, and z= 0, only an eighth
of the model is simulated. The domain near the heat source is refined with a smaller mesh to achieve a
better accuracy. The heat source is a cube with 2.5 cm radius as shown in Figure 2-12a. In order to
simulate the THM problem given in Booker and Savvidou (1985), first, we modified the simulator to
match all analytical assumptions.

The initial temperature, pore pressure and the stress are set to 0°C and 0 Pa. Regarding thermal and
hydraulic conditions and considering symmetry conditions, the three symmetry planes are assumed to be
impermeable and adiabatic. At far field (i.e., boundary conditions), temperature and pore pressure are set
to 0°C and 0 Pa. At the heat source, a constant heat power of Q=150 W is instantaneously applied at 1=0.
Regarding mechanical conditions, all boundaries are free, except the symmetry planes, where the null
displacement condition is applied normal to the model domain boundaries. A homogenous and isotropic
material is considered. The model parameters used in the THM benchmark simulations are listed in
Table 2-2, and the coordinates of the points used for calculations are given in Table 2-3.
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Table 2-2. Model parameters of the benchmark example

Parameters Values

Porosity 0 = 0.15

Equivalent thermal conductivity [W/m/K] 2 = 1.7

Equivalent density [kg/m3] p = 2445

Equivalent heat capacity [J/kg/K] CP = 1000

Permeability [m2]
k
= 4.5 x 10-20

Young modulus [MPa] E = 4500

Poisson's ratio v = 0.3

Density of solid grains [kg/m3] p s = 2700

Heat capacity of solid grains [J/kg/K] Cps = 773

Volumetric coefficient of thermal expansion of solid grains [1/K]
a,
= 4.2 x 10-5

Density of water [kg/m3] pw = 1000

Compressibility of water [1/Pa] cw = 5 x 10
-10.

Heat capacity of water [J/kg/K] Cpw = 4180

Dynamic viscosity of water [Paxs] l,/w = 1 x 10-3

Volumetric coefficient of thermal expansion of water [1/K] aw = 4 x 10-4

NOTE: The analytical solution given in Booker and Savvidou (1985) assumes the
water is incompressible, indicating cw O.

(a) (b)
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Figure 2-12. (a) Model domain used for simulations, and
(b) the simulated temperature distribution after 1 year

Table 2-3. Coordinates of points used for numerical simulations of the 3D THM benchmark

Points (x, y, z) Coordinates Quantity

P1 (0.35, 0, 0) Temperature, pressure

P2 (0.625, 0, 0) Temperature, pressure

P3 (1.375, 0, 0) Temperature, pressure

P4 (0.35, 0.45, 0.625) Temperature, pressure, stress

P5 (0.4,0.5,0.75) Displacement

The results of temperature simulations at points P1, P2, P3, and P4, along with those from the analytical
solution are plotted in Error! Reference source not found.. The calculated temperature at point P1 is
slightly higher than the analytical solution, shown in Error! Reference source not found.a, is likely due
to the explicit numerical modeling of the heat source, while it is not taken into account in the analytical
solution. Otherwise, there are no other differences in the temperature predicted using numerical
simulations and an analytical solution. A good agreement of predictions of the pore pressure was also
achieved, as shown in Error! Reference source not found.b. The difference between the numerical
model and the analytical solution of the predicted peak pore pressure at P1 is 0.1 MPa, is consistent with
the higher temperature predicted at P 1. As temperature increases, the pore pressure at all points grows,
then after the peak pressure, it dissipates to zero for a long period. Error! Reference source not found.c
displays the displacement evolution at point P5, and the numerical results match the analytical solution
well. Generally, all displacements are larger, since the materials are under the heating load. After about 10
days, all displacements start to decrease. The displacement in z-direction is larger than displacements in
other two directions, since the value of z-coordinate is larger. The numerical results of stress evolution at
P4 match well the analytical solution, except the peak value for each stress, which is slightly lower, and
later the stress reduced more than the analytical solution due to the boundary effects.

In general, a good agreement between numerical simulations by TReactMech and the analytical solution
is obtained, which validates the application of the new TReactMech model for simulations of the THM
processes.
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Figure 2-13. Simulation results of 3D THM modeling: (a) temperature evolution at
P1, P2, P3, and P4, (b) pore pressure evolution at P1, P2, P3 and P4,

(c) Displacement changes at P5, and (d) stress changes at P4
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2.4.3 THMC Modeling of Bentonite in the Nuclear Waste Disposal

In this section, we describe the results of simulations using TReactMech of the generic case described in
Section 2.2.2. We generated a model following the same parameters of the geological formation and used
the same EBS material, such as a steel cell at the center surrounded by FEBEX bentonite and Opalinus
clay as shown in Figure 2-14. Only half of the domain is simulated to reduce the number of the elements.
Another limitation on the mesh generation is the use of a hexahedron grid in the TReactMech model.
Therefore, to explicitly account for the emplacement tunnel, we need to refine the area with all small
hexahedrons, which induces a convergence issue in simulation of the heating phase. During that period,
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the unsaturated bentonite is placed in the tunnel, but the surrounding clay rock is assumed as fully
saturated., A sharp change of the interface between the two-phase and one-phase media is expected to
lead to the numerical model instability, i.e., convergence failure. We are now working to develop a better
solution to resolve this issue.

Figure 2-15 demonstrates the pore pressure distribution after the excavation of the tunnel before the
heating phase. This step is to obtain the initial flow status before the bentonite is packed into the tunnel.
Due to the modeling of the implicit excavation strategy used in TReactMech, the grids are still presented
in the simulation domain as shown in the figure. The method to simulate the excavation process is by
reducing the stiffness and density of the material in the tunnel. This method is used to obtain the initial
hydraulic status before the heating starts.

At the next step, we will try to determine how to avoid the numerical modeling instability during the
heating phase. One possible solution is to simulate the potential excavated damaged zone as a transition
area from two-phases media to one-phase media to improve the efficiency of computation and prevent the
convergence issue.

Figure 2-14. Simulation results of temperature at different points
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Figure 2-15. Simulation results of pore pressure at different points

2.5 Summary and Future Work

2.5.1 Summary of Current Modeling Work

In the past few years, we have dedicated our efforts to the development of the coupled THMC model to
evaluate the chemical alteration and associated mechanical changes in a generic repository, and to
consider the interaction between the EBS bentonite and the NS formation. Multiple constitutive models,
such as the Extended Linear Swelling Model and the dual-structure BExM have been implemented into
the simulator TOUGHREACT-FLAC, and have been utilized in the evaluation of the EBS performance.
Two main modeling cases were developed: a "high T" case, in which the temperature near the waste
package can reach about 200 °C, and a "low T" scenario, in which the temperature peaks at about 100°C.
The evaluation of coupling between chemical and mechanical processes is the key part of THMC
modeling, which allow us to better understand the impact of chemical changes on mechanical behavior. In
FY19, we started to use a new simulator TReactMech on the Linux platform, which is more suitable for
large scale computation and more flexible to incorporate other mathematical or physical tools for coupled
THMC modeling. The current achievements are as follow:

We implemented the dual-structure BExM into the TOUGHREACT-FLAC simulator and verified the
correctness of the model against some benchmark tests conducted at the laboratory scale. Then, we
calibrated key parameters based on the laboratory test, accounting for the mechanical changes caused by
chemical reactions. In the calibration, we simulated a series of swelling pressure tests, in which partially
saturated FEBEX bentonite was saturated with various salinity solutions.

THMC models utilize the dual-structure BExM to link mechanical processes with the chemistry, allowing
us to simultaneously incorporate the effects of exchangeable cations, ionic strength of pore water and
abundance of swelling clay on the swelling stress of bentonite.
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With the developed CM coupling model, we are able to investigate the thermal limit of a clay repository,
which is a very important for the clay repository design. Reliable evaluation of the impact of long-term
geochemical on mechanical behavior, using the coupled THMC model, helps determine whether a clay
repository can sustain the impact of higher temperature.

The same scenarios are launched with BExM and Extended Linear Swelling Model separately, and the
results are compared with each other. THMC modeling using BExM showed a less stress growth
compared to the modeling using ELSM. The reason is that ELSM computes the swelling pressure as a
linear function of material's saturation, which predicts a higher stress accumulation compared to the
elasto-plastical model, such as BExM, which generates more plastical strains that resists the swelling
stress increase and redistributes stress in the material.

An initial 3D THM benchmark test showed a good agreement between numerical simulations by
TReactMech on the Linux platform with analytical solutions, which validates the correctness of the THM
modeling using the new simulator. Thus, the developed coupled THMC model on Linux platform greatly
improves our understanding of the coupled processes contributing to chemical and mechanical alteration
in EBS bentonites and NS argillite formations and answers questions regarding the thermal limit of EBS
bentonite in clay repository.

2.5.2 Future Work

To improve modeling efficiency for solving large in-field problems, the numerical simulator of coupled
THMC processes needs to be further upgraded. In the remaining time of FY19 and FY20, we are
planning•

• BExM, albeit computationally expensive, has shown to be an accurate description of the
evolution of bentonite. We will continue conducting THMC simulations using BExM for other
types of bentonite (e.g. MX-80) to test its robustness and evaluate the impact of chemical
changes on the mechanical properties of bentonite.

• CM coupling has been done through the simplest approach, ELSM, or the most complex
approach, dual structural BExM. Both of them have pros and cons: ELSM is computational
efficient and less accurate for transient state whereas BExM are more mechanistic and able to
describe the transient state, but computationally expensive and difficult for parameterization.
State surface approach has shown great stability and predictability in modeling the FEBEX in
situ test, CM coupling via state surface approach may be a good alternative for CM coupling. In
the remaining time of FY19, CM coupling using state surface approach will be implemented and
tested.

• To derive a reduced-order model that can be integrated into the performance assessment model
in GDSA. The importance of bentonite alteration and its impact on mechanical behavior needs to
be integrated to PA model to assess their relevance to the safety of a repository. Specifically, we
will first implement of bentonite swelling models such as linear swelling, state surface, BBM,
and BExM into a parallel THMC simulator TReactMech and then reduced order model will be
developed based on the large number of THMC simulations.
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3. GENERIC MODELS FOR STUDYING THE IMPACT OF HOST
ROCK/BENTONITE BARRIER INTERACTION ON RADIONUCLIDE
MIGRATION

3.1 Introduction

The host rock/bentonite barrier interaction may have an important impact on the performance of a deep
geologic nuclear waste repository. While we are modeling alterations of bentonite barrier under high
temperature using coupled THMC model, we found that host rock/bentonite barrier interactions strongly
affect some chemical and mechanical properties that are related to integrity of bentonite barrier. The
significance of such models lies in the fact that the alteration of bentonite might permanently change the
key properties of bentonite barrier (e.g. adsorption capacity) and therefore affect the migration of
radionuclides. Because radionuclide migration is one of the ultimate measures of repository performance,
it is important to bring migration of radionuclides into models and examine how host rock/bentonite
barrier interactions affect the migration of radionuclide in bentonite barriers. In this section, we present
coupled THC models for transport of U(VI), which have identical setup except for the type of host rock
(argillite versus granite rock). One model (called Case G) assumes that the host rock has the properties of
granite from Beishan, China (Cao et al. 2017a), and the other (called Case A) assumes that the host rock
has the properties of Clay (Bossart 2011; Lauber et al. 2000). To better understand the host rock/bentonite
interface may affect the fate and transport of radionuclides, we compared the radionuclide migration in a
bentonite barrier for two types of host rocks.

The section starts with a description of the conceptual model, then presents a detailed description of the
numerical model, a discussion of model results, and, finally, some concluding remarks.

3.2 Model Development

3.2.1 Conceptual Model

When designing a numerical model to explore the impact of different host rocks on the migration of
radionuclides, we first need to decide what processes to take into account in the model. Due to the heat
emission from high-level radioactive waste (HLW), heat convection and conduction are apparently
indispensable processes in the model. Because of the importance of vapor diffusion (Ho and Webb 1996;
Zheng et al. 2016) during the early part of the unsaturated state, we consider two-phase (gas and liquid)
flow in the model, with a gas phase comprising vapor, an air, and a liquid phase, including water and
dissolved air.

The isotopes 238U (half-life, t112=4.468x109 a) and 235U (t1/2=7.038 x108 a), represent the main fraction of
spent nuclear fuel rods (about 95%) (Joseph et al. 2017), and, consequently, constitutes the majority of the
HLW. It accounts for only 0.005% of the initial total radiotoxicity of the spent nuclear fuel (OECD 2006).
However, after about one million years, owing to the decay of plutonium and minor actinides, the
uranium contribution to the total radiotoxicity increases to about 30%. Moreover, the chemotoxicity of
238U is about two orders of magnitude larger than its radiotoxicity (Burkart et al. 2005). In general,
uranium in the spent fuel is in the oxidation state IV in the form of UO2, which is insoluble and immobile
under most repository-relevant conditions. However, several oxidation processes can occur, whereby
U(IV) can be partly transformed to U(VI) (Bruno et al. 2004), resulting in more mobile species. In this
report, our model focuses on the migration of U(VI).

Experimental and modeling studies have been conducted to investigate different aspects of U(VI)
migration, including the adsorption of U(VI) (Boult et al. 1998; Majdan et al. 2010; Missana et al. 2004;
Gao et al. 2017), ion exchange processes (Chung et al. 2013; Reinoso-Maset and Ly 2016), and the
effects of particle size, pH value, and the concentration of uranium and temperature on the migration of
U(VI) in groundwater (Wei 2012). Adsorption/desorption is an important reaction controlling the
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migration of U(VI) in bentonite and has been widely studied. Although there are some reactive transport
models utilizing the distribution coefficient (constant-Kd) approach to describe the retardation of U(VI) in
aquifers caused by adsorption (Bethke and Brady 2010), surface complexation models are currently more
widely used for calculating the adsorption/desorption of U(VI). Typically, surface complexation reactions
are derived by fitting the macroscopic dependence of adsorption on pH (Davis et al. 1998). Surface
reactions can be coupled with aqueous complexation reactions to simulate macroscopic adsorption as a
function of aqueous chemical conditions. Numerous surface complexation models have been developed to
describe the sorption of uranium on clay minerals; these models differ in the types of sites, their ways of
accounting for the electrostatic term, and the surface species (i.e., surface complexation binding of
U(VI)).

In this study, we use a two-site protolysis non-electrostatic surface complexation and cation exchange
sorption model (2 SPNE SC/CE) (Bradbury and Baeyens 2011). In this model, surface protonation
reactions that involve a strong site and two weak sites are used to describe acid-base titration
measurements, whereas surface complexation reactions with the one strong site and two weak sites are
needed to describe the sorption edge and isotherm measurements for the sorption of U(VI) on smectite
and illite. A detailed discussion of the 2 SPNE SC/CE model for smectite was given in Bradbury and
Baeyens (2005); a similar discussion for illite was given in Bradbury and Baeyens (2009a; 2009b). The
first twelve reactions listed in Table 3-1 are the surface protonation reactions on montmorillonite
(smectite) and illite (Bradbury and Baeyens 2009b), the next six reactions are the surface complexation
reactions for the sorption of U(VI) on illite, and the last six reactions are the surface complexation
reactions for the sorption of U(VI) on montmorillonite (smectite). Site density for strong site, weak site
type 1 and weak site type 2 on illite and montmorillonite are 2x10-7, 4x10-6 and 4x10-6, respectively
(Bradbury and Baeyens 2005). Table 3-2 shows the cation exchange reactions on montmorillonite
(smectite). The cation exchange capacity for bentonite, argillite and granite is 101.75 meq/100g, 16
meq/100g and 0.1 meq/100g, respectively.

Aqueous complexes considered in this study are listed in Table 3-3. Reaction constants are taken from
Spycher et al. (2011), most of which are largely consistent with those used in Davis et al. (2004). Based
on the previous study (Zheng et al. 2012), the dominant ones are Ca2UO2(CO3)3 and CaUO2(CO3)3 2
among these aqueous species. A chemical model that neglects these two species could significantly
underestimate the total aqueous concentration of U (VI).
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Table 3-1. Surface protonation reactions on montmorillonite (smectite) and illite and surface
complexation reactions for the sorption of U(Vl) on montmorillonite (smectite) and illite

Surface Complexation Log K

ill_s0H2+= ill_s0H + H+ -4

ill_s0-+ H+= ill_s0H 6.2

ill_w10H2+= ill_wl OH+ H+ -4

ill_w10-+ H+= ill_w1OH 6.2

ill_w20H2+= ill_w20H+ H+ -8.5

ill_w20-+ H+= ill_w2OH 10.5

mon_s0H2+= mon_s0H + H+ -4.5

mon_s0-+ H+= mon_s0H 7.9

monwl OH2+ = mon wl OH+ H+ 4.5

mon wl 0- + H+ = mon_wl OH 7.9

monw20H2+ = mon_w20H+ H+ -6

mon_w20- + H+= mon_w2OH 10.5

ill_s0UO2++ H+= ill_s0H + UO2+2 -2

ill_s0U020H+ 2H+ = ill_s0H + UO2+2+H20 3.5

ill_s0UO2(OH)2+3H+=ill_s0H + UO2+2+2H20 10.6

ill_s0UO2(OH)3-+ 4H+ = ill_sOH + UO2+2+3H20 19

ill_w10UO2++H+= ill_wl OH+ UO2+2 -0.1

ill_w10U020H+2H+ = ill_wl OH+ UO2+2+H20 5.3

mon_s0UO2++ H+= mon_s0H + UO2+2 -3.1

mon_s0U020H+ 2H+ = mon_s0H + UO2+2+H20 3.4

mon_s0UO2(OH)2+3H+=mon_s0H + UO2+2+2H20 11

mon_s0UO2(OH)3-+ 4H+ = mon_sOH + UO2+2+3H20 20.5

mon_w10UO2+ +H+= mon_wl OH+ UO2+2 -0.7

mon_w10U020H+2H+ = mon wl OH+ UO2+2+H20 5.7

Source: Bradbury and Baeyens 2005, 2009a, 2009b.

Table 3-2. Cation exchange reactions on montmorillonite (smectite)

Cation Exchange Reaction KNainn

Na+ + mon-H = mon-Na + H+ 1

Na+ + mon-K = mon-Na + K+ 0.2

Na+ + 0.5 mon-Ca = mon-Na + 0.5 Ca+2 0.4

Na+ + 0.5 mon-Mg = mon-Na + 0.5 Mg+2 0.45

Na+ + 0.5 mon-UO2+2 = mon-Na + 0.5 UO2+2 0.84

Source: Bradbury and Baeyens 2005.
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Table 3-3. Aqueous complexes for U(VI)

Aqueous
Complexes

Reactions
Log k
(25 °C)

Stoia Species Stoia Species Stoia Species Stoia Species

(UO2)11(CO3)6(OH)122 -18 Hi- 6 HCO3- 11 UO2+2 12 H20 25.855

(UO2)2(OH)2+2 -2 H+ 2 H20 2 UO2+2 5.659

(UO2)2CO3(OH)3 -4 H+ 1 HCO3- 2 UO2+2 3 H20 11.245

(UO2)20H+3 -1 H+ 1 H20 2 UO2+2 2.729

(UO2)3(CO3)6-6 -6 H+ 3 UO2+2 6 HCO3- 8.099

(UO2)3(011)4+2 -4 H+ 3 UO2+2 4 H20 11.962

(UO2)3(OH)5+ -5 H+ 3 UO2+2 5 H20 15.624

(UO2)3(OH),- -7 H+ 3 UO2+2 7 H20 32.2

(UO2)30(OH)2(HCO3)+ -4 H+ 1 HCO3- 3 H20 3 UO2+2 9.746

(UO2)4(OH)7+ -7 H+ 4 UO2+2 7 H20 21.995

UO2(SO4)2 2 1 1.102+2 2 SO4-2 -3.962

UO2C1+ 1 Cl- 1 UO2+2 -0.141

UO2C12(aq) 1 1.102+2 2 Cl- 1.146

UO2F+ 1 F- 1 UO2+2 -5.034

UO2F2(aq) 1 1.102+2 2 F- -8.519

UO2F3 1 UO2+2 3 F- -10.762

UO2F4-2 -1 1.102+2 4 F- -11.521

U020Si(OH)3+ 1 H+ 1 Si02(aq) 1 UO2+2 2 H20 2.481

UO2SO4(aq) -1 SO4-2 1 UO2+2 -3.049

U020H+ -2 H+ 1 H20 1 UO2+2 5.218

UO2(OH)2(aq) -4 H+ 2 H20 1 UO2+2 12.152

UO2(0F)4-2 -1 H+ 1 1.102+2 4 H20 32.393

UO2CO3(aq) -2 H+ 1 HCO3- 1 UO2+2 0.396

UO2(CO3)2-2 -3 H+ 2 HCO3- 1 UO2+2 4.048

UO2(CO3)3-4 -3 H+ 3 HCO3- 1 UO2+2 9.141

CaUO2(CO3)3-2 -3 H+ 1 Ca+2 3 HCO3- 1 UO2+2 3.806

Ca2UO2(CO3)3 -3 H+ 2 Ca+2 3 HCO3- 1 L102+2 0.286

NOTE: a "Stoi" refers to stoichiometric coefficient.



Evaluation of Engineered Barrier System Midyear Status Report
June 30, 2019 29

In the geological repository, radionuclides originate from used-fuel waste packages. The degradation of
these waste packages is an extremely complex process. Used fuel pellets are largely composed of solid
UO2, which would usually undergo oxidative dissolution with oxidants (typically H202) produced by a-
radiolysis (De Windt et al. 2006):

UO2(s) + H2O2 = UO2+2+ 20H Equation 3-1

Produced U(VI) as UO2+2 is then precipitated as a secondary U(VI) phase. For example, in a 10-year
degradation of UO2(s) due to dripping water (Bernot 2005), 11 mineral phases were identified, including
schoepite, soddyite, boltwoodite or na-boltwoodite, and uranophane. The formation of these phases
depends on biogeochemical conditions of surrounding media, such as the aqueous and mineralogical
composition of rock in contact with the waste package, as well as pH, Eh, and CO2 partial pressure. The
oxidation of UO2(s) and the formation of secondary U(VI) phases are slow and usually simulated as
kinetic processes (De Windt et al. 2003). However, as the waste packages degrade, the U concentration is
controlled by the least soluble uranium phase that is stable under given biogeochemical conditions. To be
conservative, and for reasons of simplicity, the source concentration of uranium is usually determined by
the solubility of the U(VI) phase that is possibly present in the given performance assessment
environment. Among possible U(VI) minerals, Bernot (2005) selected schoepite as the controlling phase,
because laboratory studies of Wronkiewicz et al. (1996) showed it is the dominant early-formed phase in
the UO2(s) degradation. In this report, we take the same approach, and assume that the waste package is
composed only of schoepite. The concentration of U(VI) is then controlled by the following reaction:

Schoepite + at = 3H2O + UO2+2 logK(25°C) = 4.844 Equation 3-2

The logK value of the reaction is taken from the EQ3/6 database data0.ymp.R5, and the variation in logK
is a function of temperature given by

LogK(T) = 14.61n(T) -92.016 - 1.644 x 10-2T + 5.5357 x 10-3/T Equation 3-3

where T is temperature (°K).

In addition to the chemical reactions associated with U(VI) and aqueous complexation, mineral
dissolution/precipitation for major ions is also accounted for (see next section for details), because it
determines the chemical environment for U(VI) migratation.

3.2.2 Numerical Model

In the current task of the project, LBNL researchers have been involved in an exploratory modeling of
uranium migration, rather than that associated with an existent HLW repository. In this study, we
considered the choice of properties for the EBS bentonite and host rocks based on data availability. As
mentioned above, we developed two cases for comparison—Case A and Case G, with identical setups,
except for the host rock: argillite rock in Case A, and granite rock in Case G. EBS bentonite has the
properties of FEBEX bentonite, which has been extensively characterized by laboratory and field
experiment (Huertas et al. 2000) and studied by modeling work (Zheng and Samper 2008; Zheng et al.
2011). For Case A, the argillite host rock was simulated using properties of the Opalinus Clay (Bossart
2011; Lauber et al. 2000), and for Case G, the granite host rock was simulated using the properties of
granite, mainly composed of weathered granites with different periods of crystalline rocks, at Beishan,
China, a potential repository site in an arid region in northwestern China.
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3.2.2.1 Model Domains

The model domains were comprised of two material zones for the bentonite and host rock (granite or
argillite). Bentonite is located within an interval from 0.45 m to 1.135 m, with the remaining domain up
to 50 m representing the host rock. Modeling was conducted to simulate non-isothermal processes with a
time-dependent heating power (Rutqvist et al. 2014). The power curve was adopted from a representative
heating dataset from the U.S. DOE's Used Fuel Disposition campaign for pressurized water reactor
(PWR) used fuel (Rutqvist et al. 2014), and which was implemented as a heat flux on the model nodes
representing the waste package. The initial temperature of 12°C was uniformly distributed through the
model domain. The initial EBS bentonite saturation was 59% and a suction of 1.11x105 kPa (Zheng et al.
2011). The host rock was fully saturated. Boundary conditions for flow included: (1) no flow at r (radius)
= 0.45 m, and (2) a prescribed liquid pressure of 7 bars at r = 50 m. Results of modeling show that from
time zero the FEBEX bentonite simultaneously undergoes resaturation, heating stress changes, chemical
alteration (i.e., evolution of aqueous concentrations and dissolution/precipitation of clay minerals), which
affect migration radionuclides. To illustrate the THMC changes in bentonite and host rocks changes, we
mostly demonstrate the temporal evolution at four points (A, B, C, and D) located in the bentonite and
host rock (Figure 3-1).

Waste packai) A B D

0 0.45 m

bentonite —><— host rock

0.125 m

1.135 m 50 m

NOTE: Mesh used for the model not to scale. Point A is located at r = 0.479 m, B is located at r = 1.13 m in the
bentonite next to the bentonite-host rock interface, C is located in host rock next to the bentonite-host rock
interface with r = 1.3 m, and D is 10 m away from the bentonite-host rock interface.

Figure 3-1. Schematic showing four monitoring points (A, B, C, and D) used in
simulations to observe THMC evolution in bentonite and host rock

3.2.22 Hydrological Parameters

Two key parameters used for modeling two-phase flow in an unsaturated bentonite barrier and the host
rock (as the host rock near the bentonite barrier might go through a short desaturation phase) are relative
permeability and a capillary pressure function (also called the retention curve). We have calculated the
capillary pressure function by the van Genuchten equation given by:

cap yi[s.tx 1 1-̀ a
a

Equation 3-4

where P cap is the capillary pressure, S'*=(Sr—Sir)/(1—Sir), SI is the volumetric water content, and SI, is the
residual volumetric water content, which is assumed to be 0.001 for bentonite, 0.01 for the host rock. We
used the same relative permeability function as was used elsewhere (Kuhlman and Gaus 2014; Sanchez et
al. 2012; Zheng et al. 2011) given by
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kri = S14 Equation 3-5

In addition, relative permeability for host rock is calculated by the function:

Krl  
,Is —[S*11/ 11' if S1 < SIS

1 1 f

Equation 3-6

where 41 is m in van Genuchten's notation, Sir is 0.02 for argillite and 0.01 for granite.

The effective permeability of bentonite has been under scrutiny by modelers (e.g. Zheng et al. 2011)
because of its critical role in affecting the hydration of bentonite (Table 3-4). The plausible value of the
saturated permeability for FEBEX bentonite in the initial state could range from 1 X10-21 to 9x10-21 m2,

based on various sources (Chen et al. 2009; Kuhlman and Gaus 2014; Sanchez et al. 2012; Zheng et al.
2011), and we used 2.15 X10-21 m2 in the model based on previous calibration (Zheng et al. 2017).
Meanwhile, the parameters of host rock have been verified by previous studies (Bossart, 2011; Cao et al.
2017a). (In the current report, the effects of temperature on permeability and water retention curve are
assumed negligible and not included in the numerical model. These effects will be a subject of future
research.)

We used a linear relationship for the thermal conductivity versus water saturation, which is implemented
in TOUGH2 (Pruess et al. 1999):

Kth = Kwet + Si (Kwet — Kthy) Equation 3-7

where Kwet is the thermal conductivity under fully saturated conditions, Kdry is the thermal conductivity
under dry conditions, and SI is the liquid saturation.

The thermal and hydraulic parameters of bentonite, granite, and argillite are shown in Table 3-4.

Table 3-4. Thermal and hydrological parameters used for simulations

Parameter Bentonite Granite Argillite

Grain density [kg/m3] 2780 2650 2700

Porosity 0 0.41 0.001 0.15

Saturated permeability [m2] 2.15x10-21 1.0x10-18 5.0x10-20

Relative permeability, kr, Equation 3-5 Equation 3-6 Equation 3-6

Van Genuchten 1/a [1/Pa] 1.1x10-8 9.6x10-4 6.8x10-7

Van Genuchten m 0.60 0.492 0.595

Compressibility fi [1/Pa] 5.0x10-8 3.7x10-1° 3.2x10-9

Thermal expansion coeff. [1/°C] 1.0x10-4 1.0)00-4 1.0x10'

Dry specific heat [J/kg- °C] 1091 1000 900

Thermal conductivity [W/m-°C] dry/wet 0.47/1.15 3.2/3.3 3.0/3.0

Effective vapor diffusion coefficient
[rin2/s]

2.03x10-4 2.03x10-4 2.03x10-4
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3.2.3 Chemical Parameters

The pore-water and mineralogical compositions must be known for chemical modeling. Table 3-5 lists the
pore-water composition of bentonite-assumed to be FEBEX bentonite (Fernandez et al. 2000), and two
types of host rocks: granite-assumed to be Beishan granite from Northwestern China (Cao et al. 2017b),
and argillite-with properties of Opalinus Clay, Switzerland (Fernandez et al. 2007). Table 3-6 lists the
mineralogical compositions of bentonite (Huertas et al. 2000), granite (Beishan granite; Li 2017), and
argillite (Opalinus clay, Bossart 2011; Fernandez et al. 2007; Lauber et al. 2000). The pH values for these
three types of pore-waters are all slightly alkaline. The main anions and cations of the groundwater are
similar for the bentonite, granite, and argillite. According to the chemical composition, Cl- and so42- are
the main anions, and Na+ and Mg+2 are the main cations. As for the mineralogical composition, bentonite
is dominated by smectite, granite is mainly composed of quartz and feldspar, and argillite contains mostly
illite, quartz, kaolinite, and smectite.

Mineral dissolution/precipitation is kinetically controlled. The kinetic law for mineral
dissolution/precipitation is given in Xu et al. (2011). The mineral kinetic rates and surface areas
considered in the model are summarized in Table 3-7. The illitization rate (i.e., the rate of illite
precipitation and smectite dissolution) was calibrated (Liu et al. 2013) based on the measured illite
percentage in an illite/smectite (I/S) mixed layer from Kinnekulle bentonite, Sweden (Pusch and Madsen
1995).

Table 3-5. Pore-water composition (mol/kg, except for pH) of bentonite, granite and argillite

Bentonite Granite Argillite

pH 7.72 7.5 7.38

CI 1.6x10-1 2.63x10-2 3.32x10-1

SO4-2 3.2x10-2 1.00x10-2 1.86x10-2

HCO3- 4.1x 10-4 2.34x10-3 5.18x10-3

Ca+2 2.2x10-2 1.17x10-3 2.26x10-2
mg+2 2.3x10-2 7.43x10-3 2.09x10-2

Na+ 1.3x10-1 3.63x10-2 2.76x10-1

K+ 1.7x10-3 3.85x10-4 2.16x10-3

Fe+2 2.06x10-8 2.06x10-8 3.45x10-6

Si02(aq) 1.1x10-4 1.91 x10-4 1.10xl0-4

A102 1.91x10-9 3.89x10-8 3.89x10-8
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Table 3-6. Mineral volume fraction (dimensionless, ratio of
the volume for a mineral to the total volume of medium)

FEBEX Bentonite Granite Argillite

Calcite 0.00472 0 0.1

Smectite 0.546 0 0.1426

Chlorite 0.0024 0 0.1445

Quartz 0.012 0.3 0.1845

K-Feldspar 0.0059 0.35 0

Plagioclase 0 0.25 0

Mica 0 0.1 0

Dolomite 0.0 0 0

IIlite 0.0001 0 0.223

Kaolinite 0.0 0 0.174

Siderite 0.0 0 0.01256

Ankerite 0.0 0 0.00798

Table 3-7. Kinetic properties for minerals considered in the model

Mineral A

(cm2/g)

Parameters for Kinetic Rate Law

Neutral Mechanism Acid Mechanism Base Mechanism

k25
(mol/m2-s)

Ea
(kJ/mol)

k25
(mol/m2-s)

Ea
(kJ/mol)

n(H+) k25
(mol/m2-s)

Ea
(kJ/mol)

n(H+)

Quartz 9.8 1.023x10-14 87.7
K-feldspar 9.8 3.89x10-13 38 8.71x10-11 51.7 0.5 6.31x10-12 94.1 -0.823
Kaolinite 151.6 6.91x10-14 22•2 4.89x10-12 65.9 0.777 8.9.1x10-19 17.9 -0.472
IIlite 1.18x104 a 1.66x10-13 105 b
Chlorite 9.8 3.02x10-13 88 7.76x10-12 88 0.5
Calcite 3.5 1.63x10-7 23.5
Dolomite 12.9 2.52x1 0-12 62.76 2.34x10-7 43.54 1
Ankerite 9.8 1.26x10-9 62.76 6.46x10-4 36.1 0.5
Smectite 1.18x104 a 1.66x10-13 105 b

Plagioclase 9.8 1.26x1 0-14 87.5
Mica 9.8 1.26x10-14 87.5

NOTE: a Calibrated based on the field illitization data (Liu et al. 2013).
b From Pusch and Madsen (1995).

Source: Xu et al. 2006, in addition to Liu et al. 2013 and Pusch and Madsen 1995 as noted above.
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3.2.4 Simulator

TOUGHREACT V3.3-OMP (Xu et al. 2014), which is a major new release of TOUGHREACT (Xu et al.
2011), was used in this study. The simulator is a major new release of TOUGHREACT (Xu et al. 2011),
which includes many new features and parallelization of the most CPU-intensive calculations in reactive-
transport model simulations. It can be applied to one-, two-, or three-dimensional porous and fractured
media with physical and chemical heterogeneity, and can accommodate any number of chemical species
present in liquid, gas, and solid phases. A variety of subsurface thermal, physical, chemical, and
biological processes are considered in TOUGHREACT under a wide range of pressure, temperature,
water saturation, ionic strength, pH, and Eh. The major chemical reactions include aqueous complexation,
acid-base, redox, gas dissolution/exsolution, cation exchange, mineral dissolution/precipitation, and
surface complexation.

In this study, the TOUGH2/EOS4 module was used for multiphase flow calculation. TOUGH2 is a
simulator based on the integral finite difference method, which offers the advantage of being applicable to
regular or irregular discretization in one, two, and three dimensions (Pruess et al. 1999). Governing
equations of TOUGH2 are established from mass and energy balance. The EOS4 module considers non-
isothermal two-phase (air and water) flow, with each individual phase flux given by a multiphase version
of Darcy's law. For vapor flow in the air phase, in addition to Darcy flow, mass transport can also occur
via diffusion according to Fick's law. Thermal behavior is relatively well understood, because it is less
affected by other coupled processes than that by hydrological and chemical processes, and the relevant
parameters can be reliably measured. Time is discretized fully implicitly as a first-order backward finite
difference. The nonlinear equations in the residual form are solved by means of the Newton/Raphson
iteration.

3.3 Results of the Base Model

Modeling of for Cases A and G was conducted taking into account a waste package, an EBS bentonite,
and a host rock. The modeling was conducted for 100,000 years. It was assumed that canisters were fully
corroded, and U(VI) was released due to dissolution of schoepite after 1000 years, which is a conservative
estimate of the canister failure. For example, De Windt et al. (2006) assumed that a canister failed after
10,000 years. However, after 1,000 years, the EBS becomes fully saturated and bentonite-host rock
interaction approaches equilibrium, and THC processes evolve slowly thereafter. In other words, the THC
environment, in which radionuclides migrate, would not change substantially from 1,000 years to 10,000
years (e.g., Figure 3-2 and Figure 3-3). Therefore, it is likely that the starting time of U(VI) release in the
range from 1,000 to 10,000 years would not affect model results significantly. Because of large
uncertainties in a THC model and model parameters, the base modeling results should be considered as
exploratory.

3.3.1 TH Evolution

The TH behavior is described by the temperature, saturation, and pore pressure evolutions around the
repository at monitoring points A, B, C, and D (as marked in Figure 3-1). A maximum temperature of
about 100°C is reached at the surface of the waste canister at —5 years for both Cases A and G
(Figure 3-2). Temperature peaks later with the increase in the distance from the waste package. At the
bentonite-host rock interface, the temperature summit is reached at about 25 years, and then the
temperature declines. The temperature falls to —18°C at these monitoring points at 100,000 years for both
cases. Although the argillite of Case A has lower thermal conductivity than the granite of Case G, the
computed temperature in both cases differs only moderately.

Because the host rock remains fully saturated (except in the area near the bentonite-host rock interface)
for a very short time period, only the evolution of liquid saturation in bentonite (points A and B) in both
cases is shown in Figure 3-3. In the area close to the waste package (point A), bentonite undergoes
desaturation first due to heating from the waste package and then gradually becomes fully saturated. In
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the vicinity of the bentonite-host rock interface (point B), bentonite becomes fully saturated in a relatively
short time. Because (1) water infiltration into bentonite is determined predominantly by a capillary
pressure gradient (suction force) and (2) argillite has higher porosity than granite, bentonite is saturated at
a faster rate in Case A than in Case G, despite granite having higher permeability than argillite.

Figure 3-4 shows the evolution of pore pressure at A, B, C, and D in both cases. There are three
noticeable differences regarding the pore pressure in bentonite in granite and argillite host rock. First, an
increase in pore pressure in bentonite occurs earlier for Case A than for Case G. Second, the peak pore
pressure in bentonite is higher in Case A: the peak pore pressure reaches —9 MPa in Case A, which is 3
times higher than that in Case G (2.88 MPa). Third, after the pore pressure in bentonite reaches steady
state, it still maintains at a relatively higher level in Case A than that in Case G. For other points (B/C/D),
whatever the host rock is, it tends to keep a constant pressure (0.63 MPa) over time.
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Figure 3-2. Temporal evolution of temperature at points A, B, C, and D for Cases A and G
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Figure 3-4. Temporal evolution of pore pressure at monitoring points for Cases A and G

3.3.2 Geochemical Evolution

As mentioned above, the model assumes that release of U(VI) won't occur until 1,000 years. When U(VI)
is released via dissolution of schoepite, the chemical conditions, especially within the bentonite barrier,
play an important role because they affect the dissolution of schoepite and aqueous complexation with
U(VI). As shown by some studies (e.g., Zheng et al. 2015a), the interaction between host rock and
bentonite barrier affects the geochemical evolution within the bentonite barrier. Similarly, we expect that
Case G leads to a different geochemical evolution within the bentonite barrier than Case A.

The evolution of pH, and the concentration of Ca+2 and HCO3, at points A and B are plotted in
Figure 3-5. The pH in the bentonite remains low for the first 10,000 years, due to the buffer created by
surface protonation reactions, and then increases from 10,000 to 30,000 years, and eventually plateaus
until 100,000 years. The concentrations of Ca+2 and HCO3  are strongly affected by the dissolution of
calcite and precipitation of dolomite, and fluctuate significantly when bentonite transitions from
unsaturated to fully saturated.

In addition to the dissolution/precipitation of carbonate minerals, the most noticeable mineral phase
change in bentonite was the dissolution of smectite and precipitation of illite (Figure 3-6), a phenomenon
known as illitization. Over the course of illitization, protons are consumed and pH increases
(Figure 3-5a). It is certainly not a surprise that when significant illitization occurs, roughly from 10,000 to
30,000 years (Figure 3-5), pH increases as well (Figure 3-5).

The chemical conditions in bentonite are controlled by the bentonite-host rock interaction under the
influence of temperature and pressure change. Pore-water in argillite (Case A) has lower pH and higher
concentration of major ions than that in granite (Case G), which is the primary reason for the different
geochemical evolution in bentonite in Case A and Case G. For example, higher K concentration in
argillite leads to higher K in bentonite and subsequently less illitization and lower pH in Case A.

The dissolution of schoepite is influenced not only by the value of pH, but also by the concentration of
Ca+2 and HCO3-, because the Ca-U-carbonate aqueous complexes are the dominant U (VI) aqueous
species (Zheng et al. 2012). When the dissolution of schoepite occurs, the bentonite in Case A has a lower
pH, a higher concentration of Ca.+2, but a lower concentration of HCO3-, which affects the concentration
of U(VI) at the source, i.e., waste package, as discussed in the following sections.
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3.3.3 U(VI) Migration

Figure 3-7 shows the evolution of U(VI) at four monitoring points for both cases. Obviously, the
concentrations at points A and B are very different for different host rocks, confirming that the host rock
plays an important role in the migration of U(VI) in the bentonite barrier.
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Figure 3-7. Temporal evolution for Cases A and G of U(Vi) concentrations at
(a) waste package, (b) point A, (c) point B, and (d) point C

Before the release of U(VI) from the waste package, i.e. from time zero to 1000 years, U(VI)
concentrations in bentonite at points A and B deviate from the initial concentrations due to variations in
the water saturation, reactions with exchangeable and sorption sites within bentonite, and interactions
with host rock via diffusion.

When U(VI) is released from the waste package, the following reaction dominates:

Schoepite +2Ca+2 + 3HCO3- = 14+ + 3H20 + Ca2UO2(CO3)3 Equation 3-8

which is a combination of the reaction in Equation 3-2 and the dissociation of aqueous complex
Ca2UO2(CO3)3. In the current model, Ca2UO2(CO3)3 and CaUO2(CO3)3-2 are the major aqueous species
for U(VI). For example, shortly after 1000 years, at the waste package, Ca2UO2(CO3)3 accounts for
85.57% and CaUO2(CO3)3+2 for 13.69% of the total aqueous U(VI) concentration. The concentrations of
Ca+2 and HCO3  and pH affect the concentration of U(VI) (characterized by dominant Ca2UO2(CO3)3)
through the ion activity product in the mass action law. The geochemical environment of bentonite in
contact with the waste package for both host rocks are featured with slightly higher pH and Ca+2
concentration and lower HCO3+ for Case A compared to that for Case G, which leads to a higher total
aqueous U(VI) concentration at the waste package for Case G (Figure 3-7a).

Modeling of U(VI) migration through the bentonite, which is released from the waste package, is based
on the consideration of two surface-complexation reactions given by

mon_s0U020H + 2Ca+2 + 3HCO3- = H20 + H++ mon sOH + Ca2UO2(CO3)3 Equation 3-9



Evaluation of Engineered Barrier System Midyear Status Report
June 30, 2019 39

mons0UO2(OH)2- + 2Ca+2 + 3HCO3- = 2H20 + mon_s0H + Ca2UO2(CO3)3 Equation 3-10

Because the geochemical environment in bentonite for Case A is characterized by slightly higher pH and
Ca+2 concentration and lower HCO3- than those for Case G, reactions in Equation 3-9 and Equation 3-10
in bentonite are more favorable to the right-hand side for Case A than for Case G, which indicates a
smaller adsorption of U(VI) in bentonite for Case A than for Case G. Thus, clearly, for Case A (with
argillite host rock), the source concentration is lower than that for Case G (with granite host rock), and
there is a smaller adsorption in bentonite for the case with argillite. The differences in U(VI)
concentration in bentonite for two host rocks are caused by two competing factors: (1) a lower source
concentration tends to lower the U(VI) concentration in bentonite, whereas (2) lower adsorption in
bentonite causes higher U(VI) concentration in bentonite. These two factors are coupled due to the
diffusion process: depending on the distance to the source, a lower source concentration outperforms the
effect of lower adsorption, and vice versa. At point A, the total U(VI) concentration is lower for Case A
than for Case G (Figure 3-7b), because the concentration of U(VI) at the source is lower for Case A, and
point A is close to the source despite the lower adsorption in bentonite for Case A. With the distance from
the source, the effect of the source term diminishes, and the lower adsorption in bentonite for Case A
makes the aqueous U(VI) concentration higher for Case A at points B and C (Figure 3-7c and d). Point D
is too far from the source to show a significant change in the U(VI) concentration, and, therefore, model
results for point D are not shown.

The dissolution of smectite and precipitation of illite leads to a rise in pH, which is balanced by carbonate
minerals and causes a decrease in HCO3. The net effect is that the dissolution of schoepite is inhibited,
and U(VI) concentration at the source decreases (Figure 3-7a). As a result, U(VI) decreases temporally in
bentonite for both host rock cases, as shown by decreasing concentrations over time at points A, B, and C.
The decrease in HCO3 concentration drives even stronger adsorption reactions, especially the reaction in
Equation 3-10, which leads to a strong adsorption of aqueous U(VI) and makes the aqueous U(VI)
concentration even lower than the initial U(VI) concentration. In fact, the adsorption of U(VI) in
bentonite is so strong that U(VI) is not able to migrate through the bentonite, and there is no increase in
aqueous U(VI) concentrations in either host rock.

Table 3-8. Proportions of aqueous, exchangeable, and adsorbed U(Vl) to
the total U(Vl) mass for two host-rock cases (%)

Host
Rock

Monitoring Point Aqueous
Phase

Exchangeable
Phase

Adsorbed
Phase

Granite A 0.0123 0.6915 x 10-7 99.9877

B 0.0168 0.2872 x 10-6 99.9832

Argillite A 0.0027 0.1354 x 10-7 99.9973

B 0.4779 0.1447 x 10-5 99.5221

In the model, total U(VI) in bentonite is described as three phases: aqueous, exchangeable, and adsorbed.
Note that in most experimental work, exchangeable and adsorbed phases are inseparable and usually
treated as one phase. Table 3-8 shows the fraction of each phase relative to the total mass of U(VI) at
points A and B for both host-rock cases. In both, the adsorbed phase is the dominant phase of U(VI), with
a negligible exchange phase. The second is that the spatially, adsorbed phase accounts for more of the
total U(VI) at locations close to the source (e.g., point A) than locations far from the source (e.g.,



Evaluation of Engineered Barrier Systems Midyear Status Report
40 June 30, 2019

point B). Obviously, less aqueous U(VI) is available for adsorption, as U(VI) migrates away from the
source.

In our current model, smectite and illite are the two adsorbents of U(VI). Roughly 80% of adsorbed U(VI)
is on smectite by the end of the simulation time (Figure 3-8). Although smectite dissolves and illite
precipitates, there is still more smectite than illite in bentonite, and understandably that smectite is the
major adsorbent. However, the proportion of U(VI) adsorbed on smectite varies spatially and temporally,
largely following the evolution of smectite and illite.
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Figure 3-8. Proportion of adsorbed U(VI) on smectite and illite: the sorption sites on smectite for
Case A, on illite for Case A, on smectite for Case G, and on illite for Case G

Our model shows that the bentonite barrier is very effective in retarding the migration of U(VI) released
from the waste package. U(VI) concentration at point C for granite host rock is never above the
background U(VI) concentration and lower than that for argillite host rock. In an EBS with bentonite,
because of the bentonite-granite interaction, granite actually lead to a chemical condition in bentonite
favorable to increase adsorption of U(VI), and makes it a better host rock than argillite with respect to
reducing the effect of U(VI) migration, despite the fact that granite has a very limited radionuclide-
retarding capability compared to argillite.

3.4 A Sensitivity Analysis

As we discussed in the previous section, because of the high adsorption of bentonite, U(VI) does not
appear in host rocks, and, therefore, the difference between argillite and granite in terms of retarding the
migration of U(VI) within host rocks cannot be compared. In addition, one might wonder how high the
concentration of aqueous U(VI) in the host rock will be, or how far U(VI) travels in the host rock if
bentonite has no adsorption capability. In this section, we therefore present a simulation in which all
adsorption reactions (Table 3-1) for bentonite are disabled.

- ----------
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As shown in Figure 3-9, U(VI) concentration fluctuates near the background level in the first 1000 years.
After the release of U(VI), the aqueous concentration of U(VI) quickly increases in the bentonite.
Compared to the base model that considers adsorption in the bentonite (Figure 3-7), the aqueous
concentration of U(VI) is obviously higher, because of not taking into account adsorption in bentonite.
U(VI) migrates through the bentonite barrier and appears in host rock, as shown by the high U(VI)
concentrations at points C and D. It takes only 3 years for aqueous U(VI) to migrate through the entire
bentonite barrier. After that, the difference between argillite and granite in adsorption capability begins to
diminish• U(VI) moves as deep as 275 m into the granite host rock in 100,000 years, whereas it travels
only up to 4 m into the argillite host rock (Figure 3-10), apparently because argillite has higher adsorption
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capability than granite. U(VI) penetrates to a lesser degree into the argillite, and the maximum aqueous
concentration of U(VI) is also lower: the aqueous concentration of U(VI) at point C in argillite is one
order of magnitude lower than that in granite.

3.5 Concluding Remarks

SNF repositories hosted in argillite and granite are two disposal concepts that have been extensively
studied. Among many measures to assess the performance of a repository, the migration of radionuclides
within the repository is a critical one. Assuming they have the same engineered barrier system (EBS),
how do different host rocks (argillite versus granite) affect the migration of U(VI) in EBS bentonite and
host rocks, and which properties of the host rock cause the difference? In Section 3 of this report, we
presented the results of modeling of coupled THC processes and migration of U(VI) in the EBS bentonite
for two types of host rocks—argillite and granite, using the same model setup. One model assumed the
host rock with properties of granite from Beishan, China (Cao et al. 2017a), and the other one assumed
properties of the host rock of argillite from Opalinus Clay (Bossart 2011; Lauber et al. 2000). Both
models assume an EBS with the FEBEX bentonite properties (Huertas et al. 2000). Thermal,
hydrological, and chemical evolutions in the bentonite were simulated for both cases, with a focus on the
migration of U(VI). Based on the results of modeling, the following conclusions can be made:

• Water penetration into bentonite from host rock is predominately controlled by the capillary
pressure gradient, which is greater in the case of the argillite host rock, leading to a faster
hydration of bentonite than that of granite, despite thr fact that the permeability of argillite is
lower than granite.

• The chemical condition within bentonite is controlled by the bentonite-host rock interaction
under the influence of temperature and pressure. Different host rocks impact the migration of
U(VI) via controlling the chemical condition in the bentonite, which affects the concentration of
U(VI) at the waste package and adsorption of U(VI) in the bentonite.

• Pore-water chemistry is the most important property of the host rock, affecting the migration in
bentonite because of its influence on chemical conditions in the bentonite. The key chemical
ions, Ca+2 and HCO3-, as well as pH in pore-water, are mainly affecting the release and migration
of U(VI).

• Our model shows that the illitization (i.e., dissolution of smectite and precipitation of illite) in
the bentonite affects the migration of U(VI) due to changing pH and concentrations of
adsorbents.

• For the hypothetical cases considered in this section, granite leads to more favorable adsorption
of U(VI) in bentonite, making it a better host rock than argillite with respect to U(VI) migration,
despite granite itself is characterized by a very limited radionuclide retarding capability for
compared to argillite.

3.5.1 Future Work

In the remaining time of FY19 and in FY20, we are planning to improve the models in the following two
facets:

• First, coupled THMC model with migration of radionuclide has caused a lot of numerical
instability, which is why current simulations left out mechanical processes and focused on the
geochemical interaction between host rock and bentonite barrier. Current simulation required
using the re-start feature in TOUGHREACT — simulations run for 1,000 years without release
of U(VI) by dissolution of Schoepite and then restarted from 1,000 years to 100,000 years with
the release of U(VI). Although TOUGHREACT-FLAC inherits the same re-start feature from
TOUGHREACT, the code needs to be debugged to function properly for re-start for THMC
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scenarios. Once the code is properly debugged, THMC simulations with migration of
radionuclides will be conducted

• Second, current simulations focus on the temperature conditions of 100°C. Similar simulations
for higher temperature (200°C) will be conducted to examine how host rock/bentonite barrier
affect the migration of radionuclide under high temperature.

As we continue testing the THMC code, TReactMech (Smith and Sonnenthal 2019), we will repeat some
simulations for verifying TReactMech, as part of the PA models. One way to integrate process models
into PA model is the development and application of reduced order models (or surrogate models), which
help running large amount (up to thousands) of simulations for process models. Because
TOUGHREACT-FLAC is a serial code, conducting large amount of simulations might be very difficult,
whereas TReactMech is a parallel code that makes running large amount of simulations doable.
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4. STUDYING CHEMICAL CONTROLS ON MONTMORILLONITE
STRUCTURE AND SWELLING PRESSURE

4.1 Introduction

Clay rich materials are critical components of engineered barriers for the safe long-term storage of
nuclear waste. Swelling clays, such as montmorillonite clays, are particularly valuable for EBS barriers
because their expansive behavior is expected to provide a mechanical support to repositories and cease
pathways for preferential flow or diffusion. Despite many decades of study, predictive models for
swelling and diffusion-driven mass transport through swelling clays remain elusive. It is well established
that montmorillonite clays adopt crystalline or osmotic swelling states, with given water contents
(Holmboe and Bourg 2013; Norrish 1954; Rotenberg et al. 2009). It is not presently possible to predict
swelling pressure and microstructure under relevant and dynamically changing conditions. Numerous
physical and chemical variables have been shown to have a major influence on clay swelling: clay layer
charge, water activity, electrolyte ion composition, and confining pressure being the dominant controlling
variables (Sun et al. 2015; Teich-McGoldrick et al. 2015). Other factors, such as the crystalline alignment
of individual clay layers, have shown to depend on ion composition, and are, therefore, likely to influence
swelling (Whittaker et al. 2019). Moreover, the macroscopic swelling pressure and transport properties
are governed by the microscopic structure of swelling clays. Compacted clays are composed of particles
of stacked clay mineral layers, also called tactoids, which are arranged in complex, but poorly understood
arrangements.

In this work package, we combine novel experimental and simulation studies to address critical needs for
the development of improved models for clay swelling and diffusive transport.

First, we implement molecular-scale models to quantify the relative free energies of montmorillonite clay
systems under different physical configurations and aqueous solution conditions. Traditional models
implementing the DLVO and the Modified Gouy-Chapman (MGC) theory can reasonably predict osmotic
swelling (in symmetric monovalent, low ionic-strength electrolyte) provided molecular-level information
(e.g., distance of closest approach) is available; however, these continuum model predictions break down
for hydrates with basal spacing — 10-12 A (1-2 water layers), where water molecules need to be treated
as discrete. Our novel approach explicitly links the molecular and continuum scales by parameterizing
thermodynamic models for the equilibrium distribution of coexisting swelling states directly from these
molecular-scale energetic data. This work integrates molecular and continuum scale modeling efforts to
upscale simulation results and develop a predictive macroscopic model of mass transport in engineered
clay barriers.

Second, we construct a specialized oedometer for measuring the swelling pressure of compacted clay and
simultaneously measuring key aspects of the clay microstructure using synchrotron X-ray methods.
Small-angle X-ray scattering (SAXS) can provide quantitative distributions of pore sizes with length
scales around 0.2-200 nm, sufficient for statistical characterization of interlayer spacing within clay
particles. X-ray computed tomography (XCT) can provide three-dimensional visualization of clay
aggregate structure on length scales from —500 nm to 1 mm, revealing density changes and likely to be
sufficient for imaging changes in larger-scale pore structure and connectivity between clay particles. In a
further approach described in Section 5, X-ray nanotomography will be developed to imaging swelling
structural transformations with —40—nm resolution.

4.2 Atomistic Simulations of Cis-vacant Montmorillonite (MMT)

Molecular simulations have proven to be effective for predicting the structural and dynamical properties
of layered silicate minerals, including clays, and indicate that the detailed consideration of the clay
structure and charge distribution significantly impact the ion adsorption (Lammers et al. 2017) and mass
transport properties in the interlayer (Tournassat et al. 2016b). Prior studies have shown that simulations
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using classical descriptions of interatomic forces can capture the equilibrium structures of hydrated
swelling clays and micas, the diffusivity of interlayer ions, and the transformations between crystalline
swelling states as a function of water activity. To date, all prior simulation studies have investigated clays
with a trans-vacant structure, while most montmorillonite clays used in engineered barriers have a cis-
vacant structure. Thus, the initial goal of our simulation effort, and the starting point for parameterization
of the proposed model for clay swelling, is to develop a molecular model for cis-vacant clay that mimics
the structure of Wyoming Montmorillonite (Wy-MMT). First, we developed a more accurate structural
description of montmorillonite, and second, we attempted to validate the model through comparison of
the energy landscape for the rotation of stacked MMT layers against recently acquired imaging data
(Whittaker et al. 2019).

4.2.1 Modeling the Cis-vacant Clay Layer

While several atomistic models have simulated the diffusion (Bourg and Sposito 2011), exchange kinetics
(Tournassat et al. 2016a) and swelling (Hsiao and Hedström 2017; Teich-McGoldrick et al. 2015) in
Montmorillonite (MMT) clays, an assumption of centrosymmetry is imposed by considering clay sheets
with trans-octahedral vacancy positions. This assumption yields a pyrophyllite-like structure (which is
trans-vacant) whereas available data indicate that most MMT have cis-vacant structure (Figure 4-1) (Drits
and Zviagina 2009). Structural hydroxyl groups occupy different positions in cis- and trans-vacant
structures (Tsipursky and Drits 1984); additionally, cis-vacant structures can have diverse edge
termination configurations (Tournassat et al. 2016a) owing to their lack of centrosymmetry. In particular,
edge surface site configurations are different for the edges perpendicular to the [010] and [010]
crystallographic directions in a cis-vacant structure, whereas they are the same in a trans-vacant structure.

NOTE: Black circles indicate hydroxyl groups, M is an occupied octahedral center, and V indicates a vacancy. In a cis-vacant
configuration, hydroxyl groups occupy positions adjacent to each other. In a trans-vacant configuration, hydroxyl groups
occupy positions at opposite ends of the vacancy.

Figure 4-1. Top view of octahedral sheets in 2:1 phyllosilicates showing hydroxyl groups in
(a) a cis-vacant configuration and (b) a trans-vacant configuration

In this study, the cis-vacant MMT monoclinic unit cell belonging to C 121 space group with parameters
a = 5.18 A, b = 8.97 A, c = 10.07 A, and )6' =99.5° is generated. Replication of this unit cell in the a-b
plane followed by isomorphous substitution of Mg2+ for A13+ in the octahedral sheet yields an MMT layer
(with TOT sheets), where structural hydroxyl groups occupy positions that are consistent with
experimental data for Wy-MMT with a structural charge of -0.57 per 020(OH)4. The cis-vacant structure
induces a relative shift of the TOT sheets (Sainz-Diaz et al. 2001) and causes variations in the distribution
of adsorbed cations in the interlayer. Monovalent cations (Na±/I(±) are introduced to neutralize the net
stmctural charge of the clay layer. The key outcome is the first atomistic model for 2:1 cis-vacant clay
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that is directly comparable to experimental data, and we use this clay layer model henceforth in all our
simulations.

4.2.2 Rotation Energetics for Clay Stacking

4.2.2.1 Simulation Configuration

We investigated the stacking behavior by performing molecular dynamics (MD) simulations of MMT in
bulk water for energetically favorable rotational configurations. Two layers of MMT—a large square
layer containing 180 unit cells, and a hexagonal MMT layer on top containing — 45 unit cells—are
stacked with monovalent ions in the interlayer (Figure 4-2).

(a)

(b)

NOTE: Green particles = clay oxygens, yellow = clay hydrogen (part of OH), blue = sodium ions,
pink = water oxygen, and grey = water hydrogen atoms.

Figure 4-2. (a) x-z view of simulation volume containing two MMT layers
and surrounding solution and (b) x-y view of the system
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We employed OH, and OH2 terminations to the edges of the hexagonal top layer to obtain a neutral edge
charge. Periodic boundary conditions ensure that the bottom square layer is infinitely large and does not
require edge terminations. The top layer is far enough (> 1.5 nm) from the edges of the simulation volume
in order to avoid cross-boundary interactions with its image. Three configurations are chosen to study
energetically favorable stacking preferences with relative misalignments of 0° (perfectly aligned), 60°,
and 120° between the two MMT layers. These configurations also ensure that the distances across the
boundary between the periodic images of the top layer stay consistent for comparison of energy
landscapes.

A grand canonical Monte Carlo (GCMC) approach with constant chemical potential (NT ensemble) is
employed to obtain a 1W or 2W hydrate depending on the basal spacing of the layers. The system is
equilibrated in the NVT (T=298 K) ensemble for 1 ns and subsequently, in the NPT (P=1 atm, T=298 K)
for 5 ns. The density profiles of the water and Na+ ions in the interlayer depicted in Figure 4-3 point to a
1W hydrate with cations dispersed at a distance roughly equidistant from the clay layers. The water
(Figure 4-3a) and cation (Figure 4-3b) density in between the peaks (corresponding to the interlayer) does
not fall to zero because the hexagonal top layer is smaller and suspended in bulk water.
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Figure 4-3. lnterlayer density profiles of water ([a] and [c] on left) and Ne ions ([b] and [d] on right)
during equilibration phase ([a] and [b] on top) and during active rotation ([c] and [d] on bottom)
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We identified two approaches to studying energetics corresponding to relative orientation: (1) the two
layers are held at a predefined misalignment and equilibrated, thus, yielding an average potential energy
measure; (2) the two layers are actively rotated relative to each other yielding instantaneous potential
energy variations. The equilibration of the three configurations (0°, 60°, and 120°) provides the average
potential energy measure. However, in order to explore the energy landscapes of near-crystallographic
orientations, the second approach is implemented. Upon rotation of the layers about their center-of-mass
relative to each other, the potential energy variations are monitored, and the positions of interlayer species
are calculated as a function of the misalignment angle between adjacent clay layers relative to their
original positions. Rotation rates ranging from 1°/ps to 0.0005°/ps were explored to avoid energy
overshoots during active relative rotation of the layers and found convergence at 0.001°/ps. Figure 4-3c
and Figure 4-3 d depicts that the density distribution of water and Na+ ions remain fairly undisturbed along
the direction perpendicular to the plane of the clay layers during active rotation at this rate.

4.2.2.2 Simulation Resufts

The potential energy (PE) variations (with the average equilibrated PE of zero) for the 1W and 2W
hydrates of Na-MMT using approach (2) are illustrated in Figure 4-4. The energy units are normalized to
kJ/mol of 020(OH)4. Results indicate that the potential energy wells during rotation are freely accessible
(— 1-1.5 kT) up to relative misalignment angles of 6°-8°, which is consistent with observed turbostratic
stacking in Na-MMT. While the largest energy well for the 1W hydrate has a magnitude of —2 kT, the 2W
hydrates have lower energy barriers to rotations. The addition of water and the subsequent rearrangement
of cationic species in the interlayer seem to induce rotational plasticity to the layers in the crystalline
swelling regime, i.e., the imposed crystallographic misalignment is irreversible. Na+ being a cationic
species with strong hydration, the ions are mostly located in the mid-plane of the interlayer, whereas
weakly hydrated cations such as I(± tend to be closer to the clay layers often situated in the ditrigonal
cavities of the clay layer depending on the location of charge deficiencies.

o

Active Rotation: 1W Na-MMT

-2 0 2 4 6

Angle (C)

(a)
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Figure 4-4. Potential energy during active rotation: (a) 1W Na-MMT and (b) 2W Na-MMT



Evaluation of Engineered Barrier Systems Midyear Status Report
50 June 30, 2019

Transmission electron microscopy (TEM) data of homoionic montmorillonite (Na-MMT and K-MMT)
show that while turbostratic disorder exists in both cases, the effect is less pronounced in the case of K-
MMT. Figure 4-5 presents the energy landscape for K-MMT in the 1W hydrated state. However, our data
indicates that the energy barriers of the 1W K-MMT hydrate are in the same order of magnitude as the
Na-MMT case. This implies that rotational plasticity of clay crystals does not significantly change for the
two cationic species included in the study. We deduce that the energy variations during active rotation (1-
3 kT) are higher than the mean thermal fluctuations observed during equilibration (-0.5-1 kT). The
average equilibrated PE differences between the three configurations (0°, 60°, and 120°) are within 2 kT
of each other for Na-MMT and within 1 kT for K-MMT. Although the PE ranges appear to be freely
accessible, we do not observe large rotational plasticity (Whittaker et al. 2019) in these clay crystals.
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Figure 4-5. Potential energy during active rotation for 1W K-MMT

The key findings from this effort reinforce the notion that the energy landscape for hydrated
montmorillonites favor misalignments between layers yielding turbostratic structure. More layers of water
molecules in the interlayer reduce the energy barrier to rotation and perhaps overcome layer-layer
interactions that prefer rotational rigidity. Knowledge of the fundamental forces among clay layers and
with the interlayer species that contribute to rotational disordering is important for the development of
models for swelling and dynamic exchange processes.

4.3 Thermodynamics of Mixed-Electrolyte Swelling Clays

4.3.1 Thermodynamic Modeling Approach

We are in the process of developing and parameterizing a new thermodynamic model to predict the
distribution of coexisting swelling states and/or bulk swelling pressures as a function of water activity and
electrolyte composition in saturated aqueous solution. We envision that this model can be directly
integrated into reactive transport models such as ToughReact and CrunchFlow. Most existing
thermodynamic models for montmorillonite treat clay swelling as a reaction between fully hydrated and
anhydrous end-members (Ransom and Helgeson 1994; Vieillard et al. 2011), and have only been
developed for single electrolyte swelling reactions. In reality, experimental data show clearly that for a
given water activity and electrolyte composition, the clay system contains a mixture of multiple
coexisting hydration states such that, for example, 2W hydrates of MMT coexist with 3W hydrates
(Bérend et al. 1995; Vidal and Dubacq 2009; Whittaker et al. 2019). Because the molar volumes of clays
are not equal to linear mixtures of anhydrous and "fully hydrated" end-members, this approach cannot be
used to accurately predict volumetric expansion, swelling pressures, or any terms related to the pressure-
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volume work in clay rich materials (Vidal and Dubacq 2009). Moreover, perturbations to the bulk
electrolyte composition are expected to affect the equilibrium distribution of swelling states (e.g., addition
of r in a pure NaC1 electrolyte suspension will collapse some fraction of clay particles).

Our approach explicitly represents the crystalline hydrates as thermodynamic species in the system and is
distinct from existing models in that it determines the equilibrium distribution of swelling states as a
function of water and aqueous cation activities. This approach allows us to calculate, for example,
changes in bulk volume and bulk distribution coefficient associated with chemical perturbations in
solution. A predominance diagram of equilibrium swelling pressures as a function of electrolyte
composition for pure Wy-MMT is plotted in Figure 4-6. The swelling pressure is defined following the
macroscopic experimental definition as pressure changes required to obtain a definite water content,
corresponding to the 1 water layer hydrate, and is given by

Ps(m) = P — Po Equation 4-1

where Po and P are the pressures of a clay paste before and after volumetric compression, respectively, at
water content m after compression (Sposito 1972), with Po defined as 1 bar.

Figure 4-6. Calculated swelling pressures for Wy-MMT as
a function of aqueous electrolyte concentration in bars

Currently, this new thermodynamic model takes into account the simplifying assumption that both ion
exchange and water adsorption reactions within the clays are thermodynamically ideal.

4.3.2 Molecular Simulations of Mixed-electrolyte Swelling Clays

The assumption of thermodynamic ideality, particularly for the water adsorption reactions, is inadequate
(Vidal and Dubacq 2009). To accurately model the thermodynamics of clay swelling in a mixed
electrolyte, it is necessary to constrain the free energies of clay systems in aqua. A molecular simulation
study is designed to calculate the per molar free energies and excess free energies of mixing of
swelling/collapse reactions driven by ion exchange in saturated clay materials. In particular, these
simulations are designed to allow us to simultaneously calculate selectivity coefficients for each swelling
state and excess free energies of mixing of mixed swelling states, in order to relax the assumption of
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ideality that is currently imposed. To this end, our models consist of five layers of a swelling clay
mineral, while the relative concentrations of cations in the bulk fluid are varied, subject to the constraint
[Nal + [Kl = 1 M. We also generate some cases with coexisting interlayer states (2W and 3W hydrates)
for each of these mixed-electrolyte concentrations to evaluate the free energies of mixing.

4.3.2.1 Simulation Study Design

The test case models are generated by varying electrolyte concentrations, and by varying the proportion of
2W-3W hydrates with 2W and 3W as end-members, yielding a total of 25 combinations. By calculating
the basal spacing, excess free energy of mixing of swelling states, and the selectivity coefficient for each
phase, the evolution of disjoining pressure and fraction of a phase (certain n-layer hydrate) will be
acquired for given water activity and electrolyte composition. This study will be a valuable extension to
our current understanding of phase changes in single electrolyte solution (Honorio et al. 2017), and
provide us insights into the links between ion exchange/adsorption (molecular phenomenon) and
macroscopic clay mechanics.

4.3.2.2 Simulation Configuration

Figure 4-7 illustrates a molecular model of a pure 3W hydrate in 1M NaC1 solution ([1(1 = 0). Each clay
layer consists of 36 unit cells with a structural charge of —0.57 per 020(OH)4; the edges of the clay layer
along the y-dimension are periodically replicated (therefore, requiring no termination) and the edges along
the x-dimension are terminated with H, OH, OH2. The size of the simulation volume ensures that layers
do not interact across edges, and the electrical double layers do not overlap across periodic boundaries.

NOTE: Green atoms = clay oxygens, yellow = clay hydrogens, dark red = clay aluminum,
pink = water oxygens, blue = sodium ions, and cyan = chloride ions.

Figure 4-7. Simulation system with 5 MMT layers in 1M NaCI solution

4.4 Nano- and Micro-Structure Development During Clay Swelling

The first-principles models for clay swelling described above will allow layer-layer forces to be predicted
as a function of clay properties and solution composition. In order to predict swelling pressure as a
function of clay density, it is necessary to better understand the 3D organization of clay mineral layers,
clay mineral particles and secondary minerals in bentonite. As shown in Figure 4-8, it is believed that
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compacted clays exhibit complex structures on a range of length scales. At the macroscopic scale,
swelling pressure and fluid and solute transport behavior are strongly affected by the nanoscale and
microscale structures.

Furthermore, observations of the time-dependent swelling pressure during the hydration of compacted
bentonite provided evidence of clay structural changes during swelling. As shown in Figure 4-9, Massat
et al. (2016) at the Bureau de Recherches Géologiques et Minieres (BRGM) Orleans recently
constructed a novel oedometer (a device to measure clay swelling pressure) using X-ray transparent
materials for the flow column in which the compacted clay is confined (Figure 4-9a and Figure 4-9b). Dry
montmorillonite was packed into the column, water was flowed around the base and the swelling pressure
was measured as a function of time. As shown in Figure 4-9c, the evolution of the swelling pressure
showed non-monotonic increase indicative of structural reorganization of the clays during swelling.

XCT at selected time points confirmed that clay microstructure evolved considerably but did not have the
spatial resolution to quantify the changes in interlayer and interparticle porosity.
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Figure 4-8. Conceptual model for the structural organization of bentonite across multiple length
scales from a single clay layer (1-nm thick) to a macroscopic continuum scale (mm range)
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Figure 4-9. (a) Design of an X-ray transparent oedometer, (b) associated photograph, and
(c) dimensionless evolution of swelling pressure in Kunipia-G specimens at same dry density

using standard cells and tomographic cell at dry density of 1.40 ± 0.02 Mg/m3

4.4.1 Miniaturized X-ray Compatible Clay Swelling Oedometer

We are collaborating with Drs. Francis Claret and Stephane Gaboreau, BRGM Orléans, to improve the
approach of Massat et al. (2016) and develop a miniaturized oedometer cell for synchrotron X-ray studies
of dynamic changes in compacted swelling clay structure

• SAXS to measure distributions of interlayer distances

• Microscale X-ray computed tomography (µXCT) to measure interparticle pore dimensions

This system will permit us to follow changes in bentonite interlayer spacing and submicron structure as a
function of solution composition and to test our predictions of swelling pressure.

4.4.1.1 Oedometer Design and Progress

The smaller dimensions will enable higher-resolution fiXCT analysis of pore dimensions, and we are
additionally adding the capability to perform swelling measurements at a range of temperatures.

The cell has been built with polyether ether ketone (PEEK), which is a material that has low X-ray
attenuation, and which can sustain high swelling pressure with very low deformation. TECAPEEK CF 30
grade, provided by Ensinger®, was used due to its improved mechanical strength with 30 % carbon fibre
(Young's modulus: 18.5 GPa, yield stress: 215 MPa). The carbon reinforcement improves the thermal
properties and allow working in a range of temperature up to 140°C.

The design of the cell is displayed in Figure 4-10. The oedometer is composed of five parts: two pistons,
the sample holder, the body of the cell and a piston pin. All the dimensions and the tolerances of the
different parts of the oedometer cell are given in Figure 4-11. The sample holder was machined to
compact a powder sample with a size of 3 mm in diameter and 10 mm in height with precision. The
sample holder is then introduced in the body and closed up on each side by two pistons. Hydration of the
compacted sample can be done through 2-mm diameter capillaries machined in both pistons. During
hydration, the volume is constrained by mechanical load frame for the measurement of swelling pressure.
For the microstructure visualization with X-ray devices, a piston pin is done to fix the volume and keep it
constant. Before unloading the pressure, the piston pin should be introduced into the two parallel counters
(Figure 4-11), enabling keeping the constant volume during the acquisition of the microstructure
properties.



Evaluation of Engineered Barrier System Midyear Status Report
June 30, 2019 55

ift••••••
Min

vilimorm
Mum

Piston pin

TOP 'new

Pnton

Pr of it_view

Sample holder

ELiZteilt/IM

Pnton Wn

Profile Mew

BOdy of Mr cell

Profis view

tower pnton

lhohle Ylew

Upper piston

kikriftt

Sample holder

kV view

Figure 4-10. Design of the oedometer

Figure 4-11. Detailed parts drawings

O

444. 00•40
071/111111111

Ira

r



Evaluation of Engineered Barrier Systems Midyear Status Report
56 June 30, 2019

A prototype of the cell was finished at BRGM on May 6th (Figure 4-12), and is undergoing testing that
includes (1) sealing during hydration; (2) agreement of swelling pressure measurement with respect to
classical oedometer cells; and (3) preservation of sample strain state during µXCT and other
measurements.

Because the force developed over the small surface area of the sample (3 mm in diameter) is low, suitable
commercial load frames could not be identified and a new mechanical load frame was also designed and
is under manufacturing. The load frame was made to be compact and lightweight and to adapt
measurements constraints. The prototype should be delivered at the end of May. Some validation tests
will be done in the beginning of June in order to deliver both oedometer cell and mechanical load frame at
the end of June.

Figure 4-12. Photographs of the miniature oedometer components

4.4.2 Planned Studies

The principal experimental goal of this project is to observe the time- and spatial evolution of compacted
bentonite structure during the Ca2±/Na+ ion exchange process. We have submitted beamtime requests for
the planned SAXS and µXCT studies and expect to complete both studied this summer.
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5. TRANSMISSION X-RAY MICROSCOPE (TXM) FOR IN SITU
NANOTOMOGRAPHY OF BENTONITE AND SHALE

5.1 Introduction

X-ray imaging, in particular XCT, can provide detailed 3D structural information of complex materials
including fluid-saturated rocks. Synchrotron X-ray sources provide high brightness and tightly collimated
sources of X-rays and thus enable XCT to be performed with substantially higher signal-to-noise than
conventional laboratory sources. Moreover, the high brightness enables time-lapse observations of the
dynamic evolution of stressed and/or reacting rock-fluid systems. Researchers in the Energy Geoscience
Division at LBNL have established a major program at beamline 8.3.2 of the advanced light source (ALS)
using synchrotron-radiation based XCT to study processes relevant to DOE subsurface energy
applications including to date geologic carbon sequestration and fossil fuel extraction (Voltolini et al.
2017). That program developed specialized environmental cells for the study of rocks-fluid processes at
elevated temperature, hydrostatic pressure and uniaxial stress. The approach recently contributed to the
FEBEX study of the stability of engineered barriers, contributing to the conclusion that variation in
barrier properties exceeds the effect of heating at the analyzed locations (Figure 5-1). The best spatial
resolution attainable at this beamline is approximately 600 nm, achievable for —1-mm diameter samples,
which is too coarse for studying clay associated structures in bentonites and shales.

Horizontal cut with microcracks highlighted Detail of the microcracks color labeled
with respect to the aperture

Figure 5-1. Sample from the FEBEX clay radioactive waste engineered barrier,
block B-D-59-3 that was in contact with the granite wall

Transmission X-ray microscopes (TXM) use specialized X-ray optics including a zone plate (ZP) lens to
achieve higher resolution imaging, currently approaching —40 nm for samples less than 200 gm. Initially,
TXIVIs were applied to the static imaging of polymers, Earth and biological samples at soft-X-ray energies
(< 1 keV), but later studies showed the potential of higher-energy X-ray TXM for the study of dynamic
processes in composite engineered and natural materials (Meirer et al. 2011; Nelson et al. 2012). TXMs at
US synchrotrons (Andrews et al. 2010; Yin et al. 2006) have become popular imaging tools for materials
and environmental sciences but such facilities cannot provide access over timescales (e.g., from hourly to
monthly) required to track the long-term evolution of barriers and rocks under conditions relevant to
subsurface storage of nuclear waste. Recently, the experimental program at ALS beamline 11.3.1 was
relocated, providing an opportunity to develop—in partnership with the ALS—a TXM at a fraction of the
cost of a completely new beamline or a commercial nanotomography instrument.
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The goals of this research activity are to design and commission a new TXM at beamline 11.3.1, and
provide proof-of-principle data on (1) the structural evolution of hydrated compacted bentonite under
changing chemical conditions and (2) the deformation and fracture sealing of candidate repository rocks,
such as shale or halite, under stress over multiple time scales. The sample selection, experimental design
and research goals are designed to advance the projects described in next sections. The TXM
specifications are chosen to enable the imaging of the pore structure between smectite particles and the
deformation of smectite particles and mineral inclusions in shale. The X-ray energy is chosen to be
sufficiently high to pass through environmental sample cells in order to enable time-lapse studies of rock-
fluid systems under controlled conditions. As part of this project, a new sample cell is designed and
fabricated to allow for applying uniaxial stress and flow of aqueous fluids.

5.2 Beamline and TXM Overview

A layout of the beamline and hutch is given in Figure 5-2.

B111.3.1 hutch for x-ray microscope

Figure 5-2. Layout of beamline 11.3.1 of the ALS that will provide X-rays
to the transmission X-ray microscope (TXM) under construction in the hutch

5.2.1 Beamline 11.3.1

Beamline 11.3.1 is a bending-magnet source with the flux output curve shown in Figure 5-3 (Thompson
et al. 2004). The beamline consist of a cooled Si(111) channel-cut monochromator followed by a 1:1
focusing toroid mirror (u=v=7000 mm, length = 400 mm, grazing angle = 0.248°) . The mirror is coated
with 30 nm Pt under 5 nm Rh. The focus is —100 x 100 [tm which implies a 3-µrad rms slope error for the
meridional axis of the toroid. The convergence of the X-rays at the focus is 3 x 0.25 mrad (horizontal x
vertical).
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Figure 5-3. Measured flux from beamline 11.3.1 ALS
operating at 1.9 GeV and 400 mA

5.2.2 Transmission X-ray Microscope

A conceptual sketch of the TXM is given in Figure 5-4. The desired specifications include an optimum
imaging resolution of 40 nm with an X-ray energy of 12 keV, a depth of focus of at least 100 µm and a
working distance of at least 6 cm to enable environmental sample cells to be used.
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NOTE: The sample and zone plate are illuminated by means of a vertically deflecting dithering mirror plus capillary condenser.
A magnified X-ray image of the sample field-of-view is converted to visible light on a scintillator, further magnified using
visible-light objective lens and recorded on a low-noise scientific camera.

Figure 5-4. Conceptual scheme of the transmission X-ray microscope

5.3 Progress Summary

The following summarizes the current level of progress:

• The optical design for the TXM is complete (see below).

• Procurement is almost finished. All equipment has been ordered or has arrived, with the
exception of the camera that will be purchased by the University of Utah (Dr. Mike Czabaj).

• The safety review of the instrument and X-ray radiation shielding is in progress and is expected
to be completed by the end of May.

• The hutch and surrounding experimental space have been cleared.

• The in situ uniaxial cell has been designed and all equipment ordered (see below).
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5.4 X-ray Optics Design

5.4.1 Zone Plate Objective Lens

The zone plate has been selected and ordered from Applied Nanotools. Its input numerical aperture, NA =
2.475 mrad, which, given the beamline output is 0.25 mrad in the vertical, will mean the zone plate will
be underfilled in the vertical with no additional optics between the beamline and the sample/zone plate.
Samples are expected to be in sample cell environments, so the zone plate is chosen to have a reasonable
working distance (62 mm) with an adequate magnification 23 x of the sample as constrained by the hutch
length, which limits the sum of object and images distances to 1500 mm.

The field of view (FOV) of the zone plate is 51 gm to yield a reasonable sized sample volume and to map
onto the 2k x 2k detector such that a pixel is 25 nm, which implies a Nyquist resolution of 50 nm, so it is
reasonably matched to the 40 nm outer zone width of the zone plate that defines the resolution.

5.4.2 Optional Condenser Lens

A TXM requires convergent X-rays that traverse the sample to completely fill a high numerical-aperture
(2.475 mrad NA) zone plate (ZP) that acts as an objective lens. For a conventional X-ray tube source, a
capillary condenser lens is used to condense the beam. For the synchrotron source such as BL 11.3.1, the
reduced vertical opening angle of the source requires some consideration of achieving adequate angular
filling in the vertical. The upstream beamline toroidal mirror that focuses the beam provides an adequate
horizontal angular illumination of the sample and zone plate, but an inadequate vertical angular
illumination. The latter can be provided by means of a KirkPatrick Baez (KB) focusing condenser
mirrors, or the addition of an oscillating (dithering) mirror could be used either with or without a capillary
condenser lens (Feser et al. 2012).

Ray tracing was performed to evaluate three optical arrangements:

1. Toroidal mirrors plus a capillary condenser plus a dithering mirror

2. Toroidal mirrors plus KB mirrors

3. Toroidal mirrors plus a dithering mirror

Example ray-tracing calculations are shown in Figure 5-5. The calculations confirmed that a vertically
dithering mirror located at the beamline focus provides adequate illumination of the sample and the ZP.
The specifications of such a mirror are: 50-mm long, grazing angle = 0.25° and vibrating with an
amplitude of 175 grad rms (490 grad peak to peak).

NOTE: Individual X-ray paths are shown as green dots. Left—Illumination of sample (red 50-pm
diameter disc). Right—Illumination of zone plate. The green annulus represents a uniform
illumination of the active area of the zone plate; the grey circle is the central stop. The
calculations show that the mirror can provide full illumination of both sample and zone plate lens.

Figure 5-5. Ray tracing calculations for toroidal mirror with dithering mirror
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The calculations showed that the capillary provides the most control of the X-rays directed through the
sample and zone plate, but all three options adequately fill the zone plate with uniformity, so similar
imaging is expected. Relative to the capillary, the KB's are 2.3x more efficient, whereas the simple
dithering mirror is 0.6x that of the capillary.

Conclusion: At this stage of microscope development the beamline mirrors plus a simple dithering mirror
will provide adequate imaging for the project. With experience a suitable capillary may be appropriate as
the program progresses into phase contrast imaging, which needs a higher level of illumination control.

5.4.3 Detector Optics and Camera

A cesium iodide scintillator (Sigray, Inc) is used to convert the magnified ZP X-ray image into a visible
light pattern that is further magnified by a 10x or 20x objective and captured by a camera. The selected
camera is a 4.2 mega pixel scientific CMOS (PCO-Tech, Inc.) with a low readout noise and a maximum
acquisition rate of 42 frames per second.

5.5 Uniaxial Stress-Strain Cell

The goal of this sub-project is to construct a cylindrical sample cell compatible with the TXM that allows
pore-, grain- and smectite particle-resolved imaging of the swelling and restructuring of bentonite and the
deformation and re-sealing of shale.

The cell is held in a custom machined C-frame with tapered wedge support for maximum unobstructed
viewing angles (Figure 5-6). The uniaxial stress is actuated by ThorLabs NanoMax 3-axis piezo stage
with closed loop feedback capable of 20 gm of travel in 3 directions with 5 nm resolution. The
displacement will be measured by strain gauges integrated into piezo stacks. The load will be measured
by an Omega thin beam load cell and a reader integrated into C-frame.

NOTE: The cell will allow fluid flow and the application of uniaxial strain.

Figure 5-6. Conceptual sketch of a uniaxial load cell compatible with
X-ray nanotomography of bentonite, shale and other rock samples



Evaluation of Engineered Barrier Systems Midyear Status Report
62 June 30, 2019

5.6 Future Work

The instrument fabrication and initial research activities are scheduled be completed by September 31,
2019. The major activities required for commissioning are the following:

• Complete and present the abbreviated Beamline Design Review

• Schedule and perform Beamtime Design Walk-Through

• Procure camera and transfer control software

• Receive zanite stage and optical base and assemble parts

• Instrument commissioning

• Fabricate and test uniaxial stress-strain flow cell

• Proof-of-principle experimental studies

In parallel with TXM commissioning, we are designing a sample preparation workflow for bentonite,
shale and halite samples. The experimental goals for this project are:

• Image pore variation during ion exchange in montmorillonite

• Reveal contact evolution for chemical-mechanical simulation of fracture closure

5.7 Outlook

The new TXM instrument will provide powerful imaging capabilities for studying the behavior of
engineered barriers and rocks relevant to a wide range of possible strategies for the long-term storage of
radioactive materials. The initial configuration developed by this project could be augmented in several
ways to address the goals of DOE's SFWD program:

• Additional zone plates for imaging at different X-ray energies (— 5-16 keV)

• Addition of capillary condenser for higher flux

• Development of phase-contrast imaging for tracking multiphase flow

• Chemical nanotomography using X-ray absorption contrast
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6. THERMAL-HYDROLOGY MODELING FOR DISPOSAL OF SPENT
NUCLEAR FUEL IN CRYSTALLINE HOST ROCK

This work is a continuation of the numerical modeling of thermal-hydrology for the disposal of DOE
managed High-Level Waste (DHLW) and spent nuclear fuel (DSNF) (Matteo et al. 2016) and civilian
spent nuclear fuel (SNF) (Matteo et al. 2018) in crystalline medium. The current work is also on disposal
of spent nuclear fuel and includes sensitivity analysis to study the effect of various parameters relevant to
thermal conditions in the repository and the host rock. The analysis is designed to provide fluid and heat
transport scenarios under various repository conditions. Use of spent nuclear fuel provides sufficient
decay heat to generate higher temperatures and evaporation. In this analysis the fractured crystalline host
rock is represented as a homogenous system. Future work will include use of representative discrete
fracture network and upscaled permeability and porosity fields.

This simulation study closely follows the PA analysis conducted by Mariner et al. (2016) and thus uses
similar properties and parameter values to represent the waste and the host rock. As in the PA analysis the
spent fuel used in this study is 12 PWR, 60 GWd/MTHM burn-up. The waste is assumed to be 100 years
out of reactor (surface storage time). The decay heat used in modeling is shown in Figure 6-1.

6.1 Model Setup

As with previous analyses (Matteo et al. 2016, 2018), the modeling domain includes only a portion of the
repository shown in Figure 6-2. Selection of the smaller part of the domain allows detailed thermal
analysis with a refined mesh. Symmetry conditions on three faces of the domain allow a reduced
computation burden. The geometry of the domain used in the current study is 180 x 1073 x 1088.5 m, in
the x, y and z directions, extending into the host rock in the y-direction and to the surface in the vertical
direction. The mesh detailed in Figure 6-3 and Figure 6-4, includes a grid with extensive refinement near
drifts and waste packages. The mesh size is 667,480 grid blocks. The selected domain contains 9 drifts
with 9 waste packages in each drift. The drift diameter is 4.5 m with 2 m of disturbed rock zone (DRZ)
surrounding the drifts. Each waste package is surrounded by buffer material. The domain includes a
10.5-m wide access drift. Representations of these details are shown in Figure 6-5, Figure 6-6, and
Figure 6-7.

As with the analysis of Matteo et al. (2018) The simulations were conducted using TOUGH3. The
Meshmaker mesh generator was utilized to generate a 3D cartesian mesh for use in this study. A script
was written to assign materials to each grid block. The script was also used to assign a large volume and a
small grid block distance to all grid blocks on the top layer that represents the surface. The large volume
allows setting a boundary condition at the top. The outputs of Meshmaker and the scripts were then
exported to the TOUGH3 (Jung et al. 2018) cards ELEME and CONNE. A script was also used to
generate approximate hydrostatic initial conditions.

Base case material properties are as shown in Table 6-1, and the rest of the input parameters are given
below:

• Drift diameter = 4.5 m

• Drift spacing = 20 m

• Waste package diameter = 1.46 m

• Waste package length = 5.0 m

• Waste package spacing = 10. m

• Surface storage time = 100 years

• Buffer diy/wet thermal conductivity = 0.6/0.85 (base case), 2.0/2.0 W/m-K
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Center-to-center waste package spacing was assumed to be 10.0 m. This gives an end-to-end spacing of

5 m. In addition to the base case values, material properties were varied to study the impact on thermal
distribution. Initial conditions include hydrostatic pressure conditions and a geothermal gradient of
25°C/lun for a repository at 500-m depth from the surface. The boundary condition includes ambient
conditions at the top of the domain representing the surface (10°C and 1 atm), and a constant temperature
of 35°C and no flux conditions at the bottom of the domain. The boundary conditions also include no
fluid or heat fluxes on the sides. For the simulations the TOUGH3 numerical code (Jung et al. 2018) was

used.

Table 6-1. Base case material properties

Material Permeability
m2

Porosity Thermal
conductivitywet

W/m K

Thermal
conductivitydry

W/m K

Heat
capacity
W/m K

Rock
grain

density
kg/m3

Granite
rock

1x10-18 0.01 2.5 2.5 830 2700

DRZ 1x 10-16 0.01 2.5 2.5 830 2700

Buffer 1x 10-19 0.35 0.85 0.6 830 2700

WP 1x 10-16 0.5 46 46 466 2700

For this study the van Genuchten characteristic curves were selected representing relative permeability

and capillary pressure. The parameters used were the following:

k = 0.9, Sir= 0.01, SI, = 1, Sp.= 0.01, 11Po= 1.02x10-5 Pa-1 , P,,,,,x = 5x 108Pa

For the sensitivity studies host rock permeability, buffer thermal conductivity and DRZ permeability were
varied as follows:

• Host rock permeability: 1 x10-16, 1 x10-12, 5x10-18, 1 x10-19 m2

• Buffer thermal conductivity (wet/dry): 1.0/1.0, 1.5/1.5, 2.0/2.0 W/m K

• DRZ permeability: 1 x10-17, 1 x 10-18 m2
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Figure 6-1. Thermal output for 12 PWR waste package with 60 GWd/MTHM burn-up

NOTE: The dotted lines represent cross-section of domain used for simulations in
this study.

Source: Stein et al. 2016.

Figure 6-2. Surface layout for disposal in crystalline medium
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Figure 6-3. Representation of the computational mesh

Figure 6-4. Representation of meshing around the disposal drifts
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Figure 6-5. Representation of the repository at a horizontal slice (z-axis),
highlighting the locations of materials in the disposal system
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Figure 6-6. Representation of the repository at a vertical slice (x-axis),
highlighting the locations of materials in the disposal system
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Figure 6-7. Representation of the repository at a vertical slice (y-axis),
highlighting the locations of materials in the disposal system

6.2 Results and Discussion

Thermal-hydrology simulations were conducted using TOUGH3. A base case simulation was conducted
using base case material properties shown in Table 6-1. An initial condition run was carried out to
generate hydrostatic conditions. For this run the system was assumed to be under saturated conditions
with no thermal input. For the thermal simulation the output of the initial condition run was used as input.
In addition, the following changes were made in the TOUGH3 input files:

• Thermal power was applied to each grid block representing the waste package.

• The DRZ, buffer and waste package were assigned atmospheric pressure and gas saturation
of 0.2.

• Three observation points were selected (Figure 6-5):

Obsl: Grid block Ab241 (on central waste package)

Obs2: Grid block Cc805 (on waste package near the edge)

Obs3: Grid block CdE41 (on access drift)

The results for the base case at early time are given in Figure 6-8 to Figure 6-16. Figure 6-8, Figure 6-9,
and Figure 6-10 show temperature, pressure and gas saturation distributions after 10 years of simulation
time, respectively. Due to the output of 12 PWR waste packages, even after 100 years of surface storage,
and the low buffer thermal conductivity temperatures reach 200°C after 10 years of simulation time. Gas
saturation also increased around the waste packages and the buffer.
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Figure 6-8. Distribution of temperature for z, x, and y slices (left to right)
after 10 years of simulation time for the base case

1
Figure 6-9. Distribution of pressure for z, x, and y slices (left to right)

after 10 years of simulation time for the base case

Figure 6-10. Distribution of gas saturation for z, x, and y slices (left to right)
after 10 years of simulation time for the base case
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Figure 6-11, Figure 6-12, and Figure 6-13 show temperature time plots for the observation point at the
central waste package (Obsl). Comparing the temperature profiles of the two waste packages on
Figure 6-11 shows the edge effect. The waste package at the edge has lower temperatures because of its
proximity to the access drift and the host rock. Temperatures in the access drift show a slow rise.
Figure 6-13 shows the corresponding plots for gas saturation. The gas saturation at the waste packages
increases rapidly to full saturation. However, gas saturation decreases in the access drift due to liquid
water flow from the host rock driven by the pressure difference (hydrostatic versus 1 atm.).
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Figure 6-11. Temperature versus time for the base case at early time
and different observation point locations
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Figure 6-12. Pressure versus time for the base case at early time
and different observation point locations
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Figure 6-13. Gas saturation versus time for the base case at early time
and different observation point locations

Figure 6-14, Figure 6-15, and Figure 6-16 compare results for the central waste package for the base case
and for the case of disposal of a single waste package. For the single waste package case heat was applied
in the central waste package only. No heat was assigned to the rest of the waste packages to quantify
thermal effects of neighboring waste packages. The results show that as expected temperature and
pressure are elevated for the base case due to contribution of heat from neighboring waste packages.
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Figure 6-14. Temperature versus time for center waste package at early time,
showing effect of heat from neighboring waste packages
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Figure 6-15. Pressure versus time for center waste package at early time,
showing effect of heat from neighboring waste packages

/.0

0.9

0.8

0.7

0.6

▪ 0.5

2
▪ go

0.3

0 2

01

0 0

0 6 a
Time Velar/

J

- se Case

—Sher WP

Figure 6-16. Gas saturation versus time for center waste package at early time,
showing effect of heat from neighboring waste packages
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6.2.1 Sensitivity Analysis

The current study also includes preliminary sensitivity analysis. Simulations were conducted by varying
host rock permeability, buffer thermal conductivity, and DRZ permeability to investigate thermal
conditions and fluid movement for the various scenarios.

6.2.1.1 Effect of Host Rock Permeability

The host rock permeability is an important parameter for heat and fluid flow in the near field. Proper
characterization of fractured crystalline rock will be needed to get a good representation of the host rock.
As stated above, for this study the host rock is represented as a homogenous rock with a single average
permeability. In this section the effect of the single homogenous permeability is studied using a range of
permeability values.

Figure 6-17 to Figure 6-22 show simulation results for changes in host rock permeability. Figure 6-17,
Figure 6-18, and Figure 6-19 show predictions of temperature, pressure and gas saturation for the center
waste package (Figure 6-5), respectively. The results indicate host rock permeability strongly affects
thermal conditions and fluid flow around the center waste package. For higher permeability liquid flow
into the repository occurs at early time thus reducing vapor formation. At lower permeability liquid
movement into the repository is delayed and thus vapor formation is enhanced.
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Figure 6-17. Temperature versus time for center waste package,
showing effect of host rock permeability
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Figure 6-18. Pressure versus time for center waste package,
showing effect of host rock permeability

0.3

0.2

L

0.4
11411

Time (Years}

—10-16 m2

1.0-17

—5s-16 m2

—1.42 rnz

- • 1e-19 m2

3..14-01
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Figure 6-20, Figure 6-21, and Figure 6-22 show predictions of temperature, pressure and gas saturation at
the access drift observation point (Figure 6-5), respectively. Unlike the center waste package moderate
temperature buildup is predicted for the access drift. Temperatures are below what is required for vapor
formation for all values of permeability. Pressure and gas saturation plots show similar trends as for the
center waste package. For higher permeability liquid flow into the repository occurs at early time
resulting in faster saturation (liquid) of the access drift. At lower permeability liquid movement into the
repository is delayed and thus saturation (liquid) of the access drift is delayed.
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Figure 6-20. Temperature versus time at access drift,
showing effect of host rock permeability
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Figure 6-21. Pressure versus time at access drift,
showing effect of host rock permeability
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6.2.1.2 Effect of Buffer Thermal Conductivity

Buffer thermal conductivity is another parameter that strongly affects thermal conditions in the
engineered barrier system (EBS). For the base case buffer thermal conductivity representing bentonite or
crushed alluvium backfill (Table 6-1) was used. For the sensitivity study effect of higher buffer
conductivity representing an engineered buffer were investigated. The results of the simulation for a range
of buffer thermal conductivity values are shown in Figure 6-23 to Figure 6-28. Figure 6-23, Figure 6-24,
and Figure 6-25 show temperature, pressure and gas saturation predictions at the center waste package.
The temperature plots in Figure 6-23 indicate measurable decrease in temperature due to the higher buffer
thermal conductivity values. The higher thermal conductivity values also affect pressure and gas
saturation, as shown in Figure 6-24 and Figure 6-25, respectively. The reduced temperature for the higher
buffer thermal conductivity values mean reduced formation of vapor.
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Figure 6-23. Temperature versus time for center waste package,
showing effect of buffer thermal conductivity
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Figure 6-25. Gas saturation versus time for center waste package,
showing effect of buffer thermal conductivity
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Figure 6-26, Figure 6-27, and Figure 6-28 show the effect of higher thermal conductivity for conditions at
the access drift. For the access drift moderate temperature buildup is predicted for all buffer thermal
conductivity value used. Temperatures are too low for vapor formation. The buffer becomes liquid
saturated for all thermal conductivity cases. The process is faster for low thermal conductivity values. The
results show a similar trend as the sensitivity study with host rock permeability.
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Figure 6-26. Temperature versus time at access drift,
showing effect of buffer thermal conductivity
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6.2.1.3 Effect of DRZ Permeability

Permeability of the DRZ is also an important parameter for fluid movement. The excavation process is
expected to increase permeability of the disturbed zone resulting in a more permeable conduit for vapor
and liquid transport. As with the host rock, the DRZ needs proper characterization of the fractured rock.
Like the host rock, a homogenous DRZ is assumed for this study. For the base case a higher homogenous
permeability than the host rock was assumed. In this section sensitivity to decreasing the base case DRZ
permeability is explored. Results of simulation for the sensitivity study are shown in Figure 6-29 to
Figure 6-34. Figure 6-29, Figure 6-30, and Figure 6-31 show temperature, pressure and gas saturation
predictions at the center waste package and the waste package at edge (Figure 6-5). The plots show that
the results are not very sensitive to the DRZ permeability values selected. For the center waste package,
the observed differences are in the 6 to 15 years time interval where the temperature and pressure are
lower, and the gas saturation is higher for the higher DRZ permeability. In the figures the main
differences are between the center waste package and the waste package at the edge, which is related to
the edge effect.
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Figure 6-29. Temperature versus time for center waste package and
waste package at edge, showing effect of DRZ permeability
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Figure 6-32, Figure 6-33, and Figure 6-34 show temperature, pressure and gas saturation predictions at
the access drift observation point (Figure 6-5). As with plots for the center waste package the results are
not very sensitive to the DRZ permeability values selected.
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Figure 6-32. Temperature versus time at access drift, showing effect of DRZ permeability
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Figure 6-33. Pressure versus time at access drift, showing effect of DRZ permeability
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Figure 6-34. Gas saturation versus time at access drift, showing effect of DRZ permeability

6.3 Summary

This report summarizes simulations of thermal hydrology conducted for disposal of 12PWR SNF waste
packages in a generic repository in crystalline host rock. For the simulations the numerical code
TOUGH3 was used. The study was designed to investigate thermal behaviors due to the disposal of SNF
with relatively higher decay heat than DOE managed waste. This work is a continuation of that reported
in Matteo et al. (2018). The focus of the current study is sensitivity analyses to investigate the effects of
host rock permeability, buffer thermal conductivity and DRZ permeability on thermal conditions in the
EBS and the near field.

The new simulations allowed further testing TOUGH3 and meshing tools. The simulations were
conducted in a high-performance computing environment. The sensitivity analysis showed that host rock
permeability and buffer thermal conductivity strongly affect thermal conditions. Host rock permeability
has a strong effect on fluid movement and saturation state of the repository. Use of buffer materials
engineered for higher thermal conductivity could reduce peak temperatures to the design level. The
results were not very sensitive to the range of DRZ permeability used in the sensitivity analysis. As the
DRZ is a potential conduit for transport, further simulations would be needed using DRZ permeability
values outside of the range used.

Future work will include varying surface storage time, include fracture characterization of the host rock,
and use of different waste types.
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7. INVESTIGATIONS OF HYDROTHERMAL ALTERATION OF EBS
MATERIALS

7.1 Introduction

The evaluation of the International Engineered Barrier System (IEBS) concepts and interaction with the
wall rock (i.e., natural barriers), waste canisters, or other IEBS interfaces are important to the long-term
performance and safety of geologic repositories (Nutt et al. 2011; Jove Colón et al. 2011). The European
Nuclear Waste Disposal Community, especially the French, have investigated bentonite stability in
contact with steel under a variety of experimental conditions in an attempt to replicate repository
conditions (Pusch 1979; Madsen 1998; Meunier et al. 1998; Guillaume et al. 2003; Wersin et al. 2007;
Mosser-Ruck et al. 2010; Ferrage et al. 2011; Mosser-Ruck et al. 2016). The majority of their research
was focused on lower temperature environments and atmospheric pressures. Our experimental program
for FY19 aims to (1) continue to characterize how IEBS components (stainless/low carbon steel, Grimsel
Granodiorite wall rock) react and change in the presence of Wyoming bentonite and (2) capture steel
corrosion rates and interface mineralogy at reasonable high temperature (up to 250°C, 150 bar) in-situ
repository conditions.

7.2 Background and Objective

This IEBS collaboration has a focus on natural barrier systems and engineered barrier system aspects
related to the EBS work package of the SFWST R&D. There are multiple international analytical
programs with planned experimental setup to enable studying a number of issues relevant for repository
design. The objective of this IEBS study was to determine the Grimsel Granodiorite host
rock/groundwater interactions with bentonite and the steel canister at elevated pressure/temperature
(250°C, 150 bar) conditions (Table 7-1). The groundwater composition at the Grimsel site is well
characterized (Table 7-2).

Table 7-1. Initial components and reaction conditions for the IEBS experiments.

Experiment Clay (g) G.G. (g) Brine (mL) IEBS Components Run Time

IEBS-1 10.91 3.47 144.0 Bent. + G.G. 6 weeks

IEBS-2 11.02 3.19 182.0 Bent.+ G.G. + 316SS 6 weeks

IEBS-3 11.05 3.41 110.0 Bent.+ G.G. + 304SS 6 weeks

IEBS-4 11.00 3.28 185.0 Bent.+ G.G. + LCS 6 weeks

IEBS-5 11.01 3.29 150.0 Bent. + G.G. + 316SS 8 weeks

NOTE: All experiments were performed at 250°C and 150 bars.

G.G. = Grimsel Granodiorite

Bent. = Wyoming bentonite
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Table 7-2. Initial groundwater chemical composition from experimental shear zone at the
Grimsel Test Site used as bases of synthetic groundwater used in these experiments

pp [Mr [my

Cations Na+ 6.9x10-4 7.0x10-4 - 7.2x10-4 7.0x10-4

K+ 5.0x10-6 1.8x10-6 - 4.6x10-6 1.0x10-6 - 3.6x10-6
mg2+ 6.2x10-7 <1.0x10-5 2.0x10-5- 4.1x10-5

Ca2+ 1.4x10-4 1.4x10-4 - 1.6x10-4 1.4x10-4

Sr2+ 2.0x10-6 2.4x10-6 - 2.6x10-6 1.9x10-6 - 2.3x10-6

Rb+ 2.5x10-5 Not determined 1.6x10-5

Cs+ 5.0x10-9 4.3x10-9 3.8x10-9 - 7.5x10-9

Li+ Not determined 1.1x10-5 1.2x10-5

Anions S042- 6.1 x 10-5 2.8x10-5 - 6.3x10-5 1.8x10-4

F- 6.1x10-5 3.4x10-4 3.2x10-4

Cl- 1.6x10-4 1.6x10-4 - 2.2x10-4 1.4x10-4

Br- 3.8x10-7 Not determined 3.6x10-7

I- 1.0x10-9 '1.58x10-7 7.9x10-1°

P043- Not determined <1.0x10-6 Not determined

Other Species Si 2.5x10-4 3.4x10-4 2.0)00-4

CO2 <7.0x10-7 Not determined Not determined

02 <3.0x10-$ Not determined Not determined

N2 7)00-4 - 8x10-4 Not determined Not determined

U Not determined <4.2x10-9 1.3x10-1° - 6.3x10-1°

Th Not determined <2.1x10-9 <2.2x10-1°

Ti Not determined 1.5x10-5 6.3x10-5

Fe Not determined <5.4x10-7 6.3x10-7

Al Not determined 3.0x10-6 - 4.0x10-6 0.5x10-6 - 1.7x10-6

Calculated HCO3- 2.9x10-4 4.7x10-4
(measured)

1.4x10-4
(measured)

CO3- (C032-) 4.2x10-5 <1.0x10-4 -

OH- 1.3x10-5 Not determined Not determined

H3SiOa 4.2x10-5 Not determined Not determined

HaSiO4 2.1 x 10-4 Not determined Not determined

pH 9.6±0.2 9.5±0.2 9.6

lonic strength (M) 0.0012 Not determined

Temperature (°C) 12±1 Not determined

Electrical conductivity (pS•cm-1) 103±5 93-103 12

Eh (mV) <300 -200±50 106

NOTE: a Data are compiled from Bajo et al. (1989), Aksoyoglu et al. (1991) and Eikenberg et al. (1991) and represent the top
of the range of data reported in Tab. 3.3 of Frick et al. (1992).

b After Missana et. al. (2001)

Grimsel Colloid Exercise (NTB 90-01) PSI data from Degueldre et al. 1996.

M = molar

Source: Missana and Geckeis 2006, in addition to sources in note above.
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7.3 Methods

7.3.1 Experimental Methods

Hydrothermal experiments were designed to investigate the stability of Wyoming Bentonite and Grismel
Granodiorite with various stainless steel types under water-saturated conditions. Reactants (listed in
Table 7-1) were loaded into a flexible gold reaction cell and fixed into a 500 mL gasket confined closure
reactor (Seyfried et al. 1987). The redox conditions for each system were buffered using a 1:1 mixture (by
mass) of Fe3O4 and Fe° added at 0.07 wt.% of the bentonite mass. Coupons of stainless steel (SS), either
316SS, 304SS, or low carbon steel (LCS), were added to the experiments at approximately 7 wt.% of the
total mass of the solid components to mimic the presence of a waste canister. Experiments were
pressurized to 150 to 160 bar and were heated isothermally to 250°C for 6 to 8 weeks. Reaction liquids
were extracted periodically during the experiments and analyzed to investigate the aqueous geochemical
evolution in relationship to mineralogical alterations. The sampled reaction liquids were split into three
aliquots for unfiltered anion, unfiltered cation, and filtered (0.45 gm syringe filter) cation determination.
All aliquots were stored in a refrigerator at 1°C until analysis.

Analytical methods (Experimental Setup, Mineral Characterization, Aqueous Geochemical Analyses,
etc.) remain unchanged from Caporuscio et al. (2014). They are listed in Appendix A for convenience.

7.3.2 Starting Material Characteristics

Wyoming Bentonite—The bentonite used in this experimental work is mined from a reducing horizon in
Colony, Wyoming. Unprocessed Wyoming bentonite contains primarily smectite with minor amounts of
clinoptilolite and lesser plagioclase, biotite, calcite, and sulfide minerals. The QXRD results from
unheated bentonite are presented in

Table 7-3.

Grimsel Granodiorite—Major mineral phases are K-feldspar, plagioclase, and quartz. Minor phases are
muscovite and biotite. Trace phases are allanite, zircon, titanite, and apatite. The QXRD results from
unheated granodiorite are presented in

Table 7-3 and Figure 7-1.

Synthetic Grimsel Groundwater—Synthetic groundwater (Table 7-4) was created to mimic the pore
water found in the Grimsel Granodiorite (Missana and Geckeis 2006). Our synthetic solution has a pH of
around 8.5 and the initial chemistry is reported in Table 7-4.
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Table 7-3. Quantitative X-ray diffraction (QXRD) analyses of
the buffer clay (WY Bentonite) and the wall rock (Opalinus Clay)

Wyoming Bentonite Grimsel Granodiorite

Analcime/Wairakite b.d.l.

Clinoptilolite 12.0

Smectite 66.4

Kaolinite b.d.l.

Albite 25.14

Plagioclase 8.3

Orthoclase 30.84

Anorthite

K-Feldspar b.d.l.

Biotite 2.8

Muscovite

Chlorite b.d.l.

Calcite 5.5

Dolomite
material detectable but

<0.5 wt.%

Quartz 0.9 44.02

Cristobalite/Opal-C 1.8

Pyrite 0.4

Siderite 1.8

Total: 100.Oa 100.00

NOTE: Values are in weight percent.

b.d.l. = below detection limit.

a Data set was normalized to 100.0.

Table 7-4. Synthetic groundwater chemistry used in the IEBS experiments.

Components Concentration (M)

Na2SO4 9.08x10-4

KCI 6.44x10-5

MgCO3 5.06x10-4

NaHCO3 3.25x10-3

CaCl2 1.72x10-4

H4SiO4 5.73x10-4
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Figure 7-1. XRD pattern for the Grimsel granodiorite

7.4 Results

7.4.1 Aqueous Geochemistry

Water samples were collected periodically during the course of each experiment. The aqueous
geochemistry results are described below and reported and plotted in Appendix B.

7.4.2 pH

The starting solution for the IEBS experiments, Grimsel Granodiorite groundwater, has a pH of —8.5. The
pH at 25°C of reaction fluids that were periodically extracted from the reaction vessels dropped over the
course of all experiments. The pH of IEBS-1 initially dropped to —7, and then remained —6.5 for the
experiment duration. Experiment IEBS-2 had a slightly more acidic solution during the middle of the
experiment: the pH dropped to —5 by week 3 and then increased to —6.2 by the end of the experiment. The
pH IEBS-3 dropped to 6.8 in the first week and continued to gradually decrease to —6.0. The pH of IEBS-
4 dropped to 6.5 in the first two weeks before rebounding to 7.9 before decreasing again. Finally, IEBS-5
dropped to a pH of 6.3 before gradually increasing to 6.6 by the end of the experiment (Figure 7-2). The
pH of each experiment did not change significantly after experiment quench.
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Figure 7-2. The pH at 25°C of the reaction fluids collected throughout each IEBS experiment

K+ and Na+—Potassium and sodium concentrations throughout each experiment are plotted in
Figure 7-3. In IEBS-1, the concentration of [Kl and [Nal in solution decrease steadily during the
experiment. The [Kl concentration for both filtered and unfiltered aliquots is initially —2 mg/L and
decreases to —1.5 mg/L by week 6. The [Nal is —150 mg/L at week one and reaches 120 mg/L by week 6.
In IEBS-2, the unfiltered [Kl concentration initially increases from —1.7 mg/L in week 1 to —2.2 mg/L in
week 2 before dropping to between —1.4 to 1.7 for the remainder of the experiment. The [Nal decreases
from —140 mg/L to —100 mg/L over the 6-week experiment. The filtered results show a large spike in
[Nal and [Kl around week two to 2000 mg/L and 100 mg/L, respectively. As this spike is not observed
in the unfiltered results, it is likely not representative of chemical changes in the sample. For IEBS-3, both
the [Nal and [Kl concentrations generally decreased from —200 to 199 mg/L and —5.1 to 3.9 mg/L,
respectively, with the largest difference between the first and second week. The sample taken post-
experiment showed a significant increase of concentrations to over 200 mg/L for [Nal and —7 mg/L for
[Kl. The unfiltered and filtered concentration of [Nal and the filtered [Kl samples of IEBS-4, increases
from the first and second sampling and the gradually decreases from —170 to 137 mg/L and —3.24 to
3.13 mg/L, respectively. The unfiltered [Kl sample sharply increases at weeks 2 and 4, but since this
spike is not observed in the filtered results, it is likely not representative of a chemical change in the
sample. IEBS-5 has [Kl concentrations that gradually decrease overtime from —2.35 mg/L until the
concentrations level out to —1.0 mg/L. The [Nal concentrations increase at in the second week to
—100 mg/L before decreasing to —71 mg/L with a spike in concentration at the end of the experiment up to
—143 mg/L.
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Figure 7-3. Concentration in mg/L of potassium, sodium, and calcium
in the reaction fluids during each IEBS experiment

Ca2+—Calcium in solution throughout each IEBS experiment are plotted in Figure 7-3. In IEBS-1, the
[Cal concentration in the filtered and unfiltered sample decreases steadily from —2.0 to 1.0 mg/L over
6 weeks. The [Cal in the unfiltered sample in IEBS-2 is —2.0 mg/L at the experiment start, drops to
—1.0 mg/L by week 3, and increases steadily to —1.5 mg/L by the end of the run. The filtered sample
shows a spike to —90 mg/L around week 2. IEBS-3 filter and unfiltered [Cal sample remained stable
throughout the experiment, hovering around —1.2 to 1.7 mg/L, with a spike post-experiment in the
unfiltered to 15.65 mg/L. The [Cal concentrations in IEBS-4 never stabilized and continued to increase
and decrease throughout the experiment. The concentration peaked at —2.1 mg/L at the beginning of the
experiment and reached a low in week five of the experiment. IEBS-5 decreased gradually over the entire
experiment, starting at —5.4 mg/L and decreasing to —1 mg/L in the post-experiment sample.

Si02—Aqueous silica concentrations throughout each experiment are plotted in Figure 7-4. The SiO2aq
concentration in IEBS-1 is higher in the filtered vs. unfiltered sample. Both stay between —400 and
700 mg/L. The unfiltered results show an initial drop in concentration (weeks 1 through 3 followed by
and increase to similar values as observed in the filtered sample by weeks 4 and 5 (-650 to 700 mg/L).
The filtered and unfiltered results from IEBS-2 show the same patterns for aqueous Si02. Concentrations
remain around —600 mg/L with the exception of a dip to —500 and —100 mg/L for unfiltered and filtered
sample, respectively. IEBS-3 has filtered and unfiltered concentrations starting at —630 mg/L to peaked at
—810 mg/L in the fourth week before decreasing to 603 mg/L in the filtered sample and 414 mg/L in the
unfiltered sample. The filtered and unfiltered Si02 concentration in IEBS-4 start at —500 mg/L and
increase over time to —739 mg/L. The only deviation between the filtered and unfiltered sample occurs at
week two when the unfiltered sample decreases to 475 mg/L until it rebounds to the same concentration
of the filter sample the following week. IEBS-5 has Si02 concentrations steady in the first six week
between —360 ± 20 mg/L with an increase to over 500 mg/L post-experiment sampling.

Fe2+—Changes in iron in solution for each IEBS experiment are plotted in Figure 7-4. The [Fel in both
IEBS-1 and IEBS-2 remains relatively constant between —0.25 and 0.75 mg/L for the majority of both
experiments. IEBS-3 has a [Fel concentration that remained at-0.05 mg/L before jumping to 27.88
mg/L in the unfiltered sample, but this spike is not observed in the filtered results so is likely not
representative of a chemical change in the sample. The [Fel concentrations in IESB-4 start at —0.9 mg/L
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and increase over time to 0.98 mg/L and 0.36 mg/L for filtered and unfiltered, respectively. IEBS-5 had
starting [Fel concentration of —0.1 mg/L which peaked at a concentration over —0.5 mg/L in the third
week before gradually decreasing to around 0.12 mg/L.
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Figure 7-4. Concentration in mg/L of aqueous silica and iron
in the reaction fluids during each IEBS experiment

cr —Chloride concentrations during each IEBS experiment are plotted in Figure 7-5. The chloride
concentration in IEBS-1 is —32 mg/L at week 1, decreases to —18 mg/L by week three, and stays around
the same value for the run duration. The [C1-] in IEBS-2 follows a similar pattern: chloride decreases from
—22 mg/L to —16 mg/L from week 1 to week 3, and next remains constant for the rest of the experiment.
IEBS-3 begins and end with a [C1-] concentration of —21.5 mg/L. The weeks in-between decrease to
19.6 mg/L at the lowest with a slight increase at week four. The [C1-] concentration for IEBS-4 decrease
steadily over the experiment, starting at 24.42 mg/L and decreasing to 19.22 mg/L. IEBS-5 [C1-]
concentration begins high at 34.14 mg/L, but decreases to 9.68 mg/L in the seventh week until a minor
increase to 16.26 mg/L in the post-experiment sample.

S042  —Changes in sulfate concentration during all IEBS experiment are plotted in Figure 7-5. The
sulfate in both IEBS-1 and IEBS-2 follows the same trend as the chloride concentration. In both
experiments, the [50421 decreases from week 1 to week 3, and then remains relatively constant for the
remaining 3 weeks. The sulfate concentrations in IEBS-1 and IEBS-2 range from —200 to 170 mg/L and
350 to 200 mg/L, respectively. The solutions from all IEBS were characterized by a strong sulfur smell.
IEBS-3 has a beginning [50421 concentration of 272 mg/L which initially increases to 294 mg/L in the
second week, followed be a gentle decrease to 384 mg/L and a final uptick to 321 mg/L at the conclusion
of the experiment. The [50421 concentration in IEBS-4 starts at 199 mg/L and decreases to 161 mg/L in
the sixth week. The IEBS-5 experiment has an initial [50421 concentration of 142 mg/L and peaks at 169
mg/L in the third week before decreasing to 101 mg/L. The post-experiment sample showed an increase
of concentration to 180 mg/L.



Evaluation of Engineered Barrier System Midyear Status Report
June 30, 2019 93

40

10

o

CI • -E13S-1

• E BS-2

• Ef3.4-3

O E BS-4

O -ESS-5

O 2;0 500 7;.9

4L0 -

300 -

200 -

(11--
• 7.so

Time (hcurs)

• idoo liso

Figure 7-5. Concentration in mg/L of chloride and sulfate anions
in the reaction fluids during each IEBS experiment

7.5 XRD Patterns

The reaction products from only IEBS-1 and IEBS-2 were run on the XRD. Both experiments

have similar XRD peak patterns (Figure 7-6). The main peaks correspond to quartz, feldspar (albite,
anorthite), and muscovite. There are no obvious differences in peak height or location in the XRD
results from the two experiments.
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Figure 7-6. XRD pattern for IEBS-1 and the IEBS-2

7.6 QXRD Results

The QXRD results for IEBS-1 and IEBS-2, compared to the starting Wyoming bentonite and Grimsel
Granodiorite, are reported in Table 7-5. The QXRD results show some major differences from the XRD
peak patterns and are discussed below.

IEBS-1—The QXRD results from experiment IEBS-1 report smectite, feldspar (orthoclase, albite),
muscovite, and quartz. Anorthite, which was observed in the XRD results, is not present in the QXRD
data. In addition, both smectite and muscovite as observed in the QXRD results, whereas only muscovite
was recognized in the XRD peak patterns.

IEBS-2—The QXRD results from the IEBS-2 reaction products include feldspar (orthoclase, albite,
anorthite), muscovite, and quartz.
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Table 7-5: Quantitative X-ray diffraction (QXRD) analyses of the buffer clay (Wyoming Bentonite),
the wall rock (Grimsel Granodiorite), and experiments run products

Wyoming

Bentonite
BG-C-49-1
Granite

IEBS-1

Bentonite
only

IEBS-2

316SS

Unreacted 6 weeks, 250°C

Analcime / Wairakite b.d.l.

Clinoptilolite 12.0

Smectite 66.4 11.73

Kaolinite b.d.l.

Albite 25.14 14.81 4.87

Plagioclase 8.3

Orthoclase 30.84 19.51 9.47

Anorthite 43.55

K-Feldspar b.d.l.

Biotite 2.8

Muscovite 28.02 23.68

Chlorite b.d.l.

Calcite 5.5

Dolomite
material detectable

but <0.5 wt.°/0

Quartz 0.9 44.02 26.17 18.68

Cristobalite/ Opal-C 1.8

Pyrite 0.4

Siderite 1.8

Total: 100.0a 100.00 100.24 100.25

NOTE: Values are in weight percent

b.d.l. = below detection limit

a Data set was normalized to 100.0.
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7.6.1 SEM/EDS Results

Reaction products, including loose powder, epoxy mounts, and thin sections, from the IEBS experiments
were characterized using the scanning electron microscope and qualitative elemental abundances were
evaluated using energy dispersive X-ray spectroscopy (EDS). The SEM images are presented in
Appendix D and described below.

Clay—The reaction products show similar features. In all the experiments, montmorillonite clay has a
foily texture (i.e., Figures D-1A, B; D-4A, B, D-7A). Spherical crystals are embedded in the fine-grained
clay matrix (i.e., Figures D-1C, D, E; D-2C, D; D-3A, C; D-4B, C, D, E; D-6B, C). The EDS analyses of
these crystals reveal large Ca peaks, with smaller Si, Al, and C peaks, likely corresponding to calcium
aluminum silica hydrate minerals. The composition of these phases is discussed further in the next section
(3.5 Electron Microprobe Results). This Ca-phase is more abundant in the IEBS experiments with SS
(IEBS-2, 3, & 5) than IEBS-1 and 4 reaction products.

Grimsel Granodiorite—Feldspar surfaces are observed to be variably corroded (Figure 7-7). No
significant authigenic mineral precipitation is observed rimming feldspar grains. Further, fragments of
Grimsel Granodiorite included in the experiments did not experience any significant mineral reactions.
For example, Figure 7-8 shows an intact Grimsel fragment composed of biotite, apatite, and quartz. No
alteration textures or new mineral growth is observed within the boundaries of the Grimsel fragment.

Postreaction Gel—At the conclusion of the experiments, a gel-like slurry was present on the top of the
reaction product for IEBS-3, 4, and 5 (Figure 7-9a). The dried gel was analyzed with EDS and is Si- and
Al-rich with minor amounts of Fe (1.4 to 4.3 wt.%) and Na2+ (3 to 6 wt.%). The dried gel texture
consisted of linear and cross-linked morphology (Figure 8B and C).

Figure 7-7. Feldspar dissolution textures observed IEBS-5 & 1, respectively
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NOTE: Authigenic mineral growth/alteration is not apparent within the fragment

clinopt. = clinoptilolite

Figure 7-8. BSE of a postreaction fragment of Grimsel Granodiorite from IEBS-4

(a) (b) (c)

Figure 7-9. (a) Postreaction gel from IEBS-4, (b) SEM image of dried gel showing cross-
linked texture, and (c) SEM image of dried gel showing linear texture
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Steel—Images of the 316SS coupons from IEBS-2 show two layers of mineral growth that formed
perpendicular to the steel surface (Figure 7-10). Fe-saponite forms directly adjacent to the pitted steel
surface (Figure D-6A) and chlorite is observed to form a thin layer outside of the Fe-saponite. Sulfide
minerals, such as pyrrhotite are also observed (Figure D-6A). The 304SS in IEBS-3 have Fe-saponite
formation at the surface along with a Fe-Ni-Cr sulfide with smectite occurring over the Fe-saponite.
IEBS-4 post-reaction LCS was coated by the formation of Fe-saponite rosettes. The 316SS from
IEBS-5 shows two layers of mineral growth similar to IEBS-2. Fe-saponite from on the steel with a
thin layer of chlorite (Figure 7-10).

- IEBS-5

Figure 7-10. Back scattered electron images of thin sections
of the postreaction polished steel coupons

7.7 Electron Microprobe Results

Reactions products were analyzed via electron microprobe (EMP) to determine the major element
composition of mineral phases. The EMP analyses primarily targeted the clay matrix, steel alteration
products, altered glass shards, and other authigenic minerals. The EMP results are reported in
Appendix C and described below.

Clay Matrix—The fine-grained groundmass of the reaction products of the IEBS experiments have
similar major element compositions. All contain 60 wt.% Si02, —22 wt.% A1203, 4 to 6 wt.% Fe0 and 1
to 2% MgO, and 1 to 3% of Na20, —0.3 K20, 0.2 to 0.5 wt.% CaO, and 0.1 to 0.2 wt.% F.

Calcium (aluminum) Silicate Hydrates (tobermorite)—In the experiments, <10 gm round mineral
grains were observed with the fine-grained matrix. The grains in IEBS-1 were too small to analyze, but
some grains in IEBS-2, 4 and 5 were large enough to target (Figure 7-11). However, the small size and
beam sensitivity of this mineral made obtaining EMP analyses difficult. The collected data have low
oxide totals (-60%), related to the water content and beam sensitivity. The data obtained indicate low
Si02 wt. % (-10 to 15 wt.%) and A1203 (1 to 5 wt.%) and very high Ca0 (-41 to 48%). The low Si02
content may be due to sample decrepidation in the beam line prior to Si02 analysis. These minerals could
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be seen actively being destroyed during analysis. Fluorine is present in trace amounts (--0.2 to 1.2%). In
addition, EDS analyses demonstrate presence of CO3. Based on the composition and rounded crystal
form, this mineral is likely a calcium (aluminum) silicate hydrate (C(A)SH) and may be identified as
mineral tobermorite (CasSi6016(OH)2.4(H20)), with a small carbonate component.

Clinoptilolite—Glass shards present in the precursor bentonite clay were altered to the zeolite
clinoptilolite. The Si/A1 ratios for the clinoptilolite are dominantly between 4 and 6. The Na/(Na+Ca+K)
values range from 0.48 to 0.77. Glass within unheated Wyoming Bentonite has Na/(Na+Ca+K) values
closer to 1.00 (Figure 7-12).

Figure 7-11. Back scattered SEM image of tobermorite in the fine-grained matrix (circled in yellow)
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Figure 7-12. The decrease of the amount to Fe0 in the Fe-saponite
as mineral growth moves away from the steel coupon
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Figure 7-13. Clinoptilolite compositions analyzed by EMP

Steel/Fe Alteration—Mineral growth is observed at the surface of the steel coupons in IEBS-2 through 5
(Figure 7-10). Fe-saponite is observed to form on the steel interface, and a thin chlorite rim forms outside
of the saponite in IEBS-2. The iron content in the saponite is -20% in all the experiments. For IEBS-4
and 5, analyses were performed on the outer and inner rims of the Fe-saponite growth (Figure 7-13). The
outer rim contained slightly more Si02 (-10 wt.%) and less Fe0 (10 wt.% and 20 wt.% for IEBS-4 and 5,
respectively). The iron content in clay decreases within a few microns of steel surface, indicating the iron
is not migrating far from the steel coupon.
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Feldspars—The feldspars from the individual IEBS experiments have varying compositions
(Figure 7-14). The plagioclase observed in IEBS-2 (n=1), 3, and 5 are all depleted in K. However, there
is a range of Ca2+ and Na+ in the samples. Na.± ranges from 35 to 91% in the sample and Ca2+ between 8 to
80%. The K-feldspar in IEBS-3, 4 and 5 show similar compositions. IEBS-5 has one sample more
enriched in K. The rest of the samples cluster around 70% K±, 30% Na+ and no Ca2±.
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Figure 7-14. Varying feldspar composition for IEBS-3 to 5
illustrating wide range in observed compositions

7.8 Discussion

7.8.1 Grimsel Granodiorite Interactions with Wyoming Bentonite

The reaction products formed in the IEBS experiments include a fine-grained, recrystallized clay matrix
with phenocrysts derived from the starting Grimsel Granodiorite and Wyoming Bentonite, such as
feldspars, micas, and quartz. Authigenic minerals include calcite, quartz, gypsum, and a C(A)SH phase.
The following describes our preliminary observations on hydrothermal mineralization and alteration in
the IEBS experiments.

Phyllosilicate Minerals—SEM imaging of loose powder mounts and thin sections of the IEBS reaction
products show fine-grained clay matrix transitioning with a foily texture. The transition of
montmorillonite to sericite will be assessed with clay mineral XRD analyses (i.e. Figure D-1A in
Appendix D). In addition, the QXRD and XRD analyses of the reaction products show the presence of
mixed muscovite and smectite. The EMP analyses from the clay matrix of all the IEBS experiments have
very similar compositions (Appendix C). In terms of alkali elements, the matrix is most enriched in Na
(0.15-0.17 atoms per formula unit) in comparison to K (0.02-0.03 apfu) and Ca (0.02-0.03 apfu). The
bulk chemistry of the starting materials (i.e., Na-montmorillonite in the Wyoming Bentonite) may prevent
illitization due to low content in the system. This is a similar result to our previous experimental work
with Wyoming Bentonite ± Opalinus Clay, in which illitization was prohibited by the bulk chemistry of
the system (Cheshire et al. 2014).

Feldspars—Low temperature feldspars have been identified in all the experimental runs; however,
further characterization is needed in future experiments to understand their significance.

Calcium (aluminum) Silicate Hydrates—In all the experiments with Grimsel Granodiorite and
Wyoming Bentonite, spherical, C(A)SH phases formed within the fine-grained clay matrix. Small
amounts of this mineral are observed in IEBS-1, and it is abundant in IEBS-2 through 5 (Figure 7-7).



Evaluation of Engineered Barrier Systems Midyear Status Report
102 June 30, 2019

Based on the composition of this mineral (Appendix C), it is likely a hydrated calcium silicate, such as
tobermorite (CasSi6016(OH)2.4(H20)).

The formation of C(A)SH minerals contrasts with the products of previous experiments with Wyoming
Bentonite ± Opalinus Clay host rock in which zeolites (analcime—wairakite solid solution) formed. The
EMP analyses of the spherical minerals formed in the IEBS experiments had significantly lower Si02 and
A1203 content and very high Ca0 in comparison to the analcime—wairakite. Further, analcime—wairakite
is interpreted to crystallize from dissolution/precipitation of clinoptilolite or clay minerals in Opalinus
Clay. In the Grimsel system, clinoptilolite is observed to survive the hydrothermal experiment.
Tobermorite crystals are embedded in the clay matrix of the IEBS reaction products, and may form from
the dissolution/precipitation of smectite. Other studies have identified the formation of tobermorite from
montmorillonite during lower temperature (<120°C) hydrothermal reactions (e.g., Fernandez et al. 2016).
Tobermorite has also been observed in experiments involving bentonite and cement with highly alkaline
bulk chemistries and pH > —10 (Savage et al. 2007). In comparison, the solution pH over the course of the
IEBS experiments did not exceed —7 (Figure 7-2) and the experiments did not involve cement. Future
investigations will focus on C(A)SH mineral reactions in the IEBS experiments with Grimsel
Granodiorite and Wyoming Bentonite.

H2S Generation—The IEBS experiments were accompanied by strong H2S(aq,g) smells during the course
of the 250°C experiments. The H2S(aq,g) is most likely related to pyrite solubility from the starting
Wyoming Bentonite in a chloride-bearing solution (Crerar et al. 1978; Ohmoto et al. 1994) and the sulfate
concentration in the synthetic Grimsel groundwater solution. The reducing nature of the experimental
system easily preserved the H2S0,4,0 species. Pyrite contents obtained by QXRD analyses for the Colony
Wyoming bentonite (0.4 wt.%) are listed in Table 7-5. Grimsel Granodiorite lacks pyrite, but the
synthetic Grimsel groundwater contains appreciable S042- (Table 7-4). Sulfide-induced corrosion of the
waste canisters is the primary concern for the Swedish repository systems (Börjesson et al. 2010),
therefore the Swedish Nuclear Fuel and Waste Management Company (SKB) have emplaced fairly strict
sulfur specifications (sulfide content < 0.5 wt.%; total sulfur < 1 wt.%) for the bentonite buffer used in
their repositories (Börjesson et al. 2010).

pH Effects—In the IEBS experiments, the solution starts with a pH of 8.5 and ends between 6 and 7.5.
All the experiments drop in pH in the middle of the experiment to less than 6.7 before slightly rebounding
up (Figure 7-2). Many of the mineral-forming reactions described above are strongly influenced by the
pH of the system. Most mineral reaction rates that are of concern to a repository are increased under high
pH systems. Chermak (1992) showed that under pH conditions of 11 to 13, Na-rectorite was formed at
150°C to 200°C within 17 days. Fully formed Na-mica (paragonite) developed after 32 days. Work from
Eberl and Hower (1977) and Eberl (1978) do not show illitization until 260°C to 400°C at quenched pH's
ranging from 4 to 5. These observations are consistent with the current IEBS research; illitization was not
observed and Na-rich phyllosilicates formed.

The formation of C(A)SH minerals may also affect the pH of the system. Savage et al. (2002) describe the
formation of tobermorite with the following generalized reaction:

Ca2+ + Si020,0 + H20 4 tobermorite + H+

in which H+ is produced. Thus, the formation of C(A)SH minerals, such as tobermorite, may buffer the
solution to lower pH values. Savage (1997) reported that zeolite formation within bentonite in contact
with cement occurs at lower pH values and C(A)SH mineral formation is favored at high pH (> 11.5). In
the IEBS experiments, C(A)SH minerals formed, but solution pH values remained below —7 for the
duration of the run. The formation of C(A)SH minerals at low pH (<7) in the IEBS experiments is at odds
with previous experiments and will be the subject of our future investigations.
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Steel Interface Mineralization—The following mineral phases have been previously identified as
growing at the interface between bentonite backfill and various steels: Fe-saponite
((Ca/2,Na)3(Fe++)3(Si,A1)4010(OH)2, pentlandite ((Fe,Ni)9S8) (Figure 7-11), chromite (Fe++Cr204),
pyrrhotite (FeS), millerite (NiS) (Caporuscio et al. 2014).

Steel/Bentonite Interface Reactions—Results from these experiments have shown the more dynamic
environment associated with this system is at the bentonite-metal interface. Fe-rich phyllosilicates (i.e.,
trioctahedral, Fe-rich saponite and chlorite) crystallize on steel surfaces forming a reactive substrate with
a high surface area compared to the original steel surfaces. It is evident that the formation of these surface
bound minerals is from the direct crystallization from solution in the localized environments surrounding
the metal plates as the Fe-enriched clay only extends < —10 microns away from the steel. The reaction is
stylized in Figure 7-15. However, it is uncertain to what extent these authigenic minerals will have an
effect on the repository system.

3165S Fe-saponite bentonite

2.97Fe1.22Cr.35Ni.23+ 4H20 —>

(Cr1.04,Fe.96)(Fe.69,Ni.31)04
+ 1.97Fe2' + 0.37Ni2+ + 8H+ + 12.68 e 

Fe2+-
Ni2+ - > xFe2+ + 9-xNi2+ + 8HS-

(Fe,N0958 + 8H+ + 2e-

Ni2+ + HS- NiS + H+

Mont + 15Fe2+ + 2Na. + 151145104

Saponite + 10H20 31H+

• HS-
FeS2 + 2e- Fe2+ + 2HS + H •

S042- + 7H+ + --> HS + 4H20

20 1.lm  -AL 
NOTE: Of particular interest is the reaction Montmorillonite Fe-saponite.

Figure 7-15. A stylized representation of phyllosilicate mineral growth at the steel interface

Synthetic Fe-saponites have been crystallized in dilute solutions and gels of silica, Fe-, Al-chlorides at
temperatures up to 850°C and pH of 8.5 to 9.5 (Kloprogge et al. 1999). This is consistent with a partial
dissolution of the steel plates contributing ferrous iron into a fluid phase with silica and aluminum, thereby
facilitating Fe-saponite (smectite) crystallization with the steel surfaces acting as a growth substrate.
Further, Fe-saponite alteration into chlorite has been suggested (Mosser-Ruck et al. 2010) in the presence
of ferrous iron at temperatures approaching 300°C and near-neutral pH. This was confirmed by Mosser-
Ruck et al. (2016) through long duration experiments (up to 9 years). The authors were able to demonstrate
that smectite is consumed by dissolution to produce chlorite (chamosite) by precipitation. Mosser-Ruck et
al. (2016) depicts this reaction by

3 smectite + 3 Fe +4 H20 —> 1 chlorite + 3 quartz + 2 albite +3 H2 + zeolite
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Furthermore, we were able to gather microprobe analyses (Appendix C) and images indicating chlorite
grows in contact with the steel (where Si is relatively deficient) and then Fe-saponite with a higher Si
content.

The stainless steel interaction with bentonite via congruent dissolution/oxidation can be detailed by the
following reactions:

Stainless Steel Dissolution

Fei 22Cro.37Nio 22 1.22 Fe' + 0.37 Cr' + 0.22 Ni2+ + 3.99 e

Smectite Evolution

Fe' + Ni' + Cr' + H2S(aq) + (Na,K,Ca)0.33(A11.67,Fe'o.2o,Mgo.13)Si4010(OH)2 (Fe,Ni,Cr)9S8 +

smectite pentlandite

(Na, K, Ca)0.33 Fe3(Si3.67,Alo.33)01o(OH)2

Fe-saponite

The mechanisms and rates of stainless steel dissolution for 316SS (IEBS-2, IEBS-5), 304SS (IEBS-3),
and LCS (IEBS-4) will be an area of future study.

7.9 Postreaction Gel

At the conclusion of each experiment, a gel-phase/slurry was found on the top of the run products
(Figure 7-9a). EDS point analyses found a predominately Si-Al rich phase with minor amounts of Na,
Mg, Ca, and Fe. A gel-phase such as this is more typical of experiments involving cement. This gel may
indicate an abundance of Si in the system; however, further characterization is needed to understand their
occurrence and significance.

7.10 Conclusions

In this work, we consider the impact of Grimsel Granodiorite host rock on the bentonite barrier in a high-
temperature nuclear waste repository. The main reaction products from the 250°C Grimsel Granodiorite—
Wyoming Bentontite system included calcium (aluminum) silicate hydrate (C(A)SH) minerals
(tobermorite) in the Wyoming Bentonite clay groundmass and Si-Al gel. Precursor clinoptilolite formed
from volcanic glass shards from the bentonite was retained during the experiment. Interpretation of the
clay mineral evolution within Grimsel—bentonite system is ongoing. It does appear that muscovite genesis
does occur within the bentonite fraction at the current experimental conditions. Fe-saponite is observed as
the main mineral phase at the interface of steel coupons. Fe-Ni-Cr-sulfide minerals are also observed at
the steel surface. Pit and general corrosion are observed; measurement of corrosion rates is ongoing.

There have been a large number of investigations on bentonite stability under various repository
conditions (Madsen 1998; Meunier et al. 1998; Guillaume et al. 2003; Guillaume et al. 2004; Mosser-
Ruck et al. 2010; Ferrage et al. 2011). Yet, there remain questions regarding bentonite's overall stability
and more importantly whether montmorillonite will remain relatively unaltered through the repository
life-time, especially with high-heat loads associated with dual purpose canisters, different geologic
formations, and groundwater compositions. For example, after the initial used-fuel emplacement, there
will be a pulse of heat flowing into the bentonite buffer, producing an environment in which
montmorillonite is typically not stable in the presence of water. It would be expected during the early
stages of canister emplacement that silica saturation and exchange reactions will take place. However, the
relatively dry environment would significantly restrict the mineral reactions due to the limited ion
mobility and early saturation. As temperatures increase to peak temperature (currently unknown and will
be determined during repository design), various possible zeolite reactions (mordenite, laumontite,
analcime, wairakite formation) are predicted to occur if repository conditions shift to the zeolite
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metamorphic facies (typically starts at 50 to 150°C; 100 to 500 bars). However, in the Grimsel
Granodiorite—Wyoming Bentonite experiments presented here, CSH minerals and silica alumina gel are
observed instead of authigenic zeolites. Usually it is predicted that zeolite-forming reactions, will control
the pore water solution chemistry, silica saturation, and determine any further mineral alteration. The role
of CSH minerals (i.e., tobermorite) and silica alumina gel in the reaction fluid chemistry will be
considered in future detailed geochemical modeling. We will also evaluate if CSH and gel phases are
precursor to zeolite phases.

Characterization of the clay mineralogy of the IEBS reaction products is still in progress. However, in
other generic experiments, smectite illitization is limited by the bulk system chemistry. Illite formation
can still progress, if a K-source is available, but, K-source stability with respect to the repository
conditions will determine the illitization rates. It is expected that the initial heat pulse should start to
decay after about 100 to 1,000 years (Wersin et al. 2007). After the high temperature pulse passes and
temperatures begin to decrease, retrograde reaction have the potential to further change the high
temperature mineralogy. As observed in current work, no significant retrograde reactions took place, but
as with any experimental work slow kinetics of such reactions make them difficult to show
experimentally. It would be expected silica saturation is maintained at continuing lower temperatures by
releasing silica from solution, cementing the bentonite.

There have been anumber of similar investigations on bentonite stability under various repository
conditions and in contact with various metals replicating possible canister compositions and host rock
types (Guillaume et al. 2003; Guillaume et al. 2004; Wilson et al. 2006; Mosser-Ruck et al. 2010; Ferrage
et al. 2011, Mosser-Ruck et al. 2016; Cheshire et al. 2018). Partial dissolution of the steel plates
contributing ferrous iron into a fluid phase with silica and aluminum facilitates Fe-saponite (smectite)
crystallization. Bentonite not in contact with the steel waste container does not show the formation of
these Fe-rich phyllosilicates. This is observed in the preliminary results from Fe-saponites from the
Grimsel Granodiorite—Wyoming Bentonite experiments. The occurrence of Fe-rich phyllosilicates most
likely will not form in the bentonite away from the waste container because there is a low abundance of
iron in the system. There are two possible scenarios for Fe-saponite formation: 1) direct crystallization in
a Fe- and Si-rich solution as a result from bulk mineralogy influences or 2) Fe++ montmorillonite
interactions breaking down montmorillonite and producing Fe-saponite. The latter mechanism would be a
deleterious reaction to the overall repository as montmorillonite is primary mineral in the barrier.

Research needs to be emphasized in the following areas for FY20:

• Continue to build a data base of Grimsel Granodiorite and EBS experiments

• Analysis of clay mineral structural changes and/or recrystallization with XRD analyses of
oriented clay fraction

• Perform transmission electron microscope (TEM) investigation looking at very local chemical
changes within a pit corrosion metal surface

• Corrosion of steels/ interface silicate mantling effect must remain a focus of the upcoming year

• Incorporate results into generic modeling codes

This database, along with summary conclusions will be of use to other experimental teams on the DOE
complex, system modeler, and the international repository science community.
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8. MODELING IN SUPPORT OF HOTBENT, AN EXPERIMENT
STUDYING THE EFFECTS OF HIGH TEMPERATURES ON CLAY
BUFFERS/NEAR-FIELD

8.1 Introduction

Several international disposal programs have recently initiated investigations of whether clay-based
barriers can withstand temperatures higher than the 100°C threshold for bentonite that is usually assumed
in advanced repository designs. For example, the SFWST (formerly Used Fuel Disposition (UFD))
campaign has investigated the feasibility of direct geological disposal of large spent nuclear fuel canisters
currently in dry storage (Hardin et al. 2014), which would result in much higher emplacement
temperatures. The performance of bentonite barriers in the <100°C temperature range is underpinned by a
broad knowledge base built on laboratory and large-scale in-situ experiments. Bentonite parameter
characterization above 100°C is less common (especially for pelletized materials), although up to about
150°C no significant changes in safety-relevant properties are indicated. At temperatures above 150°C, it
is possible that a potentially detrimental temperature-driven physico-chemical response of materials
(cementation, illitization) may occur, the characteristics of which are highly dependent on, and coupled
with, the complex moisture transport processes induced by strong thermal gradients. The impact of such
complex processes on the performance of a repository cannot be realistically reproduced and properly
(non-conservatively) assessed at the smaller laboratory scale. Such an assessment needs to be conducted
by large-scale in-situ experiments in underground research laboratories (URLs), where the most relevant
features of future emplacement conditions can be adequately reproduced.

Potential options for a targeted high-temperature experiment (150°C to 200°C) in a crystalline rock
environment are currently being considered under the leadership of NAGRA with several international
partners. The proposed HotBENT experiment, a full-scale high-temperature heater test, will be conducted
in the well-characterized FEBEX drift at the Grimsel Test Site. The benefit of such a large-scale test,
accompanied by a systematic laboratory program and modeling effort, is that the temperature effects can
be evaluated under realistic conditions of strong thermal, hydraulic and density gradients, which cannot
be reproduced in the laboratory. This will lead to improved mechanistic models for the prediction of
temperature-induced processes, including chemical alteration and mechanical changes, which can then be
used for PA analysis of high-temperature scenarios. The key question is whether higher repository
temperatures would trigger mechanisms that compromise the various barrier functions assigned to the
engineered components and the host rock. If the barrier function is (partially) compromised, PA analysis
can evaluate whether reduced performance of a sub-barrier (or parts thereof) would still give adequate
performance.

To support the Preliminary Design Study (PreDes) (Kober et al. 2017), numerical models have been used
to study the evolution of bentonite. Finsterle et al. (2017) used a 3D TH model with complete
configuration of the test to study the phenomenological aspects of the HotBENT experiment, and Zheng
et al. (2018) developed the models of a simple geometric setup, either one dimensional (1D) or 2D, but
with consideration of coupled thermal, hydrological, mechanical and chemical (THMC) processes. In this
report, we were trying to develop a fully coupled THMC model with a 3D description of HotBENT and
all the design components. Because such effort is computationally demanding and numerically
challenging, so far we have completed the THM model, which is presented in this progress report.
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8.2 Status of HotBENT

Currently partners for HotBENT are close to finish the final design of HotBENT. It is likely that the
design shown in Figure 8-1 will be the final version. In this design, the test is composed of 5 modules.
Module 5 is located closest to the instrumentation area. A 3-meter-long heater will be emplaced on top of
bentonite pedestals and then surrounded with granular bentonite. Pedestals are bentonite blocks. Bentonite
used in module 5 is a type bentonite from Czech Republic. Module 5 targets a heater at temperature of
175°C and is planned to run for 5 years. Module 4 is similar to module 5, except the bentonite is
Wyoming type of bentonite. Module 3 is identical to module 5 in design, except it will run for longer
time. One lesion learnt from modeling FEBEX "in site test (Zheng et al. 2018) is that multiple temporal
snapshot of spatial distribution of key THMC is critical for finding the "righr model and enhance the
predictability of models. Module 5 and module 3 will provide two snapshot of THMC evolution of Czech
Republic bentonite. Likewise, module 2 has identical design of module 4, but will run for longer time to
give us two snapshot of THMC evolution of Wyoming type bentonite. Module 1 is similar to module 2
with two differences: first, temperature will be 200°C for the heater rather than 175°C for the heater in
module 2, second, a concrete liner will be installed to the rock wall of the test tunnel.

The provisional time schedule for the HotBENT experiment is given in Figure 8-2, but adjustment might
be expected as the experiment enters into construction.
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Source: F. Kober, personal communication, 2019.

Figure 8-1. Design modules for HotBENT
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2018 2019 2020 2021 2022 2023 2024 2025

Phase 1. Detailed design phase

Phase 2. Offsite preparatory activities

Phase 3: On-site preparatory activities

Phase 4: Emplacement

Phase 5: Operation/Monitoring/Modelling

Phase 6: Partial dismantling

Phase 7: Continuation - remaining modules
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Source: F. Kober, personal communication, 2019.

Figure 8-2. Provisional Time-schedule for the HotBENT experiment

8.3 Modeling Work to Support HotBENT Design

The aim of the THMC modeling in support of HotBent was two-fold: first, develop a refined 3D model of
a FEBEX-type experiment, using the recently developed hybrid parallel THMCB simulator TReactMech
(Sonnenthal et al. 2019), and, second, test the THM model with canister temperature reaching 200°C.

The experimental design and parameters were based on other FEBEX-type model experiments and
simulations (as referenced in this report) that were conducted for maximum temperature of 100°C. It
wasn't clear that prior designs would be possible, because the 100°C limit was based on keeping pressure
from becoming too high in the very low-permeability bentonite. Several scoping TH and THM
simulations performed with TReactMech showed large increases in pressure that would result in plastic
failure or other adverse scenarios. Therefore, trying to run a simulation with relatively rapid increases in
temperature to 200°C using the experimental design and parameters results in convergence failure, not as
a result of numerical issues, but owing to boiling and unreasonably high fluid pressures.

Because the parameters for the materials (i.e., bentonite, concrete, and host rock) are only valid for
limited ranges in temperature, all thermal properties would have to be simulated with a temperature-
dependence. TreactMech has these unique capabilities, but the parameters would have to be determined
experimentally for the specific materials used in an actual field experiment. Furthermore, increase in
temperature of up to 200°C would result in much more significant mineralogical changes in the concrete
and bentonite compared to simple hydration-dehydration processes at temperature below 100°C. These
processes include loss of structural water, rather than solely interlayer water, and mineral transformations,
which cannot be accurately simulated using a THM model. Even so, a maximum temperature of 200°C
would likely require design changes (outside the scope of this project), a much slower temperature rise,
and the latter modeling considerations.

In the following sections, a general overview of the TReactMech code is given, followed by a description
the 3D THM HotBent model and some preliminary simulation results.
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8.3.1 TReactMech Simulator Description

TReactMech is a new hybrid parallel THMCB simulator (Sonnenthal et al. 2019) derived from the shared
memory parallel simulator TOUGHREACT V3.8-OMP (Sonnenthal et al. 2014; Sonnenthal and Spycher
2017; Sonnenthal et al. 2019; Xu et al. 2011; Xu et al. 2006), and the experimental serial code
TOUGHREACT-ROCMECH (Smith et al. 2015; Kim et al. 2012, 2015) based on TOUGHREACT V2.
Multiphase fluid and heat flow equations are solved with an improved version of TOUGH2 (Pruess et al.
1999). The geomechanical formulation in TReactMech is based on a 3D continuum finite-element model
with full 3D stress calculations, and plastic deformation via shear and tensile failure (Smith et al. 2015;
Smith and Sonnenthal 2019; Kim et al. 2012, 2015). Applications of TReactMech to Enhanced
Geothermal System stimulation modeling and THMC experiments on rock cores are presented in
Sonnenthal et al. (2015), Sonnenthal et al. (2018), Smith et al. (2015), and Kneafsey et al. (2016).

TReactMech is ideally suited for continuum representations of fractured and porous rock masses at scales
from millimeters to tens of kilometers. The continuum model approach considers local (grid-block scale)
averaging of fracture porosity, permeability, elastic module, and other properties, in comparison to
discrete fracture models (DFM) that capture fracture aperture changes typically using statistical
realizations of fracture size distribution and orientation.

In TReactMech, heat and fluid flow, stress, and reactive transport simulations are conducted using the
sequential non-iterative approach, as shown in Figure 8-3. Fluid flow and heat transport equations are
solved simultaneously as in TOUGH2 (Pruess et al. 1999), with modifications to consider multiple
coupled geochemical and geomechanical effects on porosity and permeability, as well as new capabilities
such as temperature-dependent thermal properties. TReactMech uses a hybrid parallel computation
approach, in which the geomechanics are solved using Petsc/MPI on a finite element grid and the reactive
chemistry with OpenMP on the Intgeral-Finite-Difference (IFD) mesh. Geomechanics 3D stress equations
(for simulations of strain and failure strain) are solved after fluid and heat flow, followed by transport of
aqueous and gaseous species, mineral-water-gas reactions, and finally permeability-porosity-capillary
pressure changes owing to geomechanical and geochemical changes to porosity (or fracture aperture).
Volume changes due to mineral precipitation/dissolution, clay swelling, mineral hydration/dehydration
are all coupled into geomechanics stress-strain calculations via the fluid pressure and bulk density
changes.

TREACTMECH THMCB Simulator
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Figure 8-3. TReactMech flowchart
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8.3.2 Preliminary 3D THM Model of HotBent Experiment

The 3D model is based on a preliminary HotBent design with dimensions of approximately X= 3.2 m,
Y= 50 m, and Z = 100 m (Figure 8-4). The drift is cut longitudinally (Y-symrnetry) with concrete at one
end and cut approximately midway through the heater (for approximate X-symmetry).

4
t.

...woeoe0•O PI ff,

Figure 8-4. Schematic drawing of HotBent experiment with 3D THM model dimensions

8.3.3 Numerical MESH, Thermal, Hydrological, and Mechanical Properties

A 3D structured Cartesian IFD grid for creating the HotBent model was generated using a new 3D mesh
generation code (trmech 3dmeshgen). Mesh generation and property assignrnent were performed by
mapping the radial design to a structured Cartesian mesh. The full model MESH is shown in Figure 8-5a,
with a blow-up of the EBS in Figure 8-5b. It is highly resolved in the EBS (0.02-m grid block dimension),
with 175,232 IFD grid blocks and 189,975 geomechanical finite element nodes.
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Figure 8-5. (a) Full HotBent domain showing grid points, and (b) blow-up of EBS and EDZ

8.3.4 Thermal, Hydrological, and Geomechanical Properties

The main thermal and hydrological parameters for the EBS components, EDZ, and granite are listed in

Table 8-1. Note that the grain density and porosity (along with fluid density) are also used in the
geomechanics computations for calculating the total vertical stress.

3D plots of the initial porosity and permeability are shown in Figure 8-6. The small difference between
the EDZ and granite porosities (see

Table 8-1) is not shown in Figure 8-6a.
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Table 8-1. Thermal and hydrological and properties

Material Porosity Permeability (m2) Thermal Cond.

(W/m K)

Heat Capacity
(J/kg)

Grain Density
(kg/m3)

Granite 0.01 2x10-18 3.3 (wet)
3.2 (dry)

793 2700

EDZ 0.02 2x10-17 3.3 (wet)
3.2 (dry)

793 2700

Bentonite 0.41 1x10-26 1.15 (wet)
0.47 (dry)

880 2000

Bentonite
Pedestal

0.37 3.46x10-21 1.5 (wet)
0.5 (dry)

830 2600

Concrete 0.10 3x10-16 3.3 (wet)
3.2 (dry)

793 2700

Canister 0.00 0.0 12. 1000 7800
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Figure 8-6. Blow-up of HotBent domain showing (a) distribution of initial porosity,
and (b) permeability (z-component)
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Geomechanical properties for the EBS components, EDZ, and granite are listed in Table 8-2. These
values are estimates that were used for testing the preliminary model. Once a specific experimental design
is chosen, the properties will be updated with measured or calculated values. Note that the elastic moduli
replace the use of pore compressibility, and instead of the pore thermal expansion coefficient, the linear
elastic thermal expansion coefficient is used in geomechanics computations. Tensile strength and
cohesion were set to large values so that Mohr-Coulomb failure is prevented. Once the thermo-poro-
elastic model has been evaluated, then failure criteria and parameters can be introduced that allow for
shear and tensile failure with concomitant effects of fracture porosity and permeability.

The principal stress components were assumed to be Smax = = 1.0, Shmm = Shmax = 0.8. Geomechanical
boundary conditions were set to fixed normal stress at the top (1.04 MPa), consistent with the depth of the
top of the domain, and no-displacement on all other sides (by symmetiy).

3D plots of the shear modulus and bulk density are shown in Figure 8-7.

Table 8-2. Thermal-mechanical properties

Material Young's
Modulus
(Pa)

Shear
Modulus

(Pa)

Poisson
Ratio

Friction
Angle
(deg)

Biot # Thermal
Expansion
CF (°C-1)

Granite 1.66x101° 6.71x109 0.235 30 1.0 1.10x10-5

EDZ 1.66x101° 6.71x109 0.235 30 1.0 1.10x10-5

Bentonite 4.89x108 2.02x108 0.211 25.6 0.9923 6.50x10-6

Bentonite
Pedestal

4.89x108 2.02x108 0.211 25.6 0.9923 6.50x10-6

Concrete 4.08x101° 1.64x101° 0.235 30. 1.0 1.07x10-5

Canister 4.86x108 1.67x108 0.457 25.6 0.999999 6.50x10-6
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Figure 8-7. Blow-up of HotBent domain showing (a) drained shear modulus, and (b) bulk density
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8.3.5 Simulations

The strategy for THM modeling is to first run a steady-state flow (TH) simulation without EBS
components, and then add the EBS components and perform a TH run for a short time (-1 year). Using
the transient temperature, pressure, and water saturation distributions from the last run, then mechanical
initialization must be performed. If a single time step is run, the resultant stress field will be consistent
with porosity and permeability prior to running the mechanics initialization. However, for a system where
the drift has been filled and allowed to adjust to the stress and temperature conditions, then a mechanical
steady-state must be run, starting with the mechanics initialization. This will allow for changes in
pressure, temperature, porosity, and stress. With the initialized (no longer steady-state) THM model, then
the perturbed system simulation (heating) can be started using outputs of the flow and mechanics as initial
conditions.

Simulations were performed using the (water-air, plus vapor pressure lowering) EOS4 module
implemented in TReactMech, with the heterogeneous permeability-porosity features of TOUGHREACT
V3.32omp.

The aim of this work for HotBent was to test a system with temperature reaching 200°C. However, the
experimental design and parameters provided were based on prior FEBEX-type model experiments and
simulations that all had maximum temperature of less than 100°C. Numerous scoping TH simulations
(e.g., Figure 8-8) showed large increases in pressure that would result in plastic failure or other adverse
scenarios. Because the parameters for the materials are only valid for limited ranges in temperature, all
thermal properties would have to be simulated with a temperature-dependence. Furthermore, temperature
of 200°C would result in significant mineralogical changes in the concrete and bentonite, which are not
accounted for by hydration-dehydration processes at below 100°C. These processes include loss of
structural water, rather than solely interlayer water, and mineral transformations.
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Figure 8-8. 3D temperature distribution with canister temperature at 200°C

Long-term deformation associated with canister emplacement can be simulated without heating and at full
water saturation. A HM simulation was performed to 100 ky showing compaction of the bentonite below
the canister (pedestal) and dilation (porosity increase) of the bentonite above the canister (Figure 8-9).
Considering tensile failure in this simulation would allow for an estimate of how much dilation is possible
assuming poroelastic deformation versus possible tensile failure. With inhomogeneous stresses at the ends
of canisters, shear strain could also lead to shear and tensile failure.
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Figure 8-9. Volumetric strain in 3D 100ky HM simulation

8.3.6 Summary of Modeling Work

TReactMech can simulate THM(C) processes in a highly resolved 3D EBS using a hybrid-parallel
approach, and an appropriate simulation strategy. The HotBent experiment, set up using a design and
parameters based on a maximum temperature of about 200°C, leads to boiling and pressures that could
lead to plastic failure. Because convergence failures solely running TH processes (TOUGH2 core)
indicate very high temperature-pressure conditions, further adjustment of current TH model and changes
in THMC properties at high temperatures are needed. Long-term HM simulations (100 ky) show that
deformation in the EBS is consistent with other modeling that indicates compaction below the canister
and dilation above the canister. Further HM simulations could explore the potential for shear and tensile
failure owing to differential and shear stresses at the ends of canisters and at the top of the drift.

8.4 Summary and Future Work

The 3D THMC model for high temperature (e.g., HotBENT) has not been reported and the modeling
work in this section is the first endeavor. And expectedly, we are facing great challenging. First, the
coupling processes involved model are very complex. Second, heating the system with such a high
temperature leads to some extreme conditions that has not been modelled before. Third, the simulation is
very large in terms of number of grids and variables to solve. All these three combined poises a great
challenge to the numerical stability of the simulator. While we have some success of TH and HM model,
in the remaining time of FY19, we will continue working on THM/THMC models, and eventually use it
to support the design or early operation of HotBENT. In addition, reactive transport models using a 1D
grids will be developed to study the geochemical alteration of bentonite with the presence of concrete
liner at the granite rock wall.
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9. BENTONITE HEATING AND HYDRATION COLUMN
LABORATORY-SCALE TEST (HOTBENT-LAB)

9.1 Introduction

The barrier system surrounding the waste containers is a key engineering component to provide sealing
for nuclear waste storage. Bentonite clay based engineered barrier system (EBS) is proposed as a potential
solution for the repository design for spent nuclear fuel and waste because of its low permeability, large
swelling capacity and retention property, as well as thermal stability among other desired characteristics
(Villar et al. 2008). While the bentonite behavior for temperature <100°C has been well documented
based on laboratory and field experiments, knowledge of characteristics and dynamics of bentonite for
temperature above 100°C is very limited. This is particularly true for temperature effects above 150°C. It
is important to understand the behavior of bentonite at high temperature for the storage of high-level
nuclear waste with large heat-generating capacity because of potential physico-chemical changes of
bentonite, such as cementation and illitization, which may detrimentally affect the long-term performance
of bentonite barrier systems. The thermo-hydrological processes in bentonite barrier systems are tightly
coupled, involving chemical gradient driven, diffusive moisture transport and large thermal gradient-
controlled processes near the heat source. Swelling and shrinkage due to bentonite hydration or de-
hydration are predominantly driven by the thermo-hydrological dynamics, with a strong feedback. On
addition to the THM processes, dilution, evaporation, migration and exchange of ions are impacted by
moisture/thermal interactions, dissolution/precipitation and mineral phase transformation, which induce
chemical changes, also affecting complex THM processes. Understanding and modeling the complex
THMC behavior of bentonite based EBS system is key to the evaluation and prediction of its performance
in the long term, yet the validation of constitutive laws has been limited by the amount of data available to
study thermo-hydro-biogeochemical conditions under high temperature conditions.

An evaluation of constitutive laws and parameterization of predictive THMC models for bentonite EBS
rely on experimentally determined parameters, rate laws and governing relationships, such as moisture
diffusivity, thermal gradient, swelling pressure and porosity-permeability correlations. While literature
provides relatively abundant reference values for temperature systems at <100°C, those for temperature
over 150°C are very limited. Experimentation at both laboratory and field scales is critical in providing
such key parameters. Currently, a high temperature experiment in a crystalline rock environment, called
HotBENT, is considered under the leadership of NAGRA with several international partners. This full
scale, high temperature experiment will be conducted in the well-characterized FEBEX drift at the
Grimsel Test Site. Such large-scale tests are extremely important for better understanding of the bentonite
EBS system behavior under high temperature and conditions with strong thermal, hydraulic and density
gradients, which are hard to reproduce in the laboratory. The main objective of the HotBENT experiment
is to evaluate whether higher repository temperature would trigger mechanisms that compromise the
barrier functions of the engineered system and the host rock.

To complement the field scale HotBENT experiment, LBNL is conducting a benchtop-scale laboratory
experiment to understand the impacts of heating and hydration on bentonite. This so-called HotBENT-
Lab experiment provides a laboratory analog of the HotBENT experiment to obtain a more
comprehensive set of characterization and monitoring measurements, which are difficult to conduct at the
field scale. The primary goal of this laboratory experiment is to obtain well-characterized datasets for
(1) understanding bentonite THMC processes under heating and hydration for model parameterization
and benchmarking, (2) comparison with field-scale test results from HotBENT, and (3) development of a
prototype experimentation platform for future studies of bentonite under conditions of high temperature.

In this section, we will update the current progresses of the HotBENT-Lab experiment, including the
design, fabrication, and testing of the experimental platform, as well as will present some preliminary
calibration datasets and results.
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9.2 HotBENT-Lab Design

The critical design criterion for the HotBENT-Lab experiment is to attempt to reproduce realistic heating
and hydration conditions of the field-scale experiment. The design of the experimental apparatus and
selection of characterization tools are based on estimated test temperature and pressure, ability to
accommodate characterization methods, i.e., XCT and safety. In order to better separate the effects
between heating and hydration, two identical test vessels are used, with the control vessel undergoing
only hydration, and the experiment vessel experiencing both heating and hydration. The details of the
experiment design are described below.

9.2.1 Column Design

A schematic diagram of the column design is shown in Figure 9-1. The designed maximum test pressure
of the test columns is 1000 psi (-6.9 MPa) at 200°C. The pressure vessels for the experiments were
fabricated with 7071 Aluminum (A1), balancing its reasonable transparency to X-rays and a high
mechanical strength, considering a high safety factor required for brittle metals. The inner diameter (ID)
of the colurnn is 6.5 inches, an outer diameter (OD) is 7.5 inches, and a height of 18 inches. To
accommodate the electrical resistivity tomography (ERT) monitoring needs, the internal surface of the
vessel, the end caps and other internal components the vessel were coated with silicone to ensure
electrical insulation.
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Figure 9-1. Schematic diagram of the column design for HotBENT-Lab experiment
showing 3D rendering of the column exterior (left) and interior design of the

bentonite column with locations of sensors and heater (right)

The test is designed to simulate the heating experiment running at a target temperature of 200°C. A
cartridge heater of 12-inch-long and 0.25-inch OD is housed in a stainless steel shaft of 3/8-inch OD
penetrating through the center of the vessel (see Figure 9-1). This design allows for easy insertion and
retrieval of the heating element, so that a heater, in case of malfunctioning, can be replaced without
terminating an experiment. Also, the replaceable heater design makes installment of multiple heaters for
redundancy unnecessary, resulting in a larger undisturbed volume of clay packing and reduced heater-clay
interfaces. To maintain thermal coupling between the heater and the column bentonite, thermal coupling
fluids or gels are applied to the heater-shaft interface. The end caps for the vessel are also made of Al
7071, with multiple electrical and fluid feedthroughs. The coupling between the heater shaft and the end
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caps is achieved via NPT fittings. The end caps are coupled with the vessel body using through-bolts and
nuts on the flanges. The operation of the heater is controlled by a thermal controller (Cole Parmer).

The bentonite used for the experiments is MX-80 Wyoming bentonite (Cetco). In the current experiment,
the initial water content of the clay was adjusted to 15%, and the bulk density was 1.5 g/cm3. With the
design of the vessel, the packed bentonite column should have a diameter of 6 inches (with the heater in
the middle), and a height of 18 inches. In order to achieve homogenous hydration of clay along the
perimeter of the column, a 0.25-inch thick layer of sand pack (12/20 mesh grain size) was installed
between the clay column and the vessel wall, as a high-permeability boundary. Inlet and outlet ports for
the fluid used in the experiment were installed in the end caps, connected by the annular layer of sand. A
detailed view of the bottom of the test column is shown in Figure 9-2.

Figure 9-2. Schematic diagram showing the geometry of the different components in the column

The saturating fluid that are used for clay hydration is a synthetic brine based on the chemical compositin
of groundwater at the FEBEX site given in Table 9-1. The brine was introduced into the pressure vessel
via a syringe pump (ISCO pumps, 500-ml capacity). The fluid pressure is maintained initially at 130 psi
and monitored by pressure transducers at the inlet and outlet ends. Both an upstream pump and a back-
pressure regulator at the outlet end of the column are used to control pressure and a flow rate.

Table 9-1. Geochemical composition of the artificial groundwater used to saturate the column

Compound Molarity
(mM)

lon Molarity
(Mm)

NaHCO3 0.798 Na 243
Na2SO4 104 C 0.881
NaCI 34.2 SO4 104
KCI 1.23 CI 68.3

CaCl2*2H20 9.35 K 1.23
MgCl2*6H20 7.06 Ca 9.46

CaF2 0.109 Mg 7.06
SrC2 0.0831 F 0.218
Si 0.183 Si 0.183

Sr 0.0831
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9.2.2 Column Packing Procedure

A special procedure was developed for packing of the experimental clay column to install various sensors
precisely at the desired locations. Additionally, a high-permeability sand layer was installed between the
exterior surface of the bentonite column and the inner surface of the metal cylinder. For this purpose, we
designed a specific procedure, in which the clay material is pre-formed/molded with embedded sensors,
followed by a sand layer installation. A specially designed, stackable, multi-ring mold was used for
packing. Each ring contains a few inter-lockable segments. A picture of the packing column is shown in
Figure 9-3. The dimension of the packing column matches the final required clay dimension. Before
packing, the packing ring was positioned on top of the base endcap with installed sensors and
feedthroughs. Afterwards, the various sensors were precisely arranged based on their pre-defined
geometry, then the bentonite clay was packed incrementally by small amounts. Care was taken to
maintain the shape and position of the various sensors and to avoid deformation of the packing rings.
After packing, the whole setup was stored in a -20°C freezer for at least 48 hours to freeze the whole
setup, to allow the packed clay to maintain its shape without the mold in the subsequent steps.

After removing from the freezer, the packing mold was dismantled piece by piece from top down, slowly
and carefully. Then, the pressure vessel hull with preinstalled force sensors was installed cautiously over
the sample bottom end plug assembly at the correct position. Any sand grains remaining at the bottom of
the endcap on the sealing ring and the interfacing vessel surface were removed to ensure proper sealing of
the pressure vessel. After this step, sand grains were poured into the open annular space between the clay
column and the vessel wall to form a high-permeability layer. The top end cap was the final piece
installed before conducing pre-experiment characterization using computerized tomography (CT)
scanning, force sensor testing, baseline ERT, and temperature data acquisitions.

Figure 9-3. Picture of the packing column design for the construction of the clay mold
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9.2.3 Characterization and Monitoring Design

The main characterization and monitoring components for this experiment include the following:

• Periodic X-ray CT imaging

• Continuous temperature monitoring

• Time lapse electrical resistivity tomography (ERT) monitoring

• Continuous swelling pressure monitoring

• Periodic fluid geochemical analysis

• Pre- and post- experiment clay analysis following a gradient from the heater

• Separate laboratory tests for petrophysical studies

X-ray CT Imaging—X-ray CT images provide a 3D visualization of the density distribution in the
vessel, which can be used to visualize density changes due to water saturation, clay swelling or structural
deformation during the experiments. A GE Lightspeed 16 medical CT scanner is used to scan the
experimental vessels periodically throughout the experiment. Based on the vessel dimensions, the spatial
resolution of the CT images is 400 x 400 x 625 gm. Because of the large weight of the experimental
vessels (— 55 lbs), a cart/lift is used to move the vessels onto and off the CT scanner table. Alignment of
the scans is achieved via markings on the CT table and on the outside of the vessel, as well as key features
in the CT images (high and low-density anomalies) inside the vessel during post processing. The post
processing and analysis of the obtained CT scan images are conducted using the Image J numerical code.

Temperature Monitoring—Temperature monitoring is conducted using thermocouples (type T)
installed in the vessel. A total of 8 thermocouples were installed in each vessel between the heater shaft
and the vessel wall. The distances of other thermocouples from the heater shaft are 0 (on heater), 0.5, 1,
1.5 2, 2.5, 3, 3.5 (on inside of the vessel wall) inches. These feedthrough-coupled thermocouples, with an
accuracy of 0.1°C, were acquired from Conax. The temperature readings from the thermocouples were
recorded at 30s intervals with a data logger (Keithley 2701) throughout the experiment. In addition to the
thermocouples inside the vessels, additional temperature measurements were taken on the outside wall of
the vessel.

ERT Monitoring—ERT monitoring is implemented to determine the changes of temperature, moisture
and structure of the sample. ERT provides non-invasive, time-lapse visualization of the dynamic change
of the system at high spatial and temporal resolution and density. Copper (Cu) electrodes of —0.1-inch
size square were used in the experiment. These electrodes were soldered onto the tip of the feedthrough
wires at pre-defined heights. The positioning of the electrodes was guided by two 0.25-inch fiberglass
rods, one on each side of the vessel at 180° off each other. The distance between adjacent electrodes was
1.5 inches, and a total of 12 electrodes were installed on both sides of the vessel. In total, 24 electrodes
were installed in each vessel. A picture of the ERT electrode array design and their geometric
arrangement in the clay pack is shown in Figure 9-4.
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Figure 9-4. ERT monitoring design and geometric layout in the vessel

The ERT data acquisition is conducted using a DAS-1 ERT system (Multi-phase Technologies),
combining electrodes used to send electrical current or measure electrical potential. Measurements were
conducted using a pre-defined monitoring schedule. A total of —2600 data points are collected for each
data acquisition in each vessel, which takes — 40 minutes. The voltage used for ERT data acquisition was
targeted at < 50V, but it varied depending on the resistivity of the tested clay and its hydration status
during the experiment. Both the heated and unheated vessels were configured to allow for sequential data
collection during the same data acquisition event. Tri-hourly data collection is designed for the initial
stage of the experiment, and this frequency was adjusted based on the observed rate of changes during the
experiment. This frequency was reduced for the longer term experiment. Data collection was
autonomously carried out via a control software. Analysis of the post-experiment collected datasets
included data quality assessment, inversion and visualization. The open software BERT (boundless ERT;
Gunther and Rucker, 2013) and Paraview were used for data inversion and visualization.

Swelling Pressure Monitoring—Monitoring of the clay swelling pressure during heating and hydration
was carried out using pressure/force sensors installed on the vessel wall behind the sand pack. Flat, 1
square centimeter sized force sensors (FlexiForce HT201 from Tekscan) were embedded in epoxy resin
before installation to provide seal against water intrusion into electronics. Two sensors were installed in
each vessel on the opposite sides of the column at 180°. The sensors' performance is based on providing a
pressure sensitive voltage that is compared with that from a reference resistor. Calibration curves are built
to convert voltage reading to the pressure values. Depending on the target range of the pressure, the
reference resistor can be adjusted. Monitoring of the voltage is achieved via a data logger (Keithley 2701)
during the experiment.

Fluid Geochemical Analysis—The saturating fluid used to hydrate the bentonite was sampled and
analyzed to monitor geochemical changes in the bentonite system. Changes in water chemistry are used to
understand the geochemical processes in the column due to evaporation, dilution, diffusion and other
transformations. Samples collected from the experiments were filtered, acidified, when necessary,
prepared and analyzed using standard ion chromatography and inductively coupled plasma — mass
spectrometry (ICP-MS) protocols.

Pre- and Post-Experiment Clay Analysis—Analysis of the clay samples from pre- and post-
experiments were carried out to understand changes in physical, chemical and hydrological characteristics
of bentonite due to hydration and heating. Post-experiment clay samples from different distances to the
heater were excavated/cored for these analyses. A standard set of analysis included: gravimetric water
content analysis, scanning electronic microscopy (SEM) imaging and elemental mapping with EDS,
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mineralogical analysis with X-ray Diffractometry (XRD), as well as chemical extraction and leaching
analysis for composition studies. Sub-cored samples post experiment will be measured for its
permeability (using gas) and compared with pre-experiment samples to better understand hydrological
changes induced by heating and hydration. Porosity — permeability correlations can be established based
on these measurements.

Lab Petrophysical Studies—In addition to the heating and hydration experiments conducted in the
pressure vessel, parallel experiments with non-pressurized and smaller columns were set up for
petrophysical model studies. The main goal of such studies is to determine petrophysical correlations that
can be used to link indirect geophysical measurements to parameters of interests. For instance, resistivity-
moisture content correlations can be determined from the results of such studies, so the electrical
resistivity map acquired from the pressure vessels can be translated into a moisture distribution map. Such
studies can also be used to acquire water content-density calibration datasets for CT images as well as for
porosity- permeability correlation studies.

9.3 Experiment Setup

Figure 9-5 includes the images taken during the experimental setup. The first image demonstrates the Al
pressure vessels manufactured at LBNL, and the MX-80 Wyoming clay with the pre-set moisture content
of 15% (the moisture content was achieved via water spraying and mixing). The second image shows the
packing procedure using the custom designed packing column, as well as the ERT electrode arrays and
thermocouples, which were installed in the column during sequential packing starting from the bottom.
The third image shows the packed column after at least two days of freezing under —20°C. The image also
shows zip ties used to ensure that the packed column maintains its shape during freezing. The fourth
image shows the exposed, molded clay column after removal of the packing mold, proving the freeze-
mold procedure works well for this type of material. The fifth image shows a pressure vessel shell loaded
onto the sample. The red internal color of the vessel is from the silicon insulation. The sixth image shows
the packed column in the CT scanner that was ready for background CT imaging. The whole packing
procedure takes multiple rounds of practice, and the final procedure takes about 3 to 4 days and involves a
team of 2 to 3 persons.

After the baseline scan and testing other components, the vessels are ready for experiments. A schematic
diagram of the experimental setup with the vessel and supporting components is shown in Figure 9-6.
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Figure 9-5. Pictures illustrating sequential steps of a column setup
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Figure 9-6. Schematic diagram of the entire experimental setup
including the column, flow control, and sensors
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9.4 Preliminary Datasets

9.4.1 CT Images

The cross-sectional CT images of the vessel 1, which was used for heating and a hydration experiment, is
shown in Figure 9-7. The color scale in the images is CT numbers that are proportional to the bulk
density. The color scale is obtained based on a series of established CT number-to-density calibration
curves. In general, the higher numbers represent higher density. As shown in the image, the bright yellow
color on the column perimeter represents the Al pressure vessel. The white shining spots are either the
copper electrodes, the copper wires connecting the electrodes, or the metal in the pressure sensors. Blue
coloring represents low-density features, which include the interior open space of the heater shaft,
penetrating through the middle of the bentonite column, and some lower density features created during
packing. The brownish color between the vessel and the clay pack represents the sand layer packed into
the column with the purpose to evenly saturate the bentonite. Visible strikes running horizontally cross
the vessel are resulting from the dry packing process. Overall, the density variability as the artifact of the
packing is generally very small.
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NOTE: The two circular cross sections are from locations marked with
the dashed lines on the vertical cross section image on the left.

Figure 9-7. Cross sectional CT images of Column 1,
which is used for a heating and hydration experiment

The cross-sectional CT images of vessel 2 (hydration only) is shown in Figure 9-8 below. As can be seen
from the figure, similar density features can be identified in this column, but some visible variances can
be observed as well. Noticeably, some local low-density features on the top of the column are visible
resulting from uneven packing. In addition, a seemingly slightly larger lateral heterogeneity exists, which
is also related to packing.

Figure 9-9 shows a 3D rendering of V1, and a similar image for V2 is shown in Figure 9-10 with marked
key features.

Overall, the CT images provide well-defined visualization of the column density structure. This can be
used to determine precise locations of the sensors and boundaries in the sample column, which are needed
for interpreting and modeling the behavior of the system as experimental data are being collected.
Additionally, the images can be used to understand changes in density and structure during clay hydration
and heating.
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NOTE: The three different cross sections represent different slices at different depths
in the axis-normal direction.

Figure 9-8. Cross sectional CT images of vessel 2 that are used
for hydration-only experiment as the control

Figure 9-9. 3D CT image of C1 with key instrumentation:
thermocouples, ERT and force sensors, and sensor wires
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Figure 9-10. 3D CT image of C2 with key features indicated

9.4.2 Pressure Sensor Calibration

Two pressure sensors were installed in each colurnn on the opposite sides of the inner vessel wall. The
location of the force sensors is marked on the CT images shown in Figure 9-10. Calibration curves for
these pressure sensors are shown in Figure 9-11. The pressure sensors work with a reference resistor that
determines the range of pressure measurements. Our current calibration includes reference resistors
ranging from 250 ohm to 55 k ohm, and, as seen from the figure, pressure sensitivity and linearity vary
depending on the reference resistors. We started our experiment with a mid-range resistor of 22 k ohm,
and adjusted based on the range of pressure and changes observed during the experiment.
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Figure 9-11. Calibration curves for the pressure sensors installed
in the experimental columns on the inside vessel wall
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9.4.3 Baseline ERT Data

Time lapse ERT datasets provide a dynamic visualization of the changes in the column, and our current
setup allow for simultaneous imaging of both columns on — tri-hourly basis, thus offer the opportunity to
provide spatial and temporally dense datasets. Figure 9-12 shows the 3D baseline ERT image of both
columns as well as the numerical mesh used to performance both forward and inverse simulations. A
python-based algorithm BERT (Gunther and Rucker 2013) was used for ERT data simulations.

Figure 9-12 shows a generally similar resistivity structure of both columns with the resistivity values
ranging from 10 to 70 ohm for the 15% moisture content clay packed inside the columns. A noticeably
higher resistivity anomaly is visible at the top of V2, which is likely due to packing heterogeneity. Lower
density packing features are visible at the top of the V2 column, which will likely cause increased
resistivity, consistent with the features observed in the ERT images. Note that the contact resistance
during this baseline ERT data acquisition is relatively high (>10k ohm) due to the dryness of the material.
High contact resistance reduces signal to noise ratio, thus the data quality. We expect the contact
resistance and the data quality to significantly improve once fluid is introduced into the columns.

-10
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Figure 9-12. 3D visualization of the electrical resistivity structure
of the columns after dry packing of the clay and sand layer

A pair of 3D ERT images showing the vertical cross sections along the column center is shown in
Figure 9-13, which allows for inspecting the internal structures of the setup. We note a consistent lower
density feature in the middle of both columns with slightly higher resistivity at the top and bottom. The
features visible in these images are generally consistent with those observed from the surface shown in
Figure 9-12. Note that separate petrophysical experiments will be conducted in parallel to relate the
electrical resistivity changes observed in these pressure experiment to moisture dynamics, temperature
variations, structural change as well as diffusion processes. In addition, a joint analysis between ERT and
CT will provide further validation of the interpretation of the various datasets.
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Figure 9-13. Clipped view of the 3D ERT images of the columns
after dry packing of the clay and sand layer

9.5 Summary and Future Work

Understanding the THMC processes during heating and hydration of bentonite clay at high temperature is
critical for evaluating the performance of EBS for the storage of high-level radioactive wastes. Well-
controlled laboratory experiments provide an important venue for understanding such complex, multi-
physics processes that are difficult to achieve at other scales. Datasets from well-designed and executed
laboratory experiments provide key inputs for the establishment of constitutive laws and parameterization
of predictive models.

A laboratory experimental setup, called HotBENT-Lab, has been established at LBL to understand the
THMC processes during heating and hydration of bentonite clay at high temperature. This will generate
complementary datasets for comparison with the HotBENT experiment at the Grimsel sites and
benchmarking of predictive models.

Our experiments are designed to simulate realistic heating and hydration conditions at the field scale to
the extent possible. Innovative design features and setup procures are implemented together with a
comprehensive set of characterization and imaging technologies. This is a unique and first of its kind
design and experiment as far as we know, and we hope this will lead to a new capability for better
understanding the behavior of clay systems under a wide range of heating and hydration conditions.

In FY19, we have completed the design, fabrication, and testing of the experimental platform, as well as
some preliminary calibration datasets and results.

In the remaining time of FY19, we will continue the experiment, including collecting and interpreting
data, and making adjust when needed. Modeling HotBENT-Lab was proposed to be one of the tasks in
SKB Task Force in 2020 and multiple team will model HotBENT-Lab to test their modeling capability.
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10. EXPERIMENTAL INVESTIGATIONS ON BENTONITE AND OTHER

10.1 Introduction and Research Motivation

Uranium (U) is the primary radionuclide present in spent nuclear fuel. In order for nuclear energy to be
viable, a long-term nuclear waste disposal repository capable of isolating high-level (HLW) and low-level
radioactive waste (LLW) over the time scales necessary for the decay of long-lived radioactive isotopes
(> 106 years) must be created. Most disposal options currently under investigation use clay media (i.e.,
bentonite or shale) as candidates for engineered barriers or as the host rock for geologic storage (Altmann,
2008; Altmann et al. 2012; Delay et al. 2007; Guyonnet et al. 2009; SKB 2011; Tournassat et al. 2015).
Clays are considered to be good barriers for HLW due to their low hydraulic conductivity, which restricts
contaminant mobility and slows diffusion-based transport, and their high adsorption capacity for
radionuclides, which slows transport even further. Montmorillonite (M+0.33(A11.67Mgo.33)Si4010(OH)2) is
the dominant clay mineral found in bentonite. It has a 2:1 layer-type phyllosilicate structure, with a large
specific surface area (-750 m2lg) and cation exchange capacity (-1000 meq/kg), and strongly sorbing
surface complexation sites on clay edge surfaces.

Uranium can exist in both the tetravalent [U(IV)] and hexavalent [U(VI)] oxidation states. However, due
to the limited solubility of U(IV), U(VI) is the most common oxidation state found in the dissolved phase.
U(VI) adsorption varies as a function of pH, bicarbonate, and Ca2+ concentrations due to changes in
U(VI) aqueous speciation (Fox et al. 2012; Fox et al. 2006; Stewart et al. 2010; Tournassat et al. 2018).
At moderate bicarbonate concentrations (> 1 mM) above pH 7, U(VI) speciation is dominated by uranyl-
carbonato complexes [UO2CO3(aq), UO2(CO3)22-, UO2(CO3)341 in the absence of Ca, and calcium-uranyl-
carbonato ternary complexes [Ca2UO2(CO3)3(aq), CaUO2(CO3)321 in the presence of typical groundwater
Ca concentrations (> 1 mIVI) (Dong and Brooks 2006; Fox et al. 2006; Guillaumont et al. 2003). These
calcium-uranyl-carbonato complexes adsorb weakly or not at all to mineral surfaces, and thus changes in
U(VI) speciation have a large impact on its sorption behavior (Fox et al. 2012; Fox et al. 2006; Stewart et
al. 2010). U(VI) Kd (distribution coefficient) values for adsorption onto montmorillonite can vary over 4
orders of magnitude, depending on aqueous chemical conditions, such as pH, partial pressure of CO2,
ionic strength, and Ca concentration (Tournassat et al. 2018).

In compacted clay, solute transport is controlled by diffusion, and adsorption of solutes to the clay can
significantly retard transport. A limited number of studies have examined U(VI) diffusion through
bentonite (Garcia-Gutiérrez et al. 2003; Idemitsu et al. 1995; Joseph et al. 2017; Joseph et al. 2013;
Ramebäck et al. 1998; Torstenfelt and Allard 1986; Wang et al. 2005) and montmorillonite (Glaus and
Van Loon 2012; Tinnacher et al. 2016b). Most of these experiments have been conducted under
conditions where U(VI) Kd values were relatively low (1-50 L/kg), with only a few studies performed at
moderate U(VI) Kd values of 93-310 L/kg (Torstenfelt and Allard 1986; Wang et al. 2005). This is likely
due in part to the extremely long time scales necessary for diffusion of strongly sorbing solutes. Joseph et
al. (2017) found that the U(VI) had migrated only about 2 mm into the clay after 6 years of diffusion
under relatively low U(VI) sorption conditions (Ka = 2.6-5.8 L/kg). Diffusion experiments with natural
bentonite are complicated by changes in porewater chemistry during experiments due to processes such as
dissolution of carbonates (e.g., calcite) and cation exchange. This can lead to variable and unknown pH
values and Ca and bicarbonate concentrations in the porewater during diffusion experiments, which in
turn leads to dynamic changes in U(VI) aqueous speciation and adsorption during the experiments.
Without a full understanding of the mechanistic factors underpinning U(VI) diffusion it is difficult to
accurately predict the mobility of U(VI) in a waste disposal scenario.

Storage of HLW can result in generation of high temperature near the waste canisters resulting from
radioactive decay. The effects of elevated temperature on the engineered barrier must be taken into
account when designing a nuclear waste repository. The duration of the transient elevated temperature
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and temperature profiles in the engineered barrier can vary widely depending on the repository design and
site-specific (e.g., host rock) factors, however most HLW repository concepts impose a temperature limit
of 100-200°C in the bentonite buffer, with elevated temperature persisting for on the order of thousands
of years (Johnson et al. 2002; Wersin et al. 2007; Zheng et al. 2015a). Temperature effects on the
bentonite barrier may include changes to the clay's hydrological and mechanical properties, changes to
pore water chemical composition, and changes to the clay and accessory mineral composition (Cuadros
and Linares, 1996; Wersin et al. 2007; Zheng et al. 2015a). The conversion of montmorillonite to illite,
known as illitization, is one of the primary mineralogical changes expected to occur during long-term
exposure to high temperature. In a modeling study, Zheng et al. (2015a) predicted the extent of illitization
over a 1000 year period to be 1-8% (volume fraction) at 100°C, and 1-27% at 200°C. Concentrations of
pore water potassium (K) and the abundance and dissolution rate of K-feldspar were the primary chemical
factors controlling the extent of illitization in their study (Zheng et al. 2015a). Cementation of clay
particles, e.g., through precipitation of Si02, leading to a loss of swelling capacity may also occur as a
result of bentonite heating, particularly under unsaturated conditions (Couture, 1985; Pusch et al. 2003;
Wersin et al. 2007). Intmsion of groundwater from the surrounding host rock may also have an effect on
clay properties. In order to investigate these combined effects on an engineered barrier, the FEBEX (Full-
Scale Engineered Barriers Experiment) in situ heater test was conducted by Empresa Nacional de
Residuos Radiactivos (ENRESA) under the auspices of the European Union at the Grimsel Test Site from
1997 to 2015 (Villar et al. 2018a; Villar et al. 2018b). Highly compacted bentonite blocks, serving as the
engineered test barrier, were placed in a radial arrangement around two underground heaters and heated to
a maximum of 100°C in a crystalline host rock (Huertas, et al. 2000).

The primary goals of this work were to (1) compare U(VI) adsorption behavior on bentonite heated under
realistic field conditions to control, non-heated (cold-zone) bentonite from the FEBEX experiment,
(2) perform U(VI) diffusion experiments on purified bentonite under carefully controlled chemical
conditions, and (3) to compare U(VI) diffusion through heated and control purified bentonite. Work on
goal (1) was largely completed during FY17 and FY18, and a manuscript describing the results was
prepared and submitted during FY19. A brief summary of this work is given in section 5.2. In FY19, we
have begun work on goals (2) and (3) and the experimental setup and progress are presented in the
following sections.

10.2 Summary of U(VI) Batch Adsorption onto Heated Bentonite

In FY17 and FY18, batch U(VI) adsorption experiments were performed onto both purified and bulk
FEBEX bentonite (Fox and Nico 2017; Zheng et al. 2018). The results of these experiments were written
up in a journal article submitted to Applied Geochemistry in FY19 (Fox et al. 2019). Results show that
U(VI) adsorption was lower for field-heated bentonite located closest to the heater, which experienced
temperature of approximately 95°C, compared to a control sample, which experienced temperature of
approximately 20°C, over a range of aqueous chemical conditions (Figure 10-1). On average, Kd values
for U(VI) adsorption were 31% lower for 95°C heated samples. By contrast, U(VI) adsorption onto
intermediate-heated bentonite (50°C) was indistinguishable from the adsorption onto the cold-zone
(20°C) sample. Lower U(VI) adsorption to field-heated bentonite persisted after bentonite was purified to
isolate the clay fraction. This allows us to rule out changes in pore-water chemistry or accessory mineral
composition as causes of the lower adsorption. No evidence of montmorillonite illitization was observed
in the heated samples. Similar effects on U(VI) adsorption were observed on laboratory-heated bentonite
(heated at 300°C for 7 weeks), with an average decrease in Kd values of 50% after heating (Figure 10-1).
The observed changes in U(VI) adsorption to bentonite after heating have implications for U(VI)
diffusive transport through engineered barriers and must be considered when designing radioactive waste
disposal repositories.
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Figure 10-1. U(Vi) adsorption as a function of pH onto (A) bulk FEBEX bentonite,
(B) bulk lab-heated and control bentonite, and (C) purified FEBEX bentonite

10.3 Diffusion Theory

The transport of solutes through compacted clay media is governed by diffusion, which can be described
by Fick's lst law according to Equation 10-1:

ac
J = —De

ax
Equation 10-1

where J is the diffusive flux (in mol 111-2 s-1), De is the effective diffusion coefficient, c is the
concentration in porewater solution, and x is the distance. De is related to the diffusion coefficient in free
water (Do) and takes into account the tortuosity (r), constictivity (6), and porosity (c) of the porous system
as shown in Equation 10-2:
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De =
E • 6

T2 
Do Equation 10-2

The change in concentration with time can be described by Fick's 2nd law, which is written for sorbing
species as follows (Equation 10-3):

ac a2c

= at Da ax2
Equation 10-3

where Da is the apparent diffusion coefficient, which is related to Da by the rock capacity factor, a
(Equation 10-4) defined in Equation 10-5.

De
Da = —

a

a = E + pbKd

Equation 10-4

Equation 10-5

In this work, we will perform diffusion experiments on purified FEBEX bentonite under several chemical
conditions to evaluate the effect of heating on U(VI) diffusion under realistic waste-disposal scenarios
under carefully controlled chemical conditions. In-diffusion experiments will be used in order to
minimize the amount of time needed to perform U(VI) diffusion experiments (i.e., compared to through
diffusion experiments). Shackelford (1991) provided an analytical solution to Fick's second law
describing diffusion of a sorbing contaminant using a single reservoir (i.e., in-diffusion) where the
concentration of the contaminant is allowed to decrease in the reservoir over time (Equation 40 in
Shackelford 1991).

2
E E

= exp[() DeRdtler f c[(—)V DeRdt1
co rif Hf

Equation 10-6

where ct is the concentration of the solute in the source reservoir at time t, co is the concentration of the
solute in the source reservoir, Hf is the height of the source reservoir, Rd is the retardation factor, and erfc
is the complementary error function. Note that this equation is valid assuming that the clay plug is semi-
infinite, in other words, that the tracer (solute) will not reach the end of the clay plug during the course of
the experiment. Given the high Ka values for U(VI) adsorption onto purified FEBEX samples, this
assumption is valid. Rd can also be expressed in terms of the Kd using Equation 10-7 if we assume that Kd
is linear with respect to porewater concentration under the experimental conditions being investigated:

Pa
Rd = 1 + H Kd

E
Equation 10-7
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where pa is the dry density. Hf is defined by Equation 10-8:

H = —
V

f A
Equation 10-8

where V is the volume of the source reservoir and A is the cross-sectional area of the diffusion cell.

The porosity can be calculated using Equation 10-9:

£ = 1
, 
—
Pd

P,g
Equation 10-9

where pg is the crystal density of clay mineral layers (i.e., grain density). For montmorillonite, pg is
approximately 2.84 kg/L (Bourg et al. 2006; Tournassat and Appelo 2011). Note that this is total porosity
and effective porosity (i.e., for U(VI) species) may be lower. Joseph et al. (2017) estimated effective
porosity for U(VI) from Archie's law to be 0.11-0.27 at 1.3 kg/L dry density, and 0.09-0.20 at 1.6 kg/L,
compared to total porosities of 0.54 and 0.44 at 1.3 and 1.6 kg/L, respectively.

10.4 Materials and Methods

10.4.1 Bentonite Samples

Bentonite samples were obtained from the second dismantling of the FEBEX in situ heater test in 2015,
after 18 years of heating. The FEBEX heater test was conducted by ENRESA under the auspices of the
European Union at the Grimsel Test Site. Detailed information on the test can be found elsewhere
(Huertas et al. 2000). Briefly, bentonite was compacted into blocks ("bentonite rock") at 1650 kg/m3 dry
density, placed in a radial arrangement around two underground heaters and heated to a maximum of
100°C. The original FEBEX bentonite contained primarily smectite (92%), with minor amounts of quartz
(2%), plagioclase (2%), cristobalite (2%), and traces of potassium feldspar, calcite, and trydimite
(Fernandez et al. 2004). The smectite is made up of a mixed layer illite-montmorillonite with
approximately 11% of illite layers (Fernandez et al. 2004). Based on results from adsorption experiments,
we chose to focus on bentonite samples from two locations; one location in the heater test zone (BD-48)
at a radial distance of 50 cm from the center axis, and one location from a control non-heated zone (BD-
59) at 50 cm. The section layout during dismantling is described by Detzner and Kober (2015). Three
replicate blocks from each location, measuring approximately 10 x 12 x 14 cm, were used in our study.
The blocks were split open and approximately 200 g of bentonite was removed from the center of each
block and dried in an oven at 60°C for 1 week. The dried bentonite was then crushed by hand using a
porcelain mortar and pestle, and sieved through a 0.063 mm sieve in order to remove sand particles and
reduce sample heterogeneity. Equivalent weights of each replicate block were mixed together to form
composite samples for the three locations. Average water contents were approximately 18% and 25% and
historical in situ temperatures were approximately 95°C and 20°C for the 50-cm heater-zone and 50-cm
cold-zone samples, respectively (Villar et al. 2018a; Villar et al. 2018b).

Two preliminary diffusion experiments were conducted using a commercially available, well-
characterized standardized Source Clay (Na-montmorillonite, SWy-2, Clay Minerals Society). This clay
was used for previous U(VI) adsorption and diffusion experiments (Tinnacher et al. 2016a; Tinnacher et
al. 2016b; Tournassat et al. 2018).
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10.4.1.1 Bentonite Purification

Composite FEBEX bentonite samples were purified in order to produce a purified clay sample (i.e.,
without carbonate and other accessory mineral impurities) for U(VI) diffusion experiments. The
purification procedure was adapted from Tinnacher et al. (2016a). The procedure included the following
major steps: (1) dialysis against sodium acetate at pH 5 for carbonate mineral removal, (2) dialysis against
NaC1 to remove acetate and complete Na-saturation, (3) dialysis against water to remove excess salts, and
(4) centrifugation to remove particles greater than 2 gm. Composite clay samples (20 g) were suspended
in 200 mL of 1 M sodium acetate solution buffered at pH 5 with acetic acid, placed into pre-rinsed
dialysis tubing (SpectraPor7, 8 kDa), and dialyzed against acetate buffer for 1 week, changing dialysis
solution daily. The acetate buffer dialysis solution was then replaced with 1 M NaC1 (dialyzed for one
week), then with MilliQ water (dialyzed for two weeks), again changing dialysis solution daily. The clay
suspensions were then transferred into plastic bottles and diluted and dispersed in MilliQ water to reach a
clay concentration of approximately 15 g/L, and centrifuged at 1000 x g for 7 minutes. This
centrifugation speed and time was deemed sufficient to remove all particles > 2 gm as calculated from
Stoke's Law. The replicate < 2-gm clay fractions were then combined into a glass beaker, dried at 45°C
and ground in ball mill with tungsten carbide balls. The Na-montmorillonite Source Clay used for
preliminary experiments was purified in a similar manner, as described in detail elsewhere (Tinnacher et
al. 2016a).

10.4.1.2 Pre-Equilibration of Clay

In order to ensure that aqueous porewater chemical concentrations are constant during the diffusion
experiments, purified clay samples were pre-equilibrated with the appropriate background electrolyte
prior to packing in diffusion cells. Purified clay was suspended in electrolyte solution at a solid:liquid
ratio of 1:10 and the clay suspension was transferred to pre-rinsed dialysis tubing (SpectrPor7, 8 kDa).
Purified clay was dialyzed against 1 L of background electrolyte for 2 weeks, changing dialysis solution
at least 3 times and manually adjusting pH daily. After dialysis was complete, the clay suspension was
transferred to 40 mL polycarbonate centrifuge tubes and centrifuged at 39,000 x g for 20 minutes. The
supernatant was removed and the clay was dried at 45°C and ground in ball mill with tungsten carbide
balls.

10.4.2 Diffusion Experiments

In-diffusion experiments were conducted with purified, pre-equilibrated FEBEX or SWy-2 clay at several
different chemical compositions, clay densities, and diffusion cell designs as shown in Table 10-1. All
experiments were performed at room temperature in the presence of 0.1 M NaC1 with either 0.1 or
2.0 mM Ca and the specified pH in equilibrium with atmospheric CO2. The pre-equilibrated dry clay
samples were carefully weighed into PEEK diffusion cells and compacted using a custom PEEK packing
rod. The clay was then saturated by circulating 200 mL of background electrolyte at both ends of the cell
at approximately 1 mL/min using a peristaltic pump for 12-21 days. Tubing connecting the source
reservoir to the diffusion cell consisted of 1/16-in. OD Teflon tubing and Tygon 2001 (2 mm ID) pump
tubing. The background electrolyte solution was monitored for pH and dissolved Ca concentrations
during saturation. After the saturation period, one end of the diffusion cell was plugged and the
background electrolyte solution at the other end was replaced with 20 mL of electrolyte solution spiked
with 1 x 10-6 M U(VI) in a Teflon bottle, marking the start of the U(VI) diffusion experiment. Subsamples
of the U(VI) solution reservoir were collected periodically for dissolved U(VI) and Ca measurement by
ICP-MS and pH was measured directly in the U(VI) solution reservoir. U(VI) diffusion was continued for
14 days and 7 days for experiments (1) and (2). Experiments with purified FEBEX bentonite (3 and 4) are
currently ongoing. U(VI) controls consisting of U(VI)-spiked electrolyte solution recirculating through
the peristaltic pump (no diffusion cell) were performed in parallel for each experimental condition. The
U(VI) control reservoirs were monitored and sampled in the same manner as the U(VI) diffusion
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experiment reservoirs in order to verify that U(VI) adsorption to tubing and source reservoir containers
was minimal

At the end of the U(VI) diffusion period, the diffusion cells were disassembled and the clay plug was
extruded using the PEEK packing rod and sliced into thin slices. The thickness of the clay slices was
measured using a digital caliper with a precision of 0.1 mm. The clay slices were placed into 20-rnL glass
scintillation vials, dried at 150°C for 24 hours, and weighed to determine the exact dry clay weight for
each slice. For experiments with PEEK filters, the filters were removed from each end of the clay plug,
suspended in 10 mL of MilliQ water in a glass scintillation vial and shaken vigorously to dislodge any
clay that was stuck to the filter. When PEEK filters were used, the filter was then transferred to a new vial
and 10 mL of 0.15 M nitric acid was added to the filter to dissolve any adsorbed U(VI). U(VI) adsorption
to stainless steel filters was not quantified. The clay slices were extracted with 10 mL of 0.15 M ultrex
grade nitric acid for 24-hours, then centrifuged at 39,000 x g for 20 min and filtered through a 0.45 gm,
polyvinylidene fluoride (PVDF) syringe filter. Metal concentrations were measured in the nitric acid
extracts by ICP-MS. The small amount of clay which was removed from the filters with MilliQ water was
dried at 150°C, weighed, and extracted in the same manner as the clay slices. Both the dry bulk density
(pd) and U concentrations in the clay plug are expressed in terms of the 150°C oven dry weight of clay. At
room temperature, the clays had a water content of approximately 14%.

Two different diffusion cell designs were tested in the preliminary experiments #1 and #2. All diffusion
cells were custom made out of PEEK plastic. Diffusion cells A and B have the same physical dimensions
(diameter D=1.0 cm, length L=0.5 cm), but differ in terms of the detailed design and filter types.
Diffusion cell A is made of a stainless steel filter and was the same as used by Tinnacher et al. (2016a);
the reader is referred to that publication for a detailed schematic of the cell. Diffusion cells B and C were
machined in-house at LBNL and have the same general design based on that of Van Loon et al. (2003)
and shown in Figure 10-2. Cells B and C use a PEEK filter with a PCTFE ring (IDEX # OC-815, overall
D=0.95 cm, filter D=0.74 cm, thickness=0.16 cm, pore size=5 gm). Filter pore sizes of 2-10 gm are
commonly used in diffusion experiments with clay (e.g., Tinnacher et al. 2016a; Van Loon et al. 2003;
Joseph et al. 2013), and serve as a physical (diffusive) barrier between the flowing solution and the clay
plug. The only difference between cells B and C is the diameter of the diffusion cell, which was 1.0 cm
for cell B and 0.95 cm for cell C. The diameter was adjusted for cell C in order to ensure a tight fit for the
filters.

Table 10-1. Experimental conditions for U(Vl) diffusion experiments.

Experiment Clay pH Ca, mM U(Vl) Kd, L/kga pa, kg/L Cellb

1 SWy-2 7.4 0.1 3,758 1.10 A

2 SWy-2 7.4 2.0 2,092 1.37 B

95°C heated-
zone

20°C cold-
zone

3 FEBEX 7.0 0.1 14,791 19,055 1.19 C

4 FEBEX 7.0 2.0 9,333 16,982 1.20 C

NOTE: a For the SWy-2 clay, U(VI) Kd values were estimated from the closest experimental conditions in Tournassat et al.
(2018), which correspond to pH 7.35, 0.007 mM Ca for Experiment (1) and pH 7.43, 2.06 mM Ca for Experiment
(2); data can be found in the EA for that paper. For the FEBEX clay, Kd values are from our previous work (Fox
and Nico 2017; Fox et al. 2019).

b Different diffusion cell designs were used for the two preliminary (SWy-2 clay) experiments as described in the
main text. Schematics of diffusion cells B and C are shown in Figure 10-2.

The background electrolyte used for all experiments was 0.1 M NaCI.
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NOTE: In (A), during saturation both reservoirs are used. During U(VI) diffusion, reservoir 2 is removed and the cell is plugged at
that end. In (B), the dimensions for cell C are as follows: OD=30 mm, ID=9.5 mm, L1=17.8 mm, L2=12.2 mm, L3=4.9 mm.
O-rings measure 7.5 mm ID and 9.5 mm OD. Cell B has the same dimensions, except for ID, which is 10.0 mm, and uses
o-rings with 8.0 mm ID and 10.0 mm OD. Cells B and C are machined in house.

Figure 10-2. (A) Schematic of diffusion cell design for Cells B and C showing a cross-sectional
view of the diffusion cell with the clay plug, filters, and two solution reservoirs, and (B) detailed
schematic of the cell design with groves for the o-rings and an S-shaped channel needed for

solution to distribute evenly over the entire filter of the diffusion cell

10.4.3 Analytical Techniques

Samples were analyzed for metal concentrations (U, Ca, Mg, Al, Si, and Fe) by ICP-MS (Perkin-Elmer
Elan DRC II) after acidification and dilution with ultrapure (ultrex grade) 0.15 M nitric acid and internal
standard addition.

10.5 Results and Discussion

10.5.1 Characterization of Reservoir Concentrations

10.5.1.1 Experiment 1

Dissolved U(VI) concentrations measured in the U(VI) diffusion source reservoir are shown along with
concentrations in a control reservoir in Figure 10-3. A smooth decrease in reservoir U(VI) concentrations
was observed during the experiment. Minor changes in U(VI) concentrations were observed in the control
reservoir and likely reflect analytical and sampling error rather than loss of U to reservoir container and
tubing. Figure 10-4 shows measured Ca concentrations and pH values in the diffusion cell source and
control reservoirs during the experiment. Both control and sample reservoirs showed a slight increase in
pH over the course of the experiment, from approximately 7.4 to 7.5. Ca concentrations were fairly stable
over the course of the experiment for the control sample, but the U diffusion sample showed a slight loss
of Ca on the order of 5x10-5 M. This may indicate that the clay sample was not perfectly equilibrated
with Ca during the clay pre-equilibration phase. However, given the extremely small changes in Ca
during the experiment, this is unlikely to affect U(VI) adsorption.
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Figure 10-3. Evolution of U(Vl) concentrations in source reservoir for
U diffusion sample and control reservoir during Experiment 1
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10.5.1.2 Experiment 2

Measured concentrations of U(VI), Ca, and pH values in the source reservoir and control reservoir for
Experiment 2 area shown in Figure 10-5 and Figure 10-6. A generally smooth decrease in the U(VI)
reservoir concentration for the diffusion sample was observed during the first 24 hours. However, after 24
hours, no significant change in reservoir concentration is observed. Minor changes in pH and dissolved
Ca in the source reservoir for the diffusion sample and control reservoir are observed during the course of
the experiment. As with Experiment 1, the sample reservoir showed a slight loss of Ca compared to the
control reservoir (approximately 1x10-4M) and minor changes in pH (7.4-7.5).

The extent of diffusive loss of U(VI) from the reservoir is much lower in Exp 2 compared to Exp 1 (17%
versus 75%, respectively). Several factors are different between the two experiments, including Ca
concentration (0.1 versus 2.0 mM), clay dry density (1.10 versus 1.37 kg/L), and diffusion cell design.
For Experiment 2, the combination of higher Ca concentrations, which lead to lower U(VI) Kd values, and
higher dry density will lead to lower porosity and lower diffusion coefficients. For example, Joseph et al.
(2017) found an approximately 4-fold decrease in the apparent diffusion coefficient, Da, when dry density
was increased from 1.3 to 1.6 kg/L. The diffusion cell design differences may also have influenced the
U(VI) loss from the source reservoir. While the diffusion cell dimensions are the same for the two
experiments, Exp.1 utilized stainless steel filters, while Exp. 2 utilized PEEK filters. U(VI) adsorption to
stainless steel filters is expected to be slightly higher than to PEEK filters. We estimate that a maximum
of 0.5% of the total U(VI) was lost to adsorption to PEEK filters; adsorption to stainless steel filters was
not quantified.
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Figure 10-5. Evolution of U(Vl) concentrations in source reservoir for
U diffusion sample and control reservoir during Experiment 2
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Figure 10-6. Evolution of Ca concentrations and pH in the source reservoir
for the diffusion cell sample and control reservoir during Experiment 2

10.5.2 Clay Slicing

In order to determine the U(VI) diffusion profile in the clay, the clay plugs were sliced at the end of each
experiment and total U concentrations were measured in the clay. Background metal concentrations
extracted from the SWy-2 clay, which had been pre-equilibrated with 0.1 M NaC1 and 2 mM Ca at pH 7.4
(i.e., Exp. 2 conditions), are shown in Table 10-2. Background concentrations were not measured on clay
pre-equilibrated under Exp. 1 conditions, but with the exception of Ca, the metal concentrations are
expected to be the same.

For Experiment 1, the diffusion cell design made it very difficult to achieve clean slices of clay. The inner
chamber of the cell contains a recessed "shelf' where the end cap fits along with a groove, which holds an
o-ring. During extrusion of the clay plug, clay stuck in the o-ring groove and recessed portion of the cell.
For this reason, we were unable to measure a true U(VI) diffusion profile in the clay plug for
Experiment 1. However, several portions of the clay were dried, extracted, and analyzed by ICP-MS. The
net accumulation of adsorbed metals was calculated by subtracting the background clay concentrations
(given in Table 10-2) from the concentrations measured in the clay plug after U(VI) diffusion. The
extractions show a net accumulation of U in the clay compared to the background clay ranging from 0 to
2.69x1 0-8 mol/g (average 1.34x1 0-8 mol/g) as shown in Figure 10-7. A net accumulation of Fe was also
observed in the clay during Exp. 1, with a maximum of 1.16x 10-5 mol/g net Fe accumulation, more than
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double the background Fe concentration. Visible corrosion (red staining) was noted on the stainless steel
filter at the U(VI)-inlet end during dismantling of the diffusion cells (Figure 10-8) and the clay directly in
contact with the inlet filter also had a reddish color, suggesting that iron oxides were formed on the filter
and possibly mixed in with the clay. For this reason, we used PEEK filters in subsequent diffusion
experiments and in the final diffusion cell design.

In Experiment 2, the clay was sliced into sections ranging from 0.2-0.6-mm thick using a clean stainless
steel razor blade and the net U accumulation was determined in each slice. The results, shown in
Figure 10-9, demonstrate that U accumulated only in the first slice of clay, from 0.0-0.3 mm at a
concentration of 1.87x1 0-8 mol/g. The profiles of Ca and Fe in the clay are also shown in Figure 10-9; Ca
concentrations were very consistent in the clay and did not change from the background Ca concentration
(1.03 x10-4 mol/g) whereas Fe concentrations appeared to show a slight loss compared to background
concentrations (8.13 X 10-6 mol/g).

Table 10-2. Background metal concentrations in purified SWy-2 clay, which was
pre-equilibrated with 0.1 M NaCI, 2 mM Ca, at pH 7.4 measured by nitric acid extraction

Metal Extracted Concentration (mol/g)

Mg 8.39x10-06 ± 2.00x10-08

Al 4.34x10-°5± 3.44x10-°7

K 5.71x10-°6± 4.32x10-°8

Si 1.04x10-°4± 7.63x10-°7

Mn 2.63x10-°7± 1.94x10-°9

Caa 103x10-°4± 8.93x10-°7

Fe 8.13x10-06± 7.94x10-08

U 2.45x10-08± 2.04x10-1°

Sr 5.12x10-08± 6.36x10-10

NOTE: a This table provides the measured Ca concentration for
the clay pre-equilibrated with 2 mM Ca. Background Ca
concentrations will be much lower in clay equilibrated
with 0.1 mM Ca.
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Figure 10-7. Net U and Fe accumulation on clay during Experiment 1

NOTE: Some discoloration of clay that was in contact with the inlet filter was also observed.

Figure 10-8. Photograph showing evidence of corrosion (reddish color) of stainless
steel filter at U(Vl)-inlet end of diffusion cell at the end of Experiment 1
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Figure 10-9. U diffusion profile in clay at the end of Experiment 2 (top), and Ca and Fe
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10.6 Summary and Future Work

Results from U(VI) batch adsorption experiments demonstrated an average decrease in U(VI) Kd values
of approximately 30% after heating of FEBEX bentonite for 18-years at 95°C and an average decrease of
50% for lab-heated bentonite. For 95°C heated FEBEX bentonite, the lower Kd values persisted after the
bentonite was purified to isolate the smectite mineral fraction. This result allows us to rule out changes in
aqueous U(VI) speciation and changes to the accessory mineral fraction as drivers of the change in U(VI)
adsorption. While no evidence of illitization was observed in either the field-heated or lab-heated
bentonite, an increase in Si02 phases, particularly at the edges of the montmorillonite structure, are
observed in the lab-heated samples (Caporuscio et al. 2014; Fox et al. 2019). U(VI) is primarily adsorbed
to these edge sites under neutral to alkaline pH conditions most relevant to the waste disposal
environment (Tournassat et al. 2018). Therefore, we hypothesize that precipitation of Si02 during heating,
may effectively block edge sites, which may cause the lower observed U(VI) adsorption. This
precipitation may also lead to a decrease in the swelling capacity of the clay through cementation of the
smectite layers.
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In compacted bentonite, U(VI) transport is governed by diffusion processes. The apparent diffusion
coefficient, Da, varies as a function of both the effective porosity and Kd. U(VI) Kd values can vary over 3
orders of magnitude under aqueous geochemical conditions relevant for waste disposal scenarios (pH 7-9,
0-1-2.0 m1VI Ca), resulting from changes in aqueous U(VI) speciation and structural changes to the
smectite mineral. In FY19, we have performed two preliminary U(VI) diffusion experiments in order to
test the diffusion cell design and bracket the experimental conditions (e.g., clay dry density, pH, and Ca
concentration) to be used in the full diffusion experiments.

Several problems arose during the first diffusion experiment, including (1) corrosion of stainless steel
filters, and (2) difficulty obtaining uniform clay slices from the bentonite. Corrosion of the stainless-steel
filter appeared to result due to an increase in the Fe content of the clay during the diffusion experiment.
This undesirable artifact may lead to changes in U(VI) adsorption and potentially reduction of U(VI) to
U(IV) during the experiment. These issues were addressed in the final diffusion cell design by switching
to a PEEK filter and changing the design of the diffusion cell to allow for clean extrusion and slicing of
the clay plug. Preliminary diffusion experiments, using SWy-2 clay, demonstrated the success of this
design. Nine new diffusion cells were fabricated based on the new design, and experiments with FEBEX
bentonite were begun.

For the remainder of FY19, we will continue performing the U(VI) diffusion experiments listed in
Table 10-1 (Experiments 3 and 4). These experiments are aimed at a comparison of U(VI) diffusion
through 95°C heated FEBEX bentonite and 20°C cold-zone bentonite under two different chemical
conditions. In FY20, we will continue to study U(VI) diffusion through FEBEX bentonite under different
chemical conditions to better understand how U(VI) aqueous speciation and FEBEX heating will affect
diffusion through an engineered barrier system.
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11. COMPUTATIONAL PREDICTION OF THE RETENTION OF MULTI-
NUCLEAR RADIONUCLIDE COMPLEXES BY BENTONITE

11.1 Introduction

The irradiation of uranium in nuclear reactors generates several transuranium elements, including long-
lived alpha-emitters, such as 238-242N and 237Np, which usually become part of the high-level nuclear
waste (HLW) and require safe storage (Ewing et al. 2010). Investigations of transport of these long-lived
radionuclides are very important, because they are radiotoxic contaminants and will remain a threat even
after 1000 years (Ewing, 2011; Ewing et al. 2010).

The capability of a bentonite barrier to impede the transport of long-lived radionuclides is an important
aspect of the performance evaluation of any nuclear waste storage strategy. A scenario for radionuclide
release involves groundwater reaching a corroded canister and mobilizing 237Np and 239P11. Knowledge of
the aqueous speciation and chemistry of Np and Pu radionuclides, their interactions with clay minerals,
and their mobility within bentonite is critically important for evaluating repository performance.

The oxidation state of an actinide, and the associated charge of the most common aqueous species, is the
most important descriptor of retention and sorption properties. In surface waters, Np(V) is the dominant
oxidation state, and if Np is released in this form, it is likely to be highly mobile. In water, Np(V) forms
the neptunyl oxyanion NpO2+ that only weakly adsorb to the mineral surfaces, but form stable carbonate
complexes (Fröhlich et al. 2012b; Geckeis et al. 2013; Marsac et al. 2015). Under reducing conditions,
which may develop close to the cannister, Np(IV), Np(III) may be formed whereas Np(VI) is stable only
under highly oxidizing conditions (Kaszuba and Runde 1999).

Unfortunately, only limited studies of Np isotopes were conducted to study the retention by bentonite
under realistic repository conditions with respect to temperature and geochemical composition ranges.
The knowledge gaps can be partially filled by nanoscale modeling studies using atomistic computer
simulations and first-principle calculations. The objective of these simulation is to understand the
radionuclides retention mechanisms in order to make reliable predictions based on a combination of
experimental measurements and up-scaled modeling approaches. Here, we present the molecular
dynamics results of the salinity and clay-confinement effect on Np(V) mobility in montmorillonite.

11.2 NP(V) Retention by Bentonite—Experimental Observations

Overall trends in the speciation of Np in aqueous solution and the affinity of Np species to clay minerals
with Np oxidation state and solution pH are relatively well understood (Bradbury and Baeyens 2006,
2009b), and illustrated in Figure 11-1. The preference of actinide ions to accumulate in compacted
bentonite generally follows the effective charge of aqueous species, which can be expressed in the case of
Np as follows: Np4+ > Np3+ > Np022+ > Np02+. For instance, the distribution coefficient for Np on
bentonite, the ratio of bound to free Np, is about 500 times larger for Np4+ than that for Np02± (Ewing et
al. 2010).

At low pH, the clay edges are positively charged, and, therefore, electrostatically repel Np ions. The
retention can occur only due to ion exchange with the counterions on the basal plane of clay particles
(Figure 11-1). The Np uptake decreases with an increase in an ionic strength under low pH conditions,
because of the competition of the background electrolyte cations for the exchange sites (Bradbury and
Baeyens 2005, 2006). As the bulk pH increases the electrostatically and chemically driven sorption to the
negatively charged clay edges dominate. In the slightly reducing conditions, which are common in soil or
natural clay rocks, neptunium should be reduced to Np4+, which is considered immobile due to strong
affinity toward mineral surfaces (Banik et al. 2017; Fröhlich 2015; Fröhlich et al. 2012b; Fröhlich et al.
2011, 2013; Geckeis et al. 2013; Marsac et al. 2015)



Evaluation of Engineered Barrier Systems Midyear Status Report
150 June 30, 2019

2 3 4 7

pH
9 10 11 12

Source: Data and information on retention mechanisms from Bradbury and Baeyens 2005, 2006.

Figure 11-1. Neptunium retention mechanisms: (1) ionic exchange (pH<6),
(2) inner-sphere complexation to edges and sorption of reduced Np

(6<pH<8), and (3) neptunyl-carbonate complex formation (pH>8 and presence
of carbonate ions), resulting in decreasing Np uptake with increasing pH

Common anions, including chloride, carbonate, and nitrate, can form strong complexes with Np species.
In the absence of CO2, Np sorption continues to increase with increasing pH > 6 (Bertetti et al. 1996;
Bradbury and Baeyens 2005, 2006; Turner et al. 1998). In the presence of highly complexing carbonate
and bicarbonate ions, Np-uptake starts to decrease for pH > 8 due to the formation of carbonate-neptunyl
complexes, which become more stable than the surface complexes, and electrostatically repelled by the
negatively charged surface (Figure 11-1). The sorption of Np in the presence of CO2 shows a peak around
pH 8-9 (Bertetti et al. 1996; Bradbury and Baeyens, 2005, 2006; Turner et al. 1998). For a higher pH and
CO2-free conditions, precipitation of Np(V) oxides and hydroxides along with sorption and Np(V)
reduction results in a rapid increase in Np-uptake (Figure 11-1)

11.3 Molecular Modeling of Radionuclide Retention by Bentonite

The ultimate goal of this work is to develop the predictive computational model of radionuclide retention
in bentonite, which is relevant for the development of nuclear waste disposal technologies. At present, the
retention/sorption modeling is based on the application of the surface complexation model (Bradbury and
Baeyens 2005, 2009b; Tournassat et al. 2018). However, in many cases, experimental studies do not
provide sufficient information to constrain the models. Therefore, the models are based on an application
of significantly simplified assumptions, so that different models can be used to fit the same experimental
dataset. As shown by Zhang et al. (2018), molecular modeling can provide additional constraints for
surface complexation model (SCM) modeling and generate a sound theoretical description. We believe
that by combining the molecular-level insight with the thermodynamic complexation models we will
develop a robust model nuclide retention by bentonite in the environmental conditions relevant for the
nuclear waste storage.

The developed approach is based on using relativistic Density Functional Theory calculations to
parameterize interatomic forces, predict structure and stability of complex Np redox species. The classical
molecular dynamics simulations will be used to predict diffusivity of Np ions and complexes in bulk
water and saline solutions. The predictions of speciation versus pH, Eh and solution composition will be
obtained using a kinetic Monte Carlo modeling approach with energetics/rates determined by first-
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principle molecular dynamics The classical molecular dynamics and reactive molecular dynamics will be
used to predict diffusivity and retention of Np species in clay pores. The Surface Complexation modeling
and kinetic Monte Carlo modeling will provide a platform for the development of upscaled models of
transport through bentonite taking into account the swelling state and bentonite composition and
compaction.

11.4 Interaction Model

Neptunium ions behave similar to the transition metals, but with the wider range of observed oxidation
state (from +3 to +6, see Table 11-1). However, the proper description of electronic structure of
neptunium ions remains a challenge due to the presence of strong relativistic effects. The relativistic
effects cause contraction of s and p orbitals and expansion and destabilization of electrons onfand d
orbitals. As a result, the electrons onforbitals are chemically available with energies close to those of the
valence electrons on 6d and 7s. This near-degeneracy explains a wide range of possible oxidation states
and a tendency to form covalently bonded oxyanions (e.g., Np022±, Np02+).

The neptunyl ion (Np02±) is unique among actinides, and it is the only stable pentavalent actinide known.
The presence of the non-labile double bonds between Np and oxygen makes neptunyl ion prone to
polymerization and complexation by environmentally abundant ligands, such as carbonate and hydroxyl
ions, which is a process that can either enhance or restrict Np-retention by bentonite.

Table 11-1. Neptunium ion properties (experimental and calculated using
relativistic quantum chemistry methods) for neptunium ions in aqueous solution

Np3+ Np4+ Np5+ (Np02+) Np6+ (Np022+)

Electronic configuration [Rn] 5f4 [Rn] 5f3 [Rn] 5f2 [Rn] 5f1

Np-O (H20)
Np-O (bond)

2.48 2.37 2.44
1.80

2.36
1.73

#H20 (lst shell) 9 9 5 5

Hydration free energy
AG(kcal/mol)

—800.89 —1542.40 —157.25 —369.94

NOTE: These property values were used for the development of short-range interactions and force constant for Np-O
bonds for classical molecular dynamics modeling.

Source: Zarzycki et al. 2019.

In the simplest approach, the scalar relativistic effects on the valance orbitals are approximated using
relativistic effective core potentials (Schwerdtfeger 2002). This approach is based on the consideration of
only valence electrons explicitly; the core electrons are represented by approximate functions known as
core- or pseudo-potentials. In a more accurate approach, all-electron wave functions are considered within
some form of the four-component relativistic Dirac equation (Reiher and Wolf 2015). In our work, we
tested a number of computational methodologies, using all-electron relativistic Douglas-Kroll (Douglas
and Kroll 1974), ZORA (Faas et al. 1995), Dyall's modified Dirac equation (Dyall 1997) and non-
relativistic methods with the ECPs. All first-principle calculations were carried out using DIRAC (Saue et
al. 2018) and NWChem (Valiev et al. 2010) packages. The previously reported study of Np(V) ion by
Infante et al. (2006) was used as a benchmark. In Table 11-1, we summarized known and calculated
properties of neptunium ions.

The classical force-field description used in this study is consistent with C1ayFF force field (Cygan et al.
2004), which is the most successful interaction model of the clay/electrolyte interface. This interaction
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model relies on decomposition of forces into electrostatic and short-range van der Waals components.
The first-principle calculations allow us to determine the effective charge on Np and O atoms in Np02+
ions. Knowing the partial charges, we optimized the parameter values in the Lennard-Jones model of the
van der Waals interactions (c,a) to reproduce coordination of Np02+ in water and its hydration enthalpy.
In Error! Reference source not found., we listed the final values of the interaction parameters for the
neptunyl ion.

One of the initial tests of our force field is the prediction of Np02+ mobility in the bulk aqueous phase
(Figure 11-2). The calculated self-diffusion coefficient of Np02+ ion immersed in the bulk of water
simulated using the SPC/E model is equal to 1.37x10-5cm2/s, which is close to the experimental value of
1.4x 10-5 cm2/s.

Table 11-2. Interaction parameters for Np02+ ions consistent with CIayFF potential for clays

Short-range Partial
Interaction Charge
Parameters

Interaction E a [A] q [e]
Site [kcal/mol]

Np 0.14312 2.988 2.44117

O 0.08744 3.166 -0.72058

Source: Zarzycki et al. 2019.
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Figure 11-2. Snapshot of molecular dynamics simulations of Np(V) in bulk of water

11.4.1 Diffusion-driven Retention via lonic Exchange—Effect of Salinity and
Confinement

At low pH < 6, the retention of Np(V) is usually small, governed by Np(V) exchange with counterions
located at the clay-basal plane (Figure 11-1). The extent of Np-retention is proportional to the clay-
permanent charge, and inversely proportional to the ionic strength. The type of counterion/cation is
important, for example, Ca2+ ions inhibit Np02+ retention (Benedicto et al. 2014; Fröhlich et al. 2012a).
Here, we present our preliminary experimental results of Np(V) mobility in the montmorillonite with low-
surface charge, examining a role of a confinement and salinity (Figure 11-3 and Figure 11-4).
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In Figure 11-3, we show simulation results of Np(V) mobility in NaC1 solution confined between two
Na-montmorillonite layers as a function of pore size. As the separation between clay surfaces decreases
the Np02+ becomes effectively trapped due to increased salinity, the proximity of surfaces and surface-
induced ordering in the aqueous phase. The diffusion coefficient in clay-pore is significantly lower than
that in the bulk water, with values 10 times lower in the highest confinement/salinity.

  mem 
oo

v..- Iny inIrrls,r, I

NOTE: The high-salinity and geometric confinement reduces Np02' mobility about two orders of magnitude as compared
with Np02' diffusivity in the bulk aqueous phase.

Source: Zarzycki et al. 2019.

Figure 11-3. Effect of confinement and salinity on the NpO2+ mobility within clay pore
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NOTE: The high-salinity and geometric confinement reduces Np02+ mobility about two orders of
magnitude as compared with Np02+ diffusivity in the bulk aqueous phase.

Source: Simulation results for permanent-surface charge montmorillonite from Zarzycki et al. 2019.

Figure 11-4. Effect of salinity on the NpO2+ mobility within a 6-nm-wide clay-pore
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Figure 11-4 shows simulation results of changes in the Np(V) mobility in the clay pore only due to the
increase in the salinity. The decrease in the Np(V) mobility is similar to that observed if both salinity and
confinement are operative. Our results indicate that salinity is a dominant factor affecting Np(V) retention
in bentonite in the ionic-exchange regime (i.e., low pH). The ion-ion, ion-surface, and water-structuring
effects are also important, but as secondary order phenomena.

In addition, our simulations showed that ion-pairing between Np02+ and a- can also be responsible for
the decrease of Np mobility. We observed two types of ion-pairs (Figure 11-5): neutral [Np02+. .01° and
negatively charged [Np02+. .C12]- ion pairs. These observations are in agreement with the recent near-
infra red spectroscopic study of Np02+ complexation by F- (Maiwald et al. 2019).

Np0; ... CI Np(4 Cl-

NOTE: Results in agreement with experimental study of [NpO2Fri] pair formation by Maiwald et al. (2019).

Figure 11-5. Ion pairs [NpO2Cln], n=1,2 spontaneously formed in NaCI electrolyte solution

As the salinity increases, the equilibrium is shifted toward negatively charged ion pairs ([Np02±' .C12 ] ),
which is consistent with the study by Maiwald et al. (2019). The ion pairs are not any more
electrostatically attracted to the surface, indicating reduced ion-exchange retention. The a- ions can also
electrostatically pull out surface-attracted Np02+ ions. Collectively, the competition between counterions
and Np02+ and ion-pairing are responsible for a decrease in Np-uptake by clay surfaces with the
increasing electrolyte concentration.

Our simulations predict slightly larger diffusion coefficient that reported in the experimental studies
(Tachi et al. 2010), which is expected because we did not consider the tortuosity of the actual compacted
bentonite buffer. However, the simulation results are in a general 1 agreement with the notion of 10 times
lower mobility in the clay pores than in bulk.

11.5 Summary and Future Work

This section describes progress toward a first-principle model for Np(V) retention by bentonite. We
focused on the ion-exchange retention mechanism that is dominant at low pH values. We concluded that
salinity is the most important factor causing Np-retention, and that ion-pairing (complexation) is an
important structural/dynamic process affecting Np(V)/electrolyte solutions.

Now, we are extending our simulations study by considering additional phenomena and variables to
develop a molecular understanding of radionuclides retention by bentonite. We plan to develop molecular
modeling simulation of radionuclide retention in bentonite with varying complexity of aqueous/surface
speciation, pH and Eh conditions, temperature, and pressure to gain an atomistic understanding how
environmental factors affect radionuclide retention. Specifically, we will consider:
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Redox and pH-dependent Speciation—Within the scope of proposed research of molecular modeling of
radionuclides retention in bentonite, we plan to develop the interaction model of radionuclide ions and
their complexes in varying oxidation states. A part of our effort is to develop a reactive modeling
framework that incorporates reactivity of radionuclides on the fly during molecular dynamics. A fact that
there is a direct correlation between oxidation and solubility, redox-reactive simulations are critically
important for understanding radionuclide retention in bentonite. The experience gained during our
previous studies of electron transfer at the iron oxide and hydroxide surfaces (Kerisit et al. 2015; Soltis et
al. 2017; Zarzycki and Rosso 2017, 2018, 2019) is essential for planning further experimental and
modeling studies.

Complexation—In the natural environment, hydroxides and carbonate/bicarbonate ions are the most
common complexing ligands. Similar to solubility and sorption discussed above, the complexation and
complex solubility depend primarily on the actinide oxidation state. In the next step, we plan to examine
the effect of complexation and ion-pair formation on radionuclides reactivity and mobility in bentonite.

Temperature—Because the long-lived alpha-emitters (e.g., 237Np) are expected to be a continuous long-
term source of heating a geological repository, the experimental and theoretical studies of radionuclides
retention by bentonite should be conducted to take into account elevated temperature. Unfortunately, a
majority of the reported studies have been carried out at ambient conditions, so their results are not
necessarily applicable to the nuclear waste storage scenarios. In this project, we plan to explore the
temperature effect on radionuclides speciation and retention, including obtaining a molecular-simulation-
based dataset of temperature and composition dependent diffusion coefficients and complexation
constants up to 300°C.

Radiation Damage—All actinides are radioactive and can cause radiation damage in the solution that can
involve the production of short-lived highly reactive radical species. The a-particles emitted from long-
lived isotopes can also cause radiation damage in mineral phases that include amorphization, swelling and
increased dissolution rates. These aspects have not been addressed yet in the molecular modeling of
radioactive retention in bentonite or explicitly considered in existing retention models. We plan to
develop simulations that can take into account the high-energy a-particles and locally formed radical
species to examine the potential role of radiation damage on radionuclide retention.
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12. SUMMARY

The following summarizes key information from Sections 2 through 0:

• Section 2—Thermal-hydrological-mechanical-chemical (THMC) modeling was used to evaluate
the EBS bentonite characteristics in argillite repository under different temperature (100°C and
200°C). This section contains three parts, the first of which is a summary of the status of a dual-
structure model — BExM implemented in the simulator TOUGHREACT-FLAC. In the second
part, we present two modeling scenarios and compare the differences between two chemical-
mechanical coupling strategies—BExM and Extended Linear Swelling Model. The third part
includes the results of simulations for two generic cases using a parallel THMC simulator
TreactMech, and a comparison of modeling results using TReactMech and TOUGHREACT-
FLAC. Integration of THMC processes model into performance assessment likely requires
conducting a large number of THMC simulations and TReactMech is better suited for such job
because it is a parallel code.

• Section 3—Results of modeling using coupled Thermo-Hydro-Chemical (THC) models used for
simulations of transport of U(VI). The models were designed to have identical setups, except for
the type of host rock (argillite versus granite rock) to better understand how different rocks affect
the migration of radionuclides in a bentonite barrier via host rock/bentonite interactions.
Different host rocks exert their influence on the migration of U(VI) via regulating the chemical
conditions in the bentonite, which affect the concentration of U(VI) at the source and the
adsorption of U(VI) in the bentonite.

• Section 4—Progress of research activities that combine novel experimental and simulation
studies to address critical needs for the development of improved models for clay swelling and
diffusive transport. First, we implemented molecular-scale models to quantify the relative free
energies of montmorillonite clay systems under different physical configurations and aqueous
solution conditions. Second, we constructed a specialized oedometer for measuring the swelling
pressure of compacted clay and measuring simultaneously key aspects of the clay microstructure
using synchrotron X-ray methods.

• Section 5—Results of experimental research activity aimed at the design and commissioning of
a new TXM at beamline 11.3.1, and provides proof-of-principle data on (1) the structural
evolution of hydrated compacted bentonite under changing chemical conditions, or (2) the
deformation and fracture sealing of candidate repository rocks, such as shale or halite, under
stress over multiple time scales, which will improve the fundamental understanding of
interaction of chemical and mechanical processes taking place in bentonite.

• Section 6—Reuslts from a sensitivity analysis to study the effect of various parameters relevant
to thermal conditions in the repository and the host rock. The analysis is designed to provide
fluid and heat transport scenarios under various repository conditions. Use of spent nuclear fuel
provides sufficient decay heat to generate higher temperatures and evaporation.

• Section 7—Results from experimental investigations under hydrothermal conditions, studying
the geochemical interactions between Grimsel Granodiorite host rock and bentonite barrier in a
high-temperature nuclear waste repository. The main reaction products from the 250°C Grimsel
Granodiorite—Wyoming Bentontite system included calcium (aluminum) silicate hydrate
(C(A)SH) minerals (tobermorite) in the Wyoming Bentonite clay groundmass and Si-Al gel.
Precursor clinoptilolite formed from volcanic glass shards from the bentonite was retained
during the experiment. Interpretation of the clay mineral evolution within Grimsel—bentonite
system is ongoing.
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• Section 0—Description of the planned large in-situ test, HotBENT, at Grimsel Test Site,
Switzerland. In this test, bentonite backfilled EBS in granite is planned to be heated up to 200°C.
Modeling is conducted to simulate the most relevant hydro-thermo-mechanical-chemical
features of future emplacement conditions. After scoping calculations using 1D and 2D models,
in FY19, we began the development of a 3D THM model, which could be used for both the
design and early operation of the experiment. The model will be expanded to THMC model in
the future.

• Section 9—Design of a benchtop-scale laboratory experiment, called HotBENT-Lab, conducted
to understand the impacts of heating and hydration on bentonite, to complement the field scale
HotBENT experiment. This lab experiment provides a laboratory analogue for the HotBENT
experiment to obtain a more comprehensive set of characterization and monitoring
measurements. Section 9 documents the current progress of the HotBENT-Lab experiment,
including the design, fabrication, and testing of the experimental platform, as well as some
preliminary calibration datasets and results.

• Section 10—Results of LBNL's activities focused on the study of the effect of bentonite heating,
under realistic field conditions, on the U(VI) adsorption and diffusion. The primary tasks of this
work were (1) comparison of U(VI) adsorption on bentonite heated under realistic field
conditions to control non-heated (cold-zone) bentonite from the FEBEX experiment,
(2) performing U(VI) diffusion experiments on purified bentonite under carefully controlled
chemical conditions, and (3) comparison of U(VI) diffusion through heated and control purified
bentonite. In FY19, we have begun work on tasks (2) and (3), and Section 10 presents a
description of the experimental setup and progress made in FY19.

• Section 0—Progress report on a new activity started in FY19, which is focused on better
understanding radionuclides retention mechanisms in order to make reliable predictions, based
on a combination of experimental measurements and up-scaled modeling approaches. The
section includes a description of the results of investigations of molecular dynamics of Np(V)
mobility as affected by the salinity and clay-confinement effect on in montmorillonite.
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Methods and Mineral Characterization
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A-1. Experimental Setup

The bentonite used in this experimental work was mined from a reducing horizon in Colony, Wyoming.
The bentonite was pulverized and sieved to < 3 mm and used with a free moisture content of —15.5 wt.%.
The groundwater solution was prepared using reagent grade materials dissolved in double deionized
water. NaOH and HC1 were added to adjust the initial solution pH. This solution was then filtered through
a 0.45 um filter and sparged with He before each experiment. The salt solution was added at 9:1
water:bentonite ratio. Initial components for wall rock experiments have been summarized in Table 7-1.

A second series of experiments were performed to examine the bentonite system with host rock inclusion.
Host-rock experiments focused on Grimsel Granodiorite from the Swiss Underground Research
Laboratory located near Grimsel Pass. A portion of the Grimsel Granodiorite was crushed and sieved with
10 mesh (-2 mm). Grimsel Granodiorite to be used in experiments was reconstituted at 80 wt.% -10 mesh
and 20 wt.% +10 mesh. Synthetic groundwater was chosen to replicate the groundwater composition that
represents Grimsel Granodiorite pore water (Table 7-2; Missana and Geckeis 2006). The brine solution
was added at 9:1 water: rock ratio.

The redox conditions for each system were buffered using a 1:1 mixture (by mass) of Fe3O4 and Fe°
added at 0.07 wt.% of the bentonite mass. Approximately 7 wt.% (of total solids mass) 304 stainless steel
(NIST SRM 101 g), and 316 stainless steel (NIST SRM 160b), (provided by Sandia National Laboratory)
were added to the experiments to mimic the presence of a waste canister.

Reactants were loaded into a flexible gold and fixed into a 500-mL Gasket Confined Closure reactor
(Seyfried et al. 1987). Experiments were pressurized to 150 to 160 bar and were heated isothermally at
250°C for 4 to 6 weeks. Reaction liquids were extracted during the experiments and analyzed to
investigate the aqueous geochemical evolution in relationship to mineralogical alterations. The sampled
reaction liquids were split three-ways producing aliquots for unfiltered anion, unfiltered cation, and
filtered (0.45-µm syringe filter) cation determination. All aliquots were stored in a refrigerator at 1°C
until analysis. The steel corrosion experiment was conducted in a cold seal reaction vessel. The reactants
(Opalinus Clay, 316 LC SS, Opalinus Clay brine, and solid buffers) were loaded into a gold capsule. The
water/rock ratio was 2:1. The run was pressurized to 150 bar and heated isothermally at 150°C for
8 weeks.

A-2. Mineral Characterization

A-2.1 Chesapeake Energy Laboratory QXRD

X-ray diffraction (XRD) analyses of experimental materials determined mineral compositions. Each
sample was ground with 20 wt.% corundum (A1203) for quantitative XRD analysis of the bulk rock
(Chung 1974). XRD measurements were conducted with a Siemens D500 diffractometer using Cu-Ka
radiation. Data were collected from 2 to 70 °20 with a 0.02 020 step-size and count times of 8 to 12
seconds per step. To better analyze the non-clay and clay fractions, the < 2-µm particles were separated
via sedimentation in DI H20. An aliquot of the < 2-µm suspension was dropped on a zero-background
quartz plate and dried. This oriented mount was X-rayed from 2 to 40 °20 at 8 to 12 s per step. The
oriented mount was then saturated with ethylene glycol in a 60°C oven for 24 hours and XRD analysis
was repeated. A portion of the > 2-µm particles was ground with a mortar/pestle, deposited on a zero-
background quartz plate, and X-rayed under the same parameters as the bulk powder material. The
remaining > 2-µm portion was used for electron microscopy. Mineral identification and unit-cell
parameters analysis was performed using Jade° 9.5 X-ray data evaluation program with ICDD PDF-4
database. Quantitative phase analysis (QXRD) was performed using FULLPAT (Chipera and Bish, 2002).
Illite-smectite composition of higher-ordered (R1-3) illite-smectites were modeled via ClayStrat+
(developed by Hongji Yuan and David Bish). Expandable component abundances for the disordered illite-
smectites were calculated via the 4°20 method (rodon 1980; Eberl et al. 1993; Moore and Reynolds
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1997). A regression from calculated data were used to calculate the % expandable (%Exp) component in
each untreated and reacted bentonite. The equation is

%Exp = 973.76 - 323.454 + 38.4342 — 1.6243

(Eberl et al. 1993, Eq. 3, R2=0.99)

with 4 corresponding to 4°20 between the 002 and 003 peak positions for the oriented, ethylene glycol
saturated samples.

A-2.2 University Texas-Austin Geoscience Laboratory QXRD

Samples were milled to a fine powder in a tungsten carbide ring mill. Approximately 0.2 g of 0.3 gm
corundum (Buehler) was added to a 1 g aliquot of each sample. The corundum and sample mixtures were
homogenized by dry milling in an alumina mortar and pestle. A thin layer of petroleum jelly was applied
to a one-inch round glass slide. Homogenized mixtures of corundum and sample were loaded onto glass
slides such to form a thin layer of sample across the entirety of the glass slide. Samples were then loaded
into the X-ray diffractometer (XRD) for analysis.

A-2.2.1 XRD Instrument Type and Scan Conditions

All XRD measurements were made at the University of Texas at Austin using a Bruker D8 Advance. The
instrument is equipped with a Cu source and a LynxEye detector. The following optically configuration
was used for all scans: 1.0 mm divergence slit at the source and a 3.0 mm slit, an anti-scatter tube, a Ni
filter for Kb Cu radiation, and a 2.5° axial soller slit at the detector. The source was run at 45 kV and 40
mA for all scans. All samples were scanned between 4° and 70° 2® with a stepsize of 0.01° and a
counting time of 1 s per step. Samples were rotated during acquisition to maximize random orientation of
phases. Total run time for each sample was two hours.

A-2.2.2 Scan Processing: QXRD

Post-acquisition processing and quantitative XRD (QXRD) were performed using Broker's
DIFFRACplusBasic Evaluation Package (EVA v.15). EVA was used for background subtraction, Ka2
stripping, scan smoothing, and 2® displacement. The reference intensity ratio (RIR) method was used for
QXRD. The RIR method uses the most intense peak of corundum as a reference intensity to calculate
weight fractions of other phases in a sample. Preferred orientation of phases results in poor-quality QXRD
results. Rotation of samples during measurement and the method for loading samples in XRD holders
minimized preferred orientation. QXRD results for most samples yielded approximately 18 wt.%
corundum, which closely matches the amount of corundum added to the sample.

A-2.3 SEM analyses

Analytical electron microscopy was performed using a FEITM Inspect F scanning electron microscope
(SEM). All samples were Au/Pd-coated prior to SEM analysis. Imaging with the SEM was performed
using a 5.0 kV accelerating voltage and 1.5 spot size. Energy dispersive X-ray spectroscopy (EDS) was
performed at 30 kV and a 3.0 spot size.
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A-3. Aqueous Geochemical Analyses

Major cations and trace metals were analyzed via inductively coupled plasma-optical emission
spectrometry (Perkin Elmer Optima 2100 DV) and inductively coupled plasma-mass spectrometry (Elan
6100) utilizing EPA methods 200.7 and 200.8. Ultra-high purity nitric acid was used in sample and
calibration preparation prior to sample analysis. Internal standards (Sc, Ge, Bi, and In) were added to
samples and standards to correct for matrix effects. Standard Reference Material (SRM) 1643e Trace
Elements in Water was used to check the accuracy of the multi-element calibrations. Inorganic anion
samples were analyzed by ion chromatography following EPA method 300 on a Dionex DX-600 system.
Aqueous geochemical results are presented in Appendix B.
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APPENDIX B

Water Chemistry IEBS-1 to 5
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IEBS-1 UNFILTERED
Lab ID

le
SampDate

Al B Ba Br Ca Cl- Cr F- Fe K Li Mg Mn Na NO3- P043- Si Si02 S042- Sr Ti Zn TDS Cation Anion Balance

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-1-1
UF

11/22/2017 5.01 4.45 0.07 <0.1 223 31.94 0.01 6.69 0.79 2.19 0.05 0.38 <0.006 150.31 <0.1 <0.1 263.31 563.48 201.87 0.02 0.01 <0.104 969 14 6 0.42

IEBS-1-2
UF

11/30/2017 2.94 4.62 0.05 <0.1 1.54 19.92 <0.006 6.37 0.37 2.40 0.05 0.37 <0.006 130.46 <0.1 <0.1 221.33 473.65 199.87 0.01 <0.004 <0.104 843 12 5 0.38

IEBS-1-3
UF

12/7/2017 2.46 4.15 0.04 <0.1 1.29 18.27 <0.006 5.87 0.16 1.81 0.04 0.28 <0.006 124.16 <0.1 <0.1 191.7 410.20 182.39 0.01 <0.004 <0.104 751 11 5 0.38

IEBS-1-4
UF

12/14/2017 2.47 3.95 0.05 <0.1 1.33 18.47 0.01 6.21 0.68 1.61 0.03 <0.02 <0.006 120.74 <0.1 <0.1 294.70 630.66 172.72 0.01 <0.004 <0.104 959 13 5 0.48

IEBS-1-5
UF

12/20/2017 2.59 3.75 0.07 <0.1 0.87 17.88 <0.006 5.78 0.28 1.54 0.03 0.12 <0.006 115.98 <0.1 <0.1 303.02 648.46 182.78 0.01 <0.004 <0.104 980 13 5 0.46

IEBS-1-6
UF

1/5/2018 0.70 2.21 0.11 <0.1 1.67 11.78 0.01 3.27 3.94 <1.122 0.10 0.18 0.01 120.14 <0.1 <0.1 156.72 335.37 98.65 0.01 <0.004 <0.104 578 10 3 0.56

IEBS-1 FILTERED

Lab ID
Sample

Date
Al B Ba Ca Cr Fe K Li Mg Mn Na Si Si02 Sr Ti Zn TDS Cation Anion Balance

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-1-1 F 11/22/2017 4.65 4.51 0.19 1.89 0.01 0.66 2.35 0.04 0.10 <0.006 156.71 259.45 555.23 0.03 <0.004 <0.104 726 14 0 0.97

IEBS-1-2 F 11/30/2017 2.90 4.35 0.06 1.08 <0.006 0.70 1.97 0.04 <0.02 <0.006 130.81 310.90 665.33 0.01 <0.004 <0.104 807 14 0 0.97

IEBS-1-3 F 12/7/2017 2.60 4.19 0.07 0.92 <0.006 1.71 1.85 0.04 0.09 <0.006 127.94 319.37 683.46 0.01 <0.004 <0.104 823 14 0 0.97

IEBS-1-4 F 12/14/2017 2.63 4.03 0.03 0.86 <0.006 0.21 1.95 0.03 <0.02 <0.006 126.17 310.52 664.52 0.01 <0.004 <0.104 800 14 0 0.97

IEBS-1-5 F 12/20/2017 2.71 3.71 0.06 1.00 <0.006 0.45 1.55 0.03 <0.02 <0.006 119.35 325.59 696.77 0.01 <0.004 <0.104 826 14 0 0.98

IEBS-1-6 F 1/5/2018 0.65 1.99 0.12 1.42 0.01 3.87 <1.122 0.10 0.08 <0.006 122.93 167.30 358.02 0.01 <0.004 <0.104 489 10 0 0.98
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IEBS-2 UNFILTERED

Lab ID
Sample

Date
Al B Ba Br Ca cr Cr F- Fe K Li Mg Mn Na NO3- P0433 Si SiO2 S0423 Sr Ti Zn TDS Cation Anion Balance

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-2-1
UF

3/15/2018 3.21 3.76 0.09 0.21 1.86 23.16 0.01 8.50 0.51 1.68 0.05 0.04
.<00000

6
128.08 0.56 0.17 316.94 678.26 347.49 0.02

<0. 
4

<010.
4

1198 14 9 0.24

IEBS-2-2
UF

3/22/2018 3.23 3.38 0.08 0.14 2.30 17.33 0.01 5.89 0.43 2.12 0.06 0.30
<0.00 

6
109.71 0.43 0.12 256.43 548.76 242.91 0.02 0.01

. <010
4

937 12 6 0.32

IEBS-2-3
UF

3/29/2018 2.65 3.04 0.16 0.16 0.76 15.78 0.01 5.27 0.37 1.64 0.06 <0.02
<000. 00

6
106.63 0.53 0.09 222.10 629.41 197.02 0.01

<0. 
4

<010.
4

964 12 5 0.43

IEBS-2-4
UF

4/5/2018 2.65 2.92 0.08 0.13 0.97 15.69
<000. 00

6
5.71 0.27 1.74 0.05 <0.02

<0. 
6

105.83 0.20 0.07 305.08 652.86 205.86 0.01
. <000

4
<010.

4
995 13 5 0.42

IEBS-2-5
UF

4/12/2018 2.59 2.75 0.11 0.13 1.27 15.69
. 00<000

6
6.13 0.87 1.62 0.05 0.14

<0. 
6

103.29 0.31 0.20 295.38 632.11 207.91 0.01 0.01
<010.

4
975 12 5 0.41

IEBS-2-6
UF

4/19/2018 2.61 2.58 0.08 0.19 1.55 15.51
<000. 00

6
6.41 0.20 1.38 0.05 0.14

<0. 
6

97.69 0.78 0.10 287.69 615.65 196.82 0.01
<000. 

4
<010.

4
942 12 5 0.41

IEBS-2-7
UF

4/20/2018 38.84 1.92 0.48 <0.1 7.12 12.41 0.03 4.54 19.27 2.14 0.14 11.84 0.12 113.08 0.21 0.28 284.97 609.84 143.12 0.16 0.20 0.11 966 19 4 0.67

IEBS-2 FILTERED

Lab ID
Sample

Dat
e

Al B Ba Ca Cr Fe K Li Mg Mn Na Si Si02 Sr Ti Zn TDS Cation Anion
Balanc

e

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-2-1 F 3/15/2018 3.04 3.88 0.06 1.67 0.01 0.35 1.98 0.05 <0.02 <0.006 129.33 321.28 687.55 0.02 <0.004 <0.104 828 14 0 0.97

IEBS-2-2 F 3/22/2018 0.81 1.32 0.34 101.77 <0.006 0.12 100.51 0.25 <0.02 <0.006
1859. 7

3
24.22 51.82 0.53 <0.004 <0.104 2117 89 0 1.00

IEBS-2-2 F
(reru
n)

3/22/2018 0.78 1.13 0.33 106.57 <0.006 <0.036 104.29 0.25 <0.02 <0.006
1943.1

8
23.91 51.16 0.53 <0.004 <0.104 2208 93 0 1.00

IEBS-2-3 F 3/29/2018 1.63 3.59 6.16 0.72 <0.006 0.28 3.56 0.06 0.08 <0.006 119.63 227.26 448.57 0.03 <0.004 1.41 586 11 0 0.97

IEBS-2-3 F
(reru
n)

3/29/2018 1.71 3.64 4.77 0.78 0.01 0.21 2.72 0.05 0.07 <0.006 128.78 209.61 475.30 0.03 <0.004 1.41 619 12 0 0.97

IEBS-2-4 F 4/5/2018 2.55 2.85 0.05 1.24 <0.006 0.15 1.71 0.06 0.07 <0.006 107.87 281.38 602.16 0.01 <0.004 <0.104 719 12 0 0.98

IEBS-2-5 F 4/12/2018 2.63 2.73 0.11 1.19 0.01 0.49 2.09 0.05 0.08 <0.006 104.99 291.42 623.63 0.01 <0.004 <0.104 738 12 0 0.98

IEBS-2-6 F 4/19/2018 2.57 2.60 0.09 0.75 0.01 0.73 1.66 0.05 <0.02 <0.006 101.49 299.68 641.32 0.01 <0.004 <0.104 751 12 0 0.98

IEBS-2-7 F 4/20/2018 0.50 1.89 0.09 0.23 0.01 0.52 <1.122 0.12 0.03 <0.006 96.44 207.15 443.29 0.00 <0.004 <0.104 543 9 0 0.98

IEBS-3 UNFILTERED

Lab ID
Sample

Date
Al B Ba Br Ca Cr F" Fe K Li Mg Mn Na NO33 P043- Si SiO2 Sr Ti Zn
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ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-3-1 UF 6/12/2018 3.89 7.43 <0.022 <0.1 1.74 21.77 <0.006 4.67 0.06 5.34 0.08 0.05 <0.006 202.42 <0.1 <0.1 296.16 633.78 272.62 0.02 <0.004 <0.104

IEBS-3-2 UF 6/20/2018 2.62 7.46 <0.022 <0.1 1.44 20.82 <0.006 4.84 0.05 4.38 0.05 <0.02 <0.006 195.60 <0.1 <0.1 353.72 756.96 293.91 0.01 <0.004 <0.104

IEBS-3-3 UF 6/27/2018 2.41 7.59 <0.022 <0.1 1.45 19.66 <0.006 4.99 <0.036 4.46 0.05 <0.02 <0.006 193.48 <0.1 <0.1 368.71 789.04 291.29 0.01 <0.004 <0.104

IEBS-3-4 UF 7/3/2018 2.48 7.42 <0.022 <0.1 1.21 20.40 <0.006 5.35 0.06 4.19 0.05 <0.02 <0.006 190.96 <0.1 <0.1 375.99 804.61 288.34 0.01 <0.004 <0.104

IEBS-3-5 UF 7/11/2018 2.46 7.06 <0.022 <0.1 1.76 19.63 <0.006 5.80 0.05 4.22 0.03 <0.02 <0.006 183.99 <0.1 <0.1 365.21 781.55 286.45 0.01 <0.004 <0.104

IEBS-3-6 UF 7/18/2018 2.16 6.08 <0.022 0.07 0.91 20.00 <0.006 6.20 0.06 3.38 0.03 <0.02 <0.006 159.79 <0.1 <0.1 324.83 695.13 283.98 0.01 0.00 <0.104

IEBS-3-7 UF
(Post-
Exp)

7/25/2018 32.92 6.93 0.31 0.06 15.65 22.11 0.02 6.30 27.88 9.09 0.21 17.15 0.34 289.27 <0.1 2.46 281.92 603.31 320.72 0.45 0.56 <0.104

IEBS-3 FILTERED

Lab ID
Sample

Da
te

Al B Ba Ca Cr Fe K Li Mg Mn Na Si SIO2 Sr Ti Zn

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-3-1 F 6/12/2018 3.81 7.24 0.07 1.84 <0.006 0.26 5.07 0.07 0.03 <0.006 200.79 291.38
623.5

5
0.02 <0.004 <0.104

IEBS-3-2 F 6/20/2018 2.67 7.45 <0.022 1.49 <0.006 0.04 4.53 0.07 <0.02 <0.006 195.56 350.57
2750. 

1
0.01 <0.004 <0.104

IEBS-3-3 F 6/27/2018 2.44 7.50 <0.022 1.40 <0.006 0.06 4.55 0.05 <0.02 <0.006 195.81 368.88
4789. 

1
0.01 <0.004 <0.104

IEBS-3-4 F 7/3/2018 2.54 7.64 <0.022 1.21 <0.006 0.04 4.43 0.06 <0.02 <0.006 194.61 384.63
823.1 

1
0.01 <0.004 <0.104

IEBS-3-5 F 7/11/2018 2.44 7.42 <0.022 1.20 <0.006 0.04 4.75 0.05 0.03 <0.006 187.02 363.95
8778. 
6

0.01 <0.004 <0.104

IEBS-3-6 F 7/18/2018 2.52 7.21 <0.022 1.38 <0.006 <0.036 4.44 0.05 <0.02 <0.006 188.89 382.88
819.3 

7
0.01 <0.004 <0.104

IEBS-3-7 F
(Pos

Exp)

7/25/2018 0.29 6.56 0.06 0.60 <0.006 0.37 4.77 0.16 0.11 0.01 221.27 193.65
4144.

1

<0.00
( 0.01 <0.104

IEBS-4 UNFILTERED
Lab ID

Sample
Dee

Al B Ba Br Ca cr Cr F- Fe K Li Mg Mn Na NO3 P043- Si 5102 S042- Sr Ti Zn

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm plm, ppm ppm ppm ppm ppm ppm

IEBS-4-1
UF

9/18/2018 5.17 4.27 0.03 <0.1 2.34 24.42 0.01 3.69 0.10 3.52 0.06 0.11 <0.006 185.00 <0.1 <0.1 244.51 523.25 199.19 0.02 0.01 <0.104
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IEBS-4-2
UF

9/26/2018 4.62 4.04 0.11 <0.1 2.17 22.24 0.01 4.05 0.17 4.58 0.07 0.10 0.02 166.84 <0.1 <0.1 222.08 475.25 198.39 0.02 0.01 0.18

IEBS-4-3
UF

10/3/2018 3.01 4.08 0.03 <0.1 1.25 22.22 0.01 4.33 0.18 3.11 0.08 0.14 <0.006 153.72 <0.1 <0.1 330.54 707.35 184.29 0.01 <0.004 <0.104

IEBS-4-4
UF

10/10/2018 2.93 4.08 0.12 <0.1 1.63 20.80 0.01 4.78 0.29 3.78 0.08 0.21 <0.006 147.32 0.75 <0.1 326.90 699.57 192.80 0.01 <0.004 <0.104

IEBS-4-5
UF

10/17/2018 2.90 3.56 0.04 <0.1 0.66 19.52 0.01 4.88 0.11 3.36 0.08 0.05 <0.006 141.33 0.65 <0.1 342.65 733.28 170.98 0.01 <0.004 <0.104

IEBS-4-6
UF 10/24/2018 2.91 3.38 0.44 <0.1 1.81 19.22 0.01 5.27 0.36 2.88 0.08 0.16 <0.006 137.26 0.98 <0.1 345.86 740.15 161.65 0.02 0.01 <0.104

IEBS-4 FILTERED

Lab ID Sample Date AI B Ba Ca Cr Fe K Li Mg Mn Na Si SiO2 Sr Ti Zn

ppm plm, ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-4-1 F 9/18/2018
4.53 3.75 0.02 2.03 <0.006 0.08 3.13 0.05 0.08 <0.006 163.55 215.50 461.18 0.02 <0.004 <0.104

IEBS-4-2 F 9/26/2018
3.64 4.31 <0.022 1.17 0.01 0.09 3.44 0.08 0.05 <0.006 165.37 311.56 666.73 0.01 <0.004 <0.104

IEBS-4-3 F 10/3/2018
2.95 4.03 0.18 1.82 0.01 0.14 3.23 0.07 0.21 <0.006 151.40 307.16 657.32 0.01 <0.004 <0.104

IEBS-4-4 F 10/10/2018
2.93 3.91 1.32 1.66 0.01 0.59 3.24 0.08 0.19 <0.006 150.98 333.28 713.21 0.03 <0.004 <0.104

IEBS-4-5 F 10/17/2018
3.00 3.65 0.37 1.24 0.02 0.53 3.24 0.08 0.16 <0.006 142.46 341.56 730.94 0.01 <0.004 <0.104

IEBS-4-6 F 10/24/2018
3.04 3.42 0.54 2.14 0.02 0.98 3.13 0.08 0.32 <0.006 137.57 345.04 738.39 0.02 <0.004 <0.104
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IEBS-5 UNFILTERED
Lab ID

Sample
Date

Al B Ba Br Ca CP Cr F- Fe K Li Mg Mn Na NO3 P043- Si Sith S042- Sr Ti Zn

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-5-1 IJF
11/21/2018

3.579 2.395 0.029 <0.1 5.235 34.13 <0.006 3.43 0.046 2.291 0.112 <0.02 <0.00
6

94.175 <0.1 <0.1 171.049 366.045 142.40 0.020 <0.004 <0.10
4

IEBS-5-2 UF
11/28/2018

2.345 2.956 0.070 <0.1 4.328 17.5 <0.006 4.39 0.133 1.854 0.086 0.129 <0.00
6

100.919 <0.1 <0.1 181.233 387.838 167.40 0.016 <0.004 <0.10
4

IEBS-5-3 UF
12/5/2018

2.003 2.904 0.332 <0.1 3.322 14.76 <0.006 4.45 0.941 1.688 0.084 0.233 <0.00
6

98.958 <0.1 <0.1 179.869 384.920 169.34 0.025 0.009 <0.10
4

IEBS-5-4 IJF
12/12/2018

1.696 2.362 0.433 <0.1 2.810 13.13 0.006 4.07 0.516 1.195 0.101 0.097 <0.00
6

84.793 <0.1 <0.1 163.222 349.295 138.70 0.016 <0.004 <0.10
4

IEBS-5-5 UF
12/19/2018

1.803 2.484 0.096 <0.1 2.933 13.73 0.007 4.86 0.308 2.098 0.109 0.173 0.014 82.094 <0.1 <0.1 171.602 367.228 159.90 0.016 <0.004 <0.10
4

IEBS-5-6 UF
12/26/2018

1.594 1.928 0.163 <0.1 2.646 10.22 <0.006 3.68 0.202 <1.12
2

0.119 0.035 <0.00
6

71.821 <0.1 <0.1 159.077 340.425 108.69 0.013 <0.004 <0.10
4

IEBS-5-7 UF
1/4/2019

1.720 2.013 0.087 <0.1 2.075 9.68 0.007 3.76 0.173 <1.12
2

0.097 0.025 <0.00
6

77.979 <0.1 <0.1 174.133 372.646 101.10 0.010 0.004 <0.10
4

IEBS-5-8 UF
1/8/2019

2.106 2.446 0.080 <0.1 1.709 12.74 <0.006 5.21 0.086 <1.12
2

0.080 <0.02 0.010 87.835 <0.1 <0.1 216.930 464.230 135.08 0.009 <0.004 0.122

IEBS-5-9 UF
(Post-
Exp)

1/11/2019
1.085 3.864 0.080 <0.1 1.007 16.26 0.010 7.24 0.424 <1.12

2
0.058 0.238 0.016 141.340 <0.1 <0.1 264.853 566.786 180.39 0.006 0.010 0.157

IEBS-5 FILTERED

Lab ID

Sample
D
a
t
e

Al B Ba Ca Cr Fe K Li Mg Mn Na Si Si02 Sr Ti Zn

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

IEBS-5-1 F 11/21/2 3.25 2.37 0.09 5.65 <0.006 0.11 2.51 0.12 0.17 <0.006 93.77 141.43 302.66 0.02 <0.004 <0.104
0
1
8

IEBS-5-2 F 11/28/2 2.44 2.93 0.03 3.71 <0.006 0.06 2.08 0.08 0.06 <0.006 101.66 188.05 402.44 0.01 <0.004 <0.104
0
1
8

IEBS-5-3 F 12/5/20 1.58 2.83 0.05 3.66 <0.006 0.58 1.72 0.07 0.25 <0.006 98.21 151.68 324.59 0.02 <0.004 <0.104
1
8

IEBS-5-4 F 12/12/2 1.74 2.34 0.07 2.64 <0.006 0.26 1.24 0.11 0.04 <0.006 83.74 171.31 366.60 0.01 <0.004 <0.104
0
1
8

IEBS-5-5 F 12/19/2 1.63 2.25 0.14 2.16 <0.006 0.29 1.21 0.10 0.08 <0.006 82.55 159.86 342.09 0.01 <0.004 <0.104
0
1
8

IEBS-5-6 F 12/26/2 1.44 1.88 0.09 2.63 0.01 0.05 1.18 0.12 0.04 0.01 73.75 144.30 308.81 0.01 <0.004 <0.104
0
1
8

IEBS-5-7 F 1/4/201 1.70 1.98 0.10 2.31 <0.006 0.09 <1.122 0.11 0.03 0.01 76.52 172.43 368.99 0.01 <0.004 <0.104
9
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lEBS-5-8 F 1/8/201 1.98 2.58 0.08 1.93 <0.006 0.15 1.20 0.08 <0.02 <0.006 92.15 214.13 458.23 0.01 <0.004 <0.104
9

lEBS-5-9 F 1/11/20 0.40 4.05 0.08 0.94 <0.006 0.10 <1.122 0.06 0.05 0.01 146.45 237.85 508.99 0.01 <0.004 0.14
(Post- 1
Exp) 9
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APPENDIX C

Electron Microprobe Data
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Table C-1: EMP standards and oxide detection limits for silicate analyses

Element Standard Material Minimum Detection Limita

Mg Synthetic Phlogopite 0.02

F Synthetic Phlogopite 0.11

Na Albite (Amelia, NC, U.S.A, Rutherford Mine) 0.02

Al Labradorite (Chihuahua, Mexico) 0.02

Si Labradorite (Chihuahua, Mexico) 0.02

Ca Labradorite (Chihuahua, Mexico) 0.01

Cl Tugtupite (Greenland) 0.01

K Adularia (St. Gotthard, Switzerland) 0.01

Ti Titanite glass (Penn State) 0.02

Cr Synthetic Magnesio-chromite 0.04

Mn Rhodonite (unknown locality) 0.02

Fe Augite (unknown locality) 0.02

Ni Synthetic Liebenbergite 0.06

Zn Gahnite 0.05

a Minimum Detection Limit (MDL) values for oxides of respective elements
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IEBS-1
Clinoptilolite si02 Ti02 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-1 Area 1 Shard 70.70 0.01 11.28 0.00 0.10 0.00 0.01 0.10 1.98 1.89 0.39 0.01 0.02 -0.01 86.47

IEBS-1 Area 3 Shard 62.94 0.01 12.29 0.00 0.09 0.00 0.01 0.13 1.83 3.07 0.45 0.00 0.03 -0.01 80.83

IEBS-1 Area 3 Shard 70.38 0.01 11.82 0.00 0.08 0.01 0.03 0.10 1.88 2.17 0.40 0.00 0.05 -0.02 86.87

IEBS-1 Area 3 Shard 64.94 0.00 11.35 0.00 0.11 0.00 0.04 0.13 1.77 3.34 0.29 0.00 0.02 -0.01 81.96

IEBS-1 Area 4 shard 61.11 0.00 12.28 0.00 0.10 0.00 0.02 0.11 2.03 2.29 0.48 0.00 0.00 0.00 78.42

AVERAGE 66.02 0.00 11.80 0.00 0.10 0.00 0.02 0.11 1.90 2.55 0.40 0.00 0.03 -0.01 82.91

Std. Dev. 4.35 0.00 0.48 0.00 0.01 0.01 0.01 0.01 0.11 0.62 0.08 0.00 0.02 0.01 3.66

18 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-1 Area 1 Shard 7.676 0.001 1.443 0.000 0.009 0.000 0.000 0.016 0.231 0.397 0.054 0.001 0.008 9.827

IEBS-1 Area 3 Shard 7.399 0.000 1.703 0.000 0.009 0.000 0.001 0.023 0.231 0.700 0.068 0.000 0.012 10.133

IEBS-1 Area 3 Shard 7.619 0.001 1.508 0.000 0.007 0.001 0.002 0.016 0.218 0.455 0.055 0.000 0.018 9.882

IEBS-1 Area 3 Shard 7.513 0.000 1.548 0.000 0.010 0.000 0.004 0.022 0.219 0.748 0.042 0.000 0.009 10.108

IEBS-1 Area 4 shard 7.388 0.000 1.749 0.000 0.010 0.000 0.002 0.019 0.263 0.538 0.074 0.001 0.000 10.043

AVERAGE 7.52 0.00 1.59 0.00 0.01 0.00 0.00 0.02 0.23 0.57 0.06 0.00 0.01 10.00

Std. Dev. 0.13 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.02 0.15 0.01 0.00 0.01 0.14

Chlorite si02 Ti02 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-1 Area 1 Chlorite 34.60 1.58 16.65 0.00 22.61 0.00 0.60 7.11 0.01 0.16 9.24 0.09 0.72 -0.32 92.64

IEBS-1 Area 3 chlorite 36.26 1.86 16.32 0.00 22.18 0.00 0.57 8.04 0.00 0.17 9.53 0.07 0.80 -0.35 95.00

IEBS-1 Area 4 chlorite 34.40 4.52 14.13 0.00 24.58 0.00 0.28 7.82 0.00 0.41 8.85 0.22 0.54 -0.28 95.21

AVERAGE 35.09 2.65 15.70 0.00 23.12 0.00 0.48 7.66 0.01 0.25 9.21 0.13 0.69 -0.32 94.29

Std. Dev. 1.02 1.62 1.37 0.00 1.28 0.00 0.18 0.49 0.00 0.14 0.34 0.08 0.14 0.04 1.43

11 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-1 Area 1 Chlorite 2.777 0.095 1.575 0.000 1.517 0.000 0.040 0.850 0.001 0.025 0.946 0.012 0.182 7.826

IEBS-1 Area 3 chlorite 2.768 0.107 1.469 0.000 1.416 0.000 0.037 0.915 0.000 0.025 0.928 0.009 0.193 7.665

IEBS-1 Area 4 chlorite 2.721 0.269 1.317 0.000 1.626 0.000 0.019 0.922 0.000 0.063 0.893 0.029 0.135 7.830

AVERAGE 2.76 0.16 1.45 0.00 1.52 0.00 0.03 0.90 0.00 0.04 0.92 0.02 0.17 7.77

Std. Dev. 0.03 0.10 0.13 0.00 0.10 0.00 0.01 0.04 0.00 0.02 0.03 0.01 0.03 0.09

Unknown zeolite
si02 Ti02 A1203 Cr203 Fe() NiO Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

pseudomorph
IEBS-1 Area 2 Analcime? 46.76 0.13 13.44 0.00 18.93 0.00 0.14 5.24 0.70 2.98 0.22 0.03 0.12 -0.06 88.58

IEBS-1 Area 6 analcime? 42.38 0.09 11.97 0.00 26.47 0.08 0.20 5.83 1.27 6.03 0.26 0.02 0.00 0.00 94.58
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AVERAGE 44.57 0.11 12.71 0.00 22.70 0.04 0.17 5.53 0.99 4.50 0.24 0.02 0.06 -0.03 91.58

Std. Dev. 3.10 0.03 1.04 0.00 5.33 0.05 0.04 0.42 0.40 2.15 0.03 0.01 0.08 0.04 4.25

6 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-1 Area 2 Analcime? 1.935 0.004 0.655 0.000 0.655 0.000 0.005 0.323 0.031 0.239 0.011 0.002 0.015 3.859

IEBS-1 Area 6 analcime? 1.760 0.003 0.586 0.000 0.919 0.003 0.007 0.361 0.057 0.485 0.014 0.001 0.000 4.194

AVERAGE 1.85 0.00 0.62 0.00 0.79 0.00 0.01 0.34 0.04 0.36 0.01 0.00 0.01 4.03

Std. Dev. 0.12 0.00 0.05 0.00 0.19 0.00 0.00 0.03 0.02 0.17 0.00 0.00 0.01 0.24

Clay Matrix si02 TiO2 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-1 Area 4 Matrix 61.55 0.11 21.61 0.00 3.99 0.00 0.01 1.91 0.54 1.11 0.28 0.02 0.20 -0.09 91.14

IEBS-1 Area 4 matrix 59.35 0.12 22.31 0.00 4.17 0.01 0.01 1.90 0.14 0.99 0.27 0.02 0.28 -0.12 89.29

IEBS-1 Area 1 Matrix 59.55 0.12 22.16 0.00 3.93 0.01 0.02 2.08 0.42 1.15 0.27 0.02 0.21 -0.09 89.74

AVERAGE 60.15 0.12 22.03 0.00 4.03 0.01 0.01 1.97 0.37 1.08 0.27 0.02 0.23 -0.10 90.06

Std. Dev. 1.22 0.01 0.37 0.00 0.13 0.01 0.00 0.10 0.20 0.09 0.01 0.00 0.05 0.02 0.96

12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-1 Area 4 Matrix 4.341 0.006 1.796 0 0.235 0 6E-04 0.201 0.041 0.152 0.025 0.002 0.045 6.80

IEBS-1 Area 4 matrix 4.268 0.006 1.891 0 0.251 6E-04 6E-04 0.204 0.011 0.138 0.025 0.002 0.064 6.80

IEBS-1 Area 1 Matrix 4.271 0.006 1.873 0 0.236 6E-04 0.001 0.222 0.032 0.16 0.025 0.002 0.048 6.83

AVERAGE 4.29 0.01 1.85 0.00 0.24 0.00 0.00 0.21 0.03 0.15 0.02 0.00 0.05 6.81

Std. Dev. 0.04 0.00 0.05 0.00 0.01 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.01 0.02

Stilpnomelane si02 TiO2 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-1 Area 5 stil? 33.81 0.02 12.03 0.00 24.99 0.01 0.11 1.31 0.58 1.84 0.08 0.13 0.00 -0.03 74.90

IEBS-1 Area 5 stil? 32.93 0.01 12.39 0.00 25.73 0.02 0.12 1.23 0.75 1.96 0.06 0.09 0.02 -0.03 75.29

IEBS-1 Area 5 stil? 31.76 0.03 11.14 0.01 21.30 0.00 0.11 1.28 0.34 2.02 0.08 0.16 0.05 -0.05 68.21

IEBS-1 Area 5 stil? 43.61 0.09 15.21 0.01 25.60 0.00 0.11 2.00 1.09 2.45 0.15 0.01 0.16 -0.07 90.32

IEBS-1 Area 6 stil? 34.02 0.01 11.09 0.01 24.29 0.00 0.10 2.12 0.48 1.59 0.02 0.10 0.00 -0.02 73.85

IEBS-1 Area 6 stil? 35.03 0.02 12.55 0.00 26.48 0.00 0.10 1.94 0.46 1.78 0.03 0.09 0.05 -0.04 78.49

IEBS-1 Area 6 stil? 32.95 0.02 11.79 0.01 26.36 0.02 0.10 1.59 0.44 1.57 0.04 0.14 0.01 -0.03 75.02

IEBS-1 Area 6 stil? 45.21 0.06 17.01 0.01 22.68 0.00 0.10 1.84 0.96 4.45 0.30 0.02 0.07 -0.03 92.64

AVERAGE 36.17 0.03 12.90 0.01 24.68 0.01 0.11 1.66 0.64 2.21 0.10 0.09 0.04 -0.04 78.59

Std. Dev. 5.20 0.03 2.10 0.00 1.84 0.01 0.01 0.36 0.27 0.95 0.09 0.05 0.05 0.02 8.47
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28 oxygen atoms per formula unit (sum excludes F & CD

Si Ti Al Cr Fe Ni Mn Mg Ca Na K Cl F Sum

IEBS-1 Area 5 stil? 8.281 0.003 3.472 0.000 5.120 0.002 0.022 0.478 0.151 0.875 0.026 0.052 0.000 18.431

IEBS-1 Area 5 stil? 8.089 0.002 3.586 0.000 5.286 0.004 0.025 0.451 0.196 0.935 0.019 0.036 0.018 18.593

IEBS-1 Area 5 stil? 8.434 0.005 3.486 0.001 4.730 0.000 0.024 0.506 0.096 1.042 0.026 0.070 0.038 18.351

IEBS-1 Area 5 stil? 8.577 0.013 3.526 0.001 4.211 0.000 0.018 0.586 0.229 0.934 0.037 0.005 0.098 18.131

IEBS-1 Area 6 stil? 8.406 0.002 3.230 0.002 5.020 0.000 0.022 0.781 0.128 0.762 0.008 0.042 0.000 18.361

IEBS-1 Area 6 stil? 8.198 0.003 3.462 0.000 5.183 0.001 0.019 0.677 0.114 0.809 0.010 0.037 0.040 18.477

IEBS-1 Area 6 stil? 8.141 0.004 3.434 0.002 5.448 0.003 0.021 0.586 0.116 0.754 0.012 0.059 0.005 18.520

IEBS-1 Area 6 stil? 8.558 0.009 3.794 0.001 3.591 0.000 0.016 0.518 0.194 1.632 0.073 0.007 0.039 18.388

AVERAGE 8.34 0.01 3.50 0.00 4.82 0.00 0.02 0.57 0.15 0.97 0.03 0.04 0.03 18.41

Std. Dev. 0.19 0.00 0.16 0.00 0.63 0.00 0.00 0.11 0.05 0.29 0.02 0.02 0.03 0.14
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IEBS-2
C(A)SH (Zeophyllite,

tobermorite?)
Si02 Ti02 A1203 Cr203 Fe() Ni0 Mn0 MK) Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-2 Area 1 zeolite? 12.11 0.01 1.65 0.00 0.76 0.00 0.06 0.08 46.27 0.28 0.03 0.03 0.69 -0.30 61.28

IEBS-2 Area 1 zeolite? 9.79 0.01 1.88 0.00 0.82 0.00 0.06 0.09 48.20 0.31 0.02 0.02 0.54 -0.23 61.20

IEBS-2 Area 1 zeolite? 7.45 0.01 1.07 0.00 0.66 0.00 0.07 0.08 41.74 0.55 0.02 0.02 0.22 -0.10 51.66

IEBS-2 Area 1 zeolite? 7.27 0.01 1.74 0.00 0.64 0.00 0.08 0.06 42.03 0.38 0.02 0.03 0.57 -0.25 52.26

IEBS-2 Area 1-2 zeolite? 10.13 0.00 1.80 0.00 0.70 0.01 0.04 0.13 48.64 0.43 0.02 0.03 0.94 -0.40 61.93

IEBS-2 Area 1-2 zeolite? 9.33 0.00 1.25 0.00 0.58 0.01 0.05 0.08 48.25 0.49 0.03 0.03 1.24 -0.53 60.11

IEBS-2 Area 1-2 zeolite? 10.45 0.00 3.37 0.00 0.66 0.00 0.03 0.12 43.09 0.74 0.04 0.04 0.80 -0.35 58.52

AVERAGE 9.50 0.01 1.82 0.00 0.69 0.00 0.05 0.09 45.46 0.45 0.03 0.03 0.71 -0.31 58.14

Std. Dev. 1.70 0.00 0.74 0.00 0.08 0.00 0.02 0.02 3.09 0.16 0.01 0.01 0.32 0.14 4.36

12 oxygen atoms performula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-2 Area 1 zeolite? 1.815 0.001 0.291 0.000 0.095 0.000 0.008 0.018 7.431 0.081 0.006 0.008 0.327 9.747

IEBS-2 Area 1 zeolite? 1.516 0.001 0.343 0.000 0.106 0.000 0.008 0.021 7.998 0.093 0.004 0.005 0.264 10.090

IEBS-2 Area 1 zeolite? 1.407 0.001 0.238 0.000 0.104 0.000 0.011 0.023 8.447 0.201 0.005 0.006 0.131 10.438

IEBS-2 Area 1 zeolite? 1.330 0.001 0.375 0.000 0.098 0.000 0.012 0.016 8.239 0.135 0.005 0.009 0.330 10.212

IEBS-2 Area 1-2 zeolite? 1.523 0.000 0.319 0.000 0.088 0.001 0.005 0.029 7.834 0.125 0.004 0.008 0.447 9.928

IEBS-2 Area 1-2 zeolite? 1.441 0.000 0.228 0.000 0.075 0.001 0.007 0.018 7.985 0.147 0.006 0.008 0.606 9.908

IEBS-2 Area 1-2 zeolite? 1.626 0.000 0.618 0.000 0.086 0.000 0.004 0.028 7.184 0.223 0.008 0.011 0.394 9.776

AVERAGE 1.52 0.00 0.34 0.00 0.09 0.00 0.01 0.02 7.87 0.14 0.01 0.01 0.36 10.01

Std. Dev. 0.16 0.00 0.13 0.00 0.01 0.00 0.00 0.00 0.44 0.05 0.00 0.00 0.15 0.25

Plagioclase 5102 Ti02 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-2 Area 1 feldspar 62.07 0.00 22.72 0.00 0.24 0.02 0.00 0.00 4.91 7.69 0.91 0.00 0.02 -0.01 98.57

8 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-2 Area 1 feldspar 2.792 0.000 1.205 0.000 0.009 0.001 0.000 0.000 0.237 0.671 0.052 0.000 0.003 4.967

Clay Matrix 5102 Ti02 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-2 Area 1 matrix 58.94 0.14 21.33 0.00 6.81 0.00 0.04 2.23 0.24 1.56 0.26 0.01 0.21 -0.09 91.56

IEBS-2 Area 3 matrix 59.02 0.12 21.19 0.00 5.06 0.01 0.01 1.75 0.32 1.04 0.29 0.01 0.23 -0.10 88.85

IEBS-2 Area 1-2 matrix 58.13 0.12 21.06 0.00 4.10 0.00 0.01 1.94 0.18 1.19 0.34 0.01 0.24 -0.10 87.10

IEBS-2 Area 4 matrix 60.06 0.11 22.16 0.00 4.60 0.00 0.01 1.82 0.29 0.93 0.26 0.01 0.19 -0.08 90.27

AVERAGE 59.04 0.13 21.43 0.00 5.14 0.00 0.02 1.94 0.26 1.18 0.29 0.01 0.22 -0.09 89.44

Std. Dev. 0.79 0.01 0.50 0.00 1.17 0.01 0.02 0.21 0.06 0.27 0.04 0.00 0.02 0.01 1.92
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12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K Cl F Sum

IEBS-2 Area 1 matrix 4.223 0.008 1.801 0.000 0.408 0.000 0.002 0.238 0.018 0.217 0.024 0.001 0.048 6.940

IEBS-2 Area 3 matrix 4.297 0.007 1.818 0.000 0.308 0.001 0.001 0.190 0.025 0.147 0.027 0.001 0.053 6.820

IEBS-2 Area 1-2 matrix 4.297 0.007 1.835 0.000 0.253 0.000 0.001 0.214 0.014 0.171 0.032 0.001 0.056 6.823

IEBS-2 Area 4 matrix 4.289 0.006 1.865 0.000 0.275 0.000 0.001 0.194 0.022 0.129 0.024 0.001 0.043 6.804

AVERAGE 4.28 0.01 1.83 0.00 0.31 0.00 0.00 0.21 0.02 0.17 0.03 0.00 0.05 6.85

Std. Dev. 0.04 0.00 0.03 0.00 0.07 0.00 0.00 0.02 0.00 0.04 0.00 0.00 0.01 0.06

Shard (Clinoptilolite?) Si02 TiO___ 2 Al 0_ 2 _ 3 Cr 0_ _ 2 _ 3 Fe0_ _ _ Ni0_ _ _ M 0_ _n _ M 0_ _g _ Ca°_ _ Na 0_ 2 _ K 0_ _2 _ CI F 0=F&CI TOTAL

IEBS-2 Area 1-2 shard 71.66 0.01 12.01 0.00 0.20 0.01 0.04 0.13 2.33 1.60 0.10 0.00 0.00 0.00 88.08

IEBS-2 Area 1-2 shard 71.59 0.00 11.64 0.00 0.18 0.01 0.04 0.15 1.53 2.27 0.24 0.00 0.00 0.00 87.64

IEBS-2 Area 1-2 shard 69.62 0.00 11.55 0.00 0.22 0.00 0.03 0.13 1.85 1.40 0.11 0.00 0.02 -0.01 84.92

IEBS-2 Area 1 shard 68.13 0.00 10.28 0.00 0.15 0.00 0.02 0.07 2.22 1.88 0.17 0.00 0.00 0.00 82.92

IEBS-2 Area 1-2- shard 59.92 0.00 9.27 0.00 0.24 0.00 0.01 0.12 1.20 1.91 0.17 0.11 0.01 -0.03 72.97

IEBS-2 Area 3 shard 61.68 0.00 9.37 0.00 0.23 0.00 0.02 0.15 2.49 1.67 0.07 0.00 0.09 -0.04 75.69

IEBS-2 Area 4 shard 64.31 0.00 7.16 0.00 0.15 0.00 0.02 0.15 1.69 1.90 0.13 0.00 0.00 0.00 75.52

AVERAGE 66.70 0.00 10.18 0.00 0.20 0.00 0.03 0.13 1.90 1.80 0.14 0.02 0.02 -0.01 81.10

Std. Dev. 4.76 0.00 1.73 0.00 0.04 0.00 0.01 0.03 0.47 0.28 0.06 0.04 0.03 0.02 6.27

18 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K Cl F Sum

IEBS-2 Area 1-2 shard 7.629 0.001 1.507 0.000 0.018 0.000 0.003 0.021 0.266 0.329 0.013 0.000 0.000 9.788

IEBS-2 Area 1-2 shard 7.663 0.000 1.469 0.000 0.016 0.000 0.003 0.023 0.175 0.471 0.032 0.001 0.000 9.854

IEBS-2 Area 1-2 shard 7.666 0.000 1.498 0.000 0.021 0.000 0.003 0.022 0.218 0.299 0.016 0.001 0.007 9.742

IEBS-2 Area 1 shard 7.713 0.000 1.371 0.000 0.015 0.000 0.002 0.012 0.269 0.412 0.025 0.001 0.000 9.820

IEBS-2 Area 1-2- shard 7.711 0.000 1.406 0.000 0.026 0.000 0.001 0.023 0.166 0.475 0.029 0.025 0.004 9.838

IEBS-2 Area 3 shard 7.673 0.000 1.373 0.000 0.023 0.000 0.003 0.028 0.332 0.402 0.012 0.000 0.035 9.847

IEBS-2 Area 4 shard 7.962 0.000 1.045 0.000 0.015 0.000 0.003 0.027 0.224 0.457 0.020 0.000 0.002 9.754

AVERAGE 7.72 0.00 1.38 0.00 0.02 0.00 0.00 0.02 0.24 0.41 0.02 0.00 0.01 9.81

Std. Dev. 0.11 0.00 0.16 0.00 0.00 0.00 0.00 0.01 0.06 0.07 0.01 0.01 0.01 0.05
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Stilpnomelane Si02 TiO2 A1203 Cr203 Fe() NiO Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&C1 TOTAL

IEBS-2 Area 2 Stilp? 34.60 0.00 11.14 0.00 31.40 0.01 0.09 1.27 5.85 2.51 0.03 0.15 0.06 -0.06 87.05

IEBS-2 Area 3 stilp? 41.95 0.05 16.08 0.01 29.64 0.02 0.14 1.68 0.76 2.98 0.14 0.07 0.00 -0.02 93.53

IEBS-2 Area 3 stilp? 36.58 0.02 15.09 0.01 27.74 0.02 0.13 1.73 0.59 2.41 0.16 0.09 0.01 -0.03 84.56

IEBS-2 Area 3 stilp? 38.07 0.02 15.82 0.00 30.21 0.01 0.15 1.54 0.78 3.57 0.15 0.06 0.11 -0.06 90.38

AVERAGE 37.80 0.02 14.53 0.01 29.75 0.02 0.13 1.55 1.99 2.87 0.12 0.09 0.04 -0.04 88.88

Std. Dev. 3.11 0.02 2.30 0.01 1.53 0.01 0.03 0.21 2.57 0.53 0.06 0.04 0.05 0.02 3.91

18 oxygen atoms per formula unit (sum excludes F & CD

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-2 Area 2 Stilp? 7.671 0.000 2.911 0.000 5.822 0.002 0.017 0.420 1.390 1.079 0.008 0.056 0.042 19.38

IEBS-2 Area 3 stilp? 8.171 0.007 3.691 0.002 4.828 0.003 0.023 0.488 0.159 1.125 0.035 0.023 0.000 18.56

IEBS-2 Area 3 stilp? 7.938 0.003 3.859 0.002 5.034 0.003 0.024 0.560 0.137 1.014 0.044 0.033 0.007 18.65

IEBS-2 Area 3 stilp? 7.799 0.003 3.820 0.000 5.176 0.002 0.026 0.470 0.171 1.418 0.039 0.021 0.071 18.95

AVERAGE 7.89 0.00 3.57 0.00 5.21 0.00 0.02 0.48 0.46 1.16 0.03 0.03 0.03 18.88

Std. Dev. 0.21 0.00 0.45 0.00 0.43 0.00 0.00 0.06 0.62 0.18 0.02 0.02 0.03 0.37
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IEBS-2 Steel
Fe-saponite si02 Ti02 A1203 cr203 Fe() Ni0 Mn0 Mg0 Ca() Na20 K20 CI F 0=F&CI TOTAL

IEBS-2 Steel Area 1 Fe sap 41.79 0.03 16.85 0.17 29.86 0.24 0.29 1.52 0.89 3.86 0.06 0.01 0.01 -0.01 95.58

IEBS-2 Steel Area 1 Fe sap 43.70 0.06 16.35 0.15 27.16 0.23 0.25 1.57 0.92 3.24 0.07 0.02 0.00 -0.01 93.73

IEBS-2 Steel Area 1 Fe sap 41.41 0.04 17.17 0.18 29.27 0.23 0.24 1.50 0.85 3.60 0.08 0.02 0.00 0.00 94.60

IEBS-2 Steel Area 1 Fe sap 35.41 0.02 15.74 0.33 34.11 0.29 0.33 1.20 0.45 2.58 0.08 0.01 0.03 -0.02 90.57

IEBS-2 Steel Area 4 Fe sap 41.10 0.03 16.11 0.23 27.33 0.40 0.22 1.58 0.14 4.19 0.17 0.08 0.08 -0.05 91.59

IEBS-2 Steel Area 4 Fe sap 33.77 0.03 15.05 0.22 25.55 0.25 0.26 1.46 0.08 5.65 0.10 0.09 0.06 -0.04 82.52

AVERAGE 39.53 0.04 16.21 0.21 28.88 0.27 0.27 1.47 0.56 3.86 0.09 0.04 0.03 -0.02 91.43

Std. Dev. 3.97 0.01 0.77 0.07 3.00 0.07 0.04 0.14 0.39 1.04 0.04 0.04 0.03 0.02 4.75

12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-2 Steel Area 1 Fe sap 3.434 0.002 1.632 0.011 2.052 0.016 0.020 0.186 0.079 0.614 0.006 0.002 0.002 8.053

IEBS-2 Steel Area 1 Fe sap 3.587 0.004 1.581 0.010 1.864 0.015 0.018 0.192 0.081 0.516 0.008 0.002 0.001 7.876

IEBS-2 Steel Area 1 Fe sap 3.426 0.003 1.675 0.012 2.025 0.015 0.017 0.186 0.075 0.578 0.008 0.002 0.000 8.021

IEBS-2 Steel Area 1 Fe sap 3.196 0.001 1.674 0.024 2.575 0.021 0.025 0.162 0.044 0.452 0.010 0.001 0.009 8.185

IEBS-2 Steel Area 4 Fe sap 3.497 0.002 1.615 0.015 1.945 0.027 0.016 0.200 0.013 0.691 0.019 0.012 0.020 8.041

IEBS-2 Steel Area 4 Fe sap 3.267 0.002 1.716 0.017 2.067 0.019 0.021 0.210 0.008 1.060 0.012 0.015 0.018 8.401

AVERAGE 3.40 0.00 1.65 0.01 2.09 0.02 0.02 0.19 0.05 0.65 0.01 0.01 0.01 8.10

Std. Dev. 0.15 0.00 0.05 0.01 0.25 0.00 0.00 0.02 0.03 0.22 0.00 0.01 0.01 0.18

Chlorite? si02 Ti02 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS-2 Steel Area 3 chl? 46.02 0.10 21.84 0.12 5.98 0.10 0.06 1.57 0.19 2.29 0.35 0.01 0.23 -0.10 78.63

IEBS-2 Steel Area 3 chl? 62.39 0.12 21.12 0.07 6.69 0.11 0.01 1.97 0.22 1.42 0.43 0.01 0.17 -0.08 94.58

AVERAGE 54.20 0.11 21.48 0.09 6.33 0.11 0.04 1.77 0.21 1.85 0.39 0.01 0.20 -0.09 86.60

Std. Dev. 11.58 0.01 0.51 0.03 0.51 0.01 0.04 0.28 0.03 0.62 0.06 0.00 0.04 0.02 11.27

11 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS-2 Steel Area 3 chl? 3.570 0.006 1.997 0.007 0.388 0.006 0.004 0.182 0.016 0.344 0.035 0.001 0.056 6.56

IEBS-2 Steel Area 3 chl? 3.957 0.006 1.579 0.004 0.355 0.006 0.001 0.186 0.015 0.175 0.035 0.001 0.034 6.32

AVERAGE 3.76 0.01 1.79 0.01 0.37 0.01 0.00 0.18 0.02 0.26 0.03 0.00 0.05 6.44

Std. Dev. 0.27 0.00 0.30 0.00 0.02 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.02 0.17
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IEBS-3
Clay Si02 Ti02 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&C1 TOTAL

IEBS 3 Area 1
clay

63.83 0.12 24.30 0.00 3.18 0.01 0.00 2.42 0.27 2.07 0.25 0.01 0.19 -0.08 96.47

IEBS 3 Area 1
clay

64.50 0.11 24.62 0.00 3.41 0.00 0.02 2.21 0.29 2.08 0.21 0.01 0.21 -0.09 97.46

IEBS 3 Area 2
clay

61.90 0.11 23.46 0.00 3.94 0.00 0.02 1.97 0.29 1.61 0.21 0.01 0.17 -0.07 93.54

IEBS 3 Area 2
clay

58.95 0.09 23.73 0.00 2.83 0.00 0.02 2.18 0.24 2.09 0.17 0.01 0.39 -0.17 90.32

IEBS 3 Area 2
clay

63.00 0.09 23.47 0.00 3.93 0.00 0.03 1.83 0.28 1.65 0.18 0.01 0.21 -0.09 94.47

IEBS 3 Area 3
clay

65.86 0.13 24.07 0.00 4.20 0.00 0.01 1.86 0.36 1.24 0.28 0.01 0.12 -0.05 98.03

IEBS 3 Area 3
clay

63.61 0.09 27.09 0.00 3.84 0.00 0.02 1.54 0.31 1.29 0.17 0.01 0.02 -0.01 97.96

IEBS 3 Area 3
clay

63.55 0.10 26.52 0.00 3.60 0.00 0.01 1.52 0.36 2.18 0.19 0.01 0.04 -0.02 98.04

AVERAGE 63.150 0.107 24.657 0.001 3.616 0.002 0.016 1.942 0.301 1.776 0.209 0.008 0.169 -0.073 95.787
Std. Dev. 1.911 0.015 1.301 0.001 0.425 0.005 0.008 0.299 0.039 0.355 0.035 0.002 0.108 0.045 2.617

12 oxygen atoms per formula unit (sum excludes F & C1)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 3 Area 1
clay

4.267 0.006 1.914 0.000 0.178 0.001 0.000 0.241 0.019 0.269 0.021 0.001 0.040 6.915

IEBS 3 Area 1
clay

4.269 0.005 1.920 0.000 0.189 0.000 0.001 0.218 0.021 0.267 0.017 0.001 0.045 6.908

IEBS 3 Area 2
clay

4.276 0.006 1.910 0.000 0.228 0.000 0.001 0.203 0.022 0.216 0.019 0.001 0.036 6.880

IEBS 3 Area 2
clay

4.210 0.005 1.998 0.000 0.169 0.000 0.001 0.232 0.019 0.289 0.016 0.001 0.088 6.939

IEBS 3 Area 2
clay

4.303 0.005 1.890 0.000 0.224 0.000 0.001 0.187 0.020 0.218 0.016 0.001 0.045 6.864

IEBS 3 Area 3
clay

4.329 0.007 1.865 0.000 0.231 0.000 0.000 0.183 0.025 0.158 0.024 0.001 0.025 6.822

IEBS 3 Area 3
clay

4.184 0.005 2.100 0.000 0.211 0.000 0.001 0.151 0.022 0.164 0.015 0.001 0.005 6.851
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IEBS 3 Area 3
clay

4.189 0.005 2.060 0.000 0.198 0.000 0.001 0.149 0.026 0.278 0.016 0.001 0.009 6.923

AVERAGE 4.253 0.005 1.957 0.000 0.204 0.000 0.001 0.195 0.022 0.232 0.018 0.001 0.037 6.888
Std. Dev. 0.050 0.001 0.080 0.000 0.022 0.000 0.000 0.032 0.002 0.048 0.003 0.000 0.024 0.037

K-feldspar Si02 Tie)____ 2 Al 0_ __2 _ 3 Cr 0_ _ 3 _ 3 Fe()_ _ _ Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS 3 Area 1
feldspar

64.90 0.01 20.07 0.00 0.18 0.00 0.01 0.00 0.14 3.50 10.50 0.00 0.00 0.00 99.30

IEBS 3 Area 1
feldspar

64.86 0.00 20.47 0.00 0.18 0.00 0.01 0.00 0.17 3.16 10.79 0.00 0.00 0.00 99.66

IEBS 3 Area 1
feldspar

64.92 0.01 20.14 0.00 0.15 0.01 0.00 0.00 0.18 3.05 10.20 0.00 0.00 0.00 98.67

IEBS 3 Area 3
feldspar

64.84 0.00 20.11 0.00 0.15 0.02 0.02 0.00 0.18 3.38 10.86 0.00 0.04 -0.02 99.55

IEBS 3 Area 3
feldspar

64.21 0.01 20.72 0.00 0.15 0.00 0.00 0.02 0.18 3.09 10.50 0.00 0.00 0.00 98.88

IEBS 3 Area 3
feldspar

64.89 0.01 20.28 0.00 0.13 0.00 0.00 0.00 0.20 3.33 10.48 0.00 0.00 0.00 99.31

IEBS 3 Area 3
feldspar

64.99 0.01 20.10 0.00 0.17 0.00 0.00 0.00 0.18 3.26 11.05 0.00 0.00 0.00 99.77

AVERAGE 64.802 0.006 20.270 0.000 0.160 0.004 0.005 0.003 0.175 3.253 10.625 0.001 0.005 -0.002 99.307

Std. Dev. 0.245 0.003 0.225 0.000 0.017 0.006 0.006 0.007 0.018 0.152 0.265 0.001 0.013 0.006 0.376

8 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 3 Area 1
feldspar

2.943 0.000 1.089 0.000 0.007 0.000 0.000 0.000 0.007 0.313 0.617 0.000 0.000 4.977

IEBS 3 Area 1
feldspar

2.945 0.000 1.095 0.000 0.007 0.000 0.000 0.000 0.008 0.278 0.625 0.000 0.000 4.959

IEBS 3 Area 1
feldspar

2.929 0.000 1.120 0.000 0.006 0.000 0.000 0.000 0.009 0.279 0.614 0.000 0.000 4.957

IEBS 3 Area 3
feldspar

2.951 0.000 1.079 0.000 0.006 0.001 0.001 0.000 0.009 0.299 0.630 0.000 0.005 4.974

IEBS 3 Area 3
feldspar

2.926 0.000 1.111 0.000 0.006 0.000 0.000 0.001 0.009 0.286 0.640 0.000 0.000 4.981

IEBS 3 Area 3
feldspar

2.939 0.000 1.100 0.000 0.005 0.000 0.000 0.000 0.010 0.297 0.615 0.000 0.000 4.966
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IEBS 3 Area 3
feldspar

2.953 0.000 1.076 0.000 0.007 0.000 0.000 0.000 0.009 0.287 0.640 0.000 0.000 4.972

AVERAGE 2.941 0.000 1.096 0.000 0.006 0.000 0.000 0.000 0.009 0.291 0.626 0.000 0.001 4.970
Std. Dev. 0.009 0.000 0.015 0.000 0.001 0.000 0.000 0.001 0.001 0.011 0.011 0.000 0.002 0.008

Plagioclase Si02 TiO___ 2 Al 0_ __2 _ 3 Cr 0_ _ 3 _ 3 Fe0_ _ _ Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS 3 Area 1
feldspar

61.82 0.01 25.28 0.00 0.27 0.00 0.00 0.01 4.75 7.57 1.08 0.00 0.05 -0.02 100.79

IEBS 3 Area 1
feldspar

57.98 0.01 28.38 0.00 0.22 0.00 0.01 0.01 6.99 6.58 0.51 0.00 0.00 0.00 100.68

IEBS 3 Area 3
feldspar

49.06 0.00 33.91 0.00 0.44 0.00 0.01 0.02 13.87 2.41 0.11 0.01 0.00 0.00 99.86

IEBS 3 Area 3
feldspar

60.12 0.01 25.02 0.00 0.28 0.01 0.00 0.01 5.04 7.79 0.79 0.00 0.00 0.00 99.06

AVERAGE 57.246 0.007 28.147 0.000 0.301 0.002 0.006 0.010 7.660 6.087 0.623 0.002 0.012 -0.006 100.096
Std. Dev. 4.916 0.004 3.580 0.001 0.086 0.003 0.004 0.004 3.689 2.172 0.358 0.003 0.021 0.009 0.697

8 oxygen atoms per formula unit (sum excludes F & CI)
Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 3 Area 1
feldspar

2.722 0.000 1.312 0.000 0.010 0.000 0.000 0.000 0.224 0.646 0.061 0.000 0.007 4.975

IEBS 3 Area 1
feldspar

2.569 0.000 1.482 0.000 0.008 0.000 0.000 0.001 0.332 0.565 0.029 0.000 0.000 4.986

IEBS 3 Area 3
feldspar

2.233 0.000 1.819 0.000 0.017 0.000 0.000 0.001 0.677 0.213 0.006 0.001 0.000 4.967

IEBS 3 Area 3
feldspar

2.742 0.000 1.281 0.000 0.010 0.000 0.000 0.001 0.234 0.656 0.044 0.000 0.000 4.968

AVERAGE 2.567 0.000 1.473 0.000 0.011 0.000 0.000 0.001 0.367 0.520 0.035 0.000 0.002 4.974
Std. Dev. 0.204 0.000 0.214 0.000 0.003 0.000 0.000 0.000 0.184 0.181 0.020 0.000 0.003 0.008

Sericite sio2 Ti02 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL

IEBS 3 Area 1
feldspar

76.68 0.00 14.74 0.00 0.22 0.00 0.02 0.15 1.91 2.24 0.03 0.00 0.00 0.00 95.99

8 oxygen atoms per formula unit (sum excludes F & CI)
Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 3 Area 1
feldspar

3.332 0.000 0.755 0.000 0.008 0.000 0.001 0.010 0.089 0.189 0.001 0.000 0.000 4.385

Clinoptilolite S102 TiO___ 3 Al 0_ __2 _ 3 Cr 0_ _ 2 _ 3 F 0_ e _ Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&CI TOTAL
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IEBS 3 Area 1
feldspar

73.12 0.00 14.34 0.00 0.16 0.00 0.02 0.11 1.72 2.95 0.01 0.00 0.00 0.00 92.43

IEBS 3 Area 1
feldspar

69.54 0.00 12.67 0.00 0.15 0.00 0.01 0.11 1.53 3.44 0.01 0.00 0.08 -0.03 87.47

IEBS 3 Area 1
feldspar

64.19 0.00 13.15 0.00 0.18 0.00 0.00 0.11 1.61 2.20 0.01 0.00 0.05 -0.02 81.46

IEBS 3 Area 3
zeolite-
glass

67.70 0.00 13.39 0.00 0.18 0.02 0.02 0.09 2.02 0.99 0.02 0.01 0.02 -0.01 84.43

IEBS 3 Area 3
zeolite-
glass

70.11 0.00 12.79 0.00 0.15 0.00 0.01 0.12 2.53 1.88 0.01 0.00 0.00 0.00 87.60

AVERAGE 68.933 0.002 13.268 0.000 0.161 0.003 0.013 0.107 1.884 2.291 0.011 0.002 0.030 -0.013 86.677
Std. Dev. 2.942 0.002 0.594 0.000 0.014 0.007 0.006 0.012 0.365 0.852 0.004 0.003 0.031 0.013 3.655

12 oxygen atoms per formula unit (sum excludes F & C1)
Si Ti Al Cr Fe Ni Mn Mg C a Na K CI F Sum

IEBS 3 Area 1
feldspar

4.968 0.000 1.148 0.000 0.009 0.000 0.001 0.011 0.126 0.388 0.001 0.000 0.000 6.652

IEBS 3 Area 1
feldspar

5.004 0.000 1.075 0.000 0.009 0.000 0.001 0.012 0.118 0.480 0.000 0.000 0.018 6.699

IEBS 3 Area 1
feldspar

4.944 0.000 1.194 0.000 0.011 0.000 0.000 0.013 0.133 0.328 0.001 0.000 0.012 6.624

IEBS 3 Area 3
zeolite-
glass

4.999 0.000 1.165 0.000 0.011 0.001 0.001 0.009 0.160 0.141 0.002 0.001 0.004 6.490

IEBS 3 Area 3
zeolite-
glass

5.018 0.000 1.078 0.000 0.009 0.000 0.001 0.013 0.194 0.261 0.001 0.000 0.000 6.574

AVERAGE 4.986 0.000 1.132 0.000 0.010 0.000 0.001 0.012 0.146 0.320 0.001 0.000 0.007 6.608
Std. Dev. 0.027 0.000 0.048 0.000 0.001 0.000 0.000 0.001 0.028 0.115 0.000 0.000 0.007 0.072
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IEBS-3 Steel
Fe-saponite Si02 Ti02 A1203 Cr203 Fe0 NiO Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 3 Steel Area 1
saponite

40.39 0.06 17.12 0.11 19.28 0.13 0.11 1.52 0.63 2.79 0.27 0.08 0.08 -0.05 82.49

IEBS 3 Steel Area 4
saponite

49.23 0.08 17.30 0.05 15.98 0.11 0.08 1.58 1.55 2.63 0.24 0.04 0.14 -0.07 88.88

IEBS 3 Steel Area 1 spot 2 40.63 0.04 17.76 0.10 26.40 0.17 0.15 1.62 0.84 2.35 0.16 0.01 0.00 0.00 90.25
IEBS 3 Steel Area 4

saponite
45.73 0.07 18.00 0.04 22.93 0.20 0.15 1.74 0.82 2.62 0.09 0.03 0.01 -0.01 92.43

IEBS 3 Steel Area 2
saponite

41.37 0.04 17.91 0.09 27.09 0.19 0.15 1.80 0.83 3.03 0.11 0.01 0.04 -0.02 92.63

IEBS 3 Steel Area 5
saponite

37.26 0.00 15.04 0.49 34.68 0.17 0.24 1.31 1.11 2.68 0.09 0.01 0.03 -0.02 93.09

IEBS 3 Steel Area 3
saponite

45.75 0.21 16.68 0.06 24.19 0.18 0.15 2.38 0.84 2.52 0.16 0.02 0.07 -0.03 93.14

IEBS 3 Steel Area 3
saponite

43.88 0.04 18.14 0.08 26.00 0.17 0.15 2.13 0.82 3.20 0.06 0.01 0.00 0.00 94.69

IEBS 3 Steel Area 3
saponite

44.19 0.04 18.27 0.09 25.77 0.18 0.15 2.19 0.77 3.03 0.07 0.01 0.10 -0.04 94.78

IEBS 3 Steel Area 2
saponite

43.63 0.05 18.86 0.15 26.83 0.22 0.17 1.85 0.77 3.27 0.22 0.02 0.08 -0.04 96.05

IEBS 3 Steel Area 2
saponite

44.33 0.05 19.20 0.11 25.99 0.20 0.16 1.86 0.73 3.31 0.26 0.01 0.05 -0.02 96.21

AVERAGE 43.307 0.061 17.662 0.124 25.013 0.175 0.151 1.818 0.883 2.856 0.157 0.022 0.055 -0.028 92.240
Std. Dev. 3.091 0.050 1.080 0.120 4.522 0.030 0.038 0.302 0.239 0.312 0.074 0.019 0.043 0.020 3.752

12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 3 Steel Area 1
saponite

3.634 0.004 1.815 0.008 1.450 0.010 0.008 0.204 0.061 0.486 0.031 0.012 0.023 7.710

IEBS 3 Steel Area 4
saponite

3.952 0.005 1.637 0.003 1.073 0.007 0.005 0.189 0.134 0.409 0.024 0.005 0.037 7.440

IEBS 3 Steel Area 1 spot 2 3.461 0.002 1.783 0.007 1.880 0.011 0.011 0.206 0.077 0.388 0.018 0.001 0.000 7.845
IEBS 3 Steel Area 4

saponite
3.684 0.004 1.709 0.002 1.545 0.013 0.010 0.209 0.071 0.409 0.010 0.004 0.004 7.666

IEBS 3 Steel Area 2
saponite

3.445 0.003 1.758 0.006 1.887 0.013 0.011 0.224 0.074 0.489 0.012 0.002 0.010 7.921
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IEBS 3 Steel Area 5
saponite

3.268 0.000 1.555 0.034 2.543 0.012 0.018 0.171 0.104 0.456 0.010 0.002 0.008 8.171

IEBS 3 Steel Area 3
saponite

3.688 0.013 1.585 0.004 1.631 0.011 0.011 0.286 0.073 0.394 0.016 0.002 0.017 7.711

IEBS 3 Steel Area 3
saponite

3.529 0.003 1.719 0.005 1.749 0.011 0.010 0.256 0.071 0.499 0.006 0.001 0.000 7.859

IEBS 3 Steel Area 3
saponite

3.541 0.003 1.725 0.006 1.727 0.012 0.010 0.262 0.066 0.470 0.007 0.002 0.025 7.830

IEBS 3 Steel Area 2
saponite

3.478 0.003 1.772 0.010 1.789 0.014 0.012 0.220 0.066 0.506 0.022 0.003 0.020 7.892

IEBS 3 Steel Area 2
saponite

3.505 0.003 1.790 0.007 1.719 0.013 0.011 0.219 0.061 0.507 0.026 0.001 0.012 7.861

AVERAGE 3.562 0.004 1.713 0.008 1.727 0.012 0.011 0.222 0.078 0.456 0.017 0.003 0.014 7.809
Std. Dev. 0.168 0.003 0.082 0.008 0.339 0.002 0.003 0.032 0.021 0.045 0.008 0.003 0.011 0.174

Outer Clay Si02 TiO2 A1203 Cr2O3 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 3 Steel Area 3
saponite

58.15 0.10 23.81 0.03 3.96 0.04 0.02 1.69 0.47 1.08 0.12 0.01 0.10 -0.05 89.46

IEBS 3 Steel Area 3
saponite

57.57 0.13 24.98 0.03 3.85 0.07 0.02 1.54 0.47 1.14 0.16 0.01 0.12 -0.05 89.98

AVERAGE 57.860 0.115 24.394 0.029 3.903 0.053 0.022 1.612 0.466 1.109 0.138 0.011 0.110 -0.049 89.720
Std. Dev. 0.288 0.019 0.585 0.000 0.054 0.015 0.001 0.077 0.001 0.027 0.020 0.002 0.006 0.003 0.256

12 oxygen atoms per formula unit (sum excludesF & C1)
Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 3 Steel Area 3
saponite

4.202 0.005 2.028 0.002 0.239 0.002 0.001 0.182 0.036 0.152 0.011 0.001 0.024 6.860

IEBS 3 Steel Area 3
saponite

4.141 0.007 2.118 0.002 0.232 0.004 0.001 0.165 0.036 0.159 0.014 0.002 0.026 6.879

AVERAGE 4.171 0.006 2.073 0.002 0.235 0.003 0.001 0.173 0.036 0.155 0.013 0.001 0.025 6.869
Std. Dev. 0.030 0.001 0.045 0.000 0.004 0.001 0.000 0.009 0.000 0.003 0.002 0.000 0.001 0.009
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IEBS-4
Clay Si02 TiO2 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&C1 TOTAL

IEBS 4 Area 1 clay 61.70 0.11 23.88 0.00 5.04 0.00 0.01 1.79 0.50 1.50 0.20 0.00 0.23 -0.10 94.73
IEBS 4 Area 1 clay 63.39 0.10 24.10 0.00 5.46 0.00 0.02 1.70 0.49 1.65 0.26 0.00 0.12 -0.05 97.18
IEBS 4 Area 1 clay 61.85 0.12 24.64 0.00 4.16 0.00 0.02 1.82 0.55 1.34 0.18 0.00 0.02 -0.01 94.70

AVERAGE 62.317 0.110 24.203 0.000 4.888 0.000 0.016 1.769 0.514 1.497 0.211 0.003 0.123 -0.053 95.54
Std. Dev. 25.719 0.047 10.227 0.000 2.162 0.003 0.007 0.762 0.069 0.300 0.094 0.001 0.083 0.042 1.01

12 oxygen atoms per formula unit (sum excludes F & CD

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 4 Area 1 clay 4.236 0.006 1.932 0.000 0.290 0.000 0.000 0.183 0.037 0.199 0.017 0.000 0.050 6.900
IEBS 4 Area 1 clay 4.251 0.005 1.904 0.000 0.306 0.000 0.001 0.170 0.035 0.215 0.022 0.000 0.025 6.910
IEBS 4 Area 1 clay 4.225 0.006 1.984 0.000 0.238 0.000 0.001 0.185 0.041 0.178 0.015 0.000 0.005 6.873

AVERAGE 4.238 0.006 1.940 0.000 0.278 0.000 0.001 0.179 0.037 0.197 0.018 0.000 0.027 6.895
Std. Dev. 1.823 0.002 0.820 0.000 0.122 0.000 0.000 0.077 0.005 0.038 0.008 0.000 0.018 0.014

K-feldspar Si02 TiO2 A1203 Cr203 Fe() NiO Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&C1 TOTAL

IEBS 4 Area 1 feldspar 64.77 0.01 20.13 0.00 0.19 0.00 0.02 0.01 0.18 3.15 10.73 0.00 0.00 0.00 99.19
IEBS 4 Area 1 feldspar 64.77 0.01 20.87 0.00 0.18 0.00 0.00 0.00 0.16 3.26 9.48 0.00 0.11 -0.04 98.78
IEBS 4 Area 1 feldspar 64.62 0.00 20.25 0.00 0.14 0.01 0.01 0.00 0.16 3.01 10.55 0.00 0.01 -0.01 98.75
IEBS 4 Area 1 feldspar 64.88 0.01 20.23 0.00 0.27 0.00 0.01 0.00 0.32 3.29 10.31 0.00 0.03 -0.01 99.34
IEBS 4 Area 1 feldspar 64.79 0.02 19.91 0.00 0.18 0.00 0.00 0.00 0.17 3.01 11.39 0.00 0.00 0.00 99.47

AVERAGE 64.767 0.009 20.279 0.000 0.195 0.002 0.009 0.003 0.197 3.144 10.491 0.002 0.030 -0.013 99.106
Std. Dev. 0.085 0.005 0.319 0.000 0.043 0.004 0.006 0.004 0.063 0.122 0.620 0.002 0.040 0.016 0.292

8 oxygen atoms per formula unit (sum excludes F & C1)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F TOTAL

IEBS 4 Area 1 feldspar 2.891 0.000 1.147 0.000 0.008 0.000 0.001 0.001 0.009 0.295 0.662 0.000 0.000 5.014
IEBS 4 Area 1 feldspar 2.917 0.000 1.123 0.000 0.008 0.000 0.000 0.000 0.009 0.320 0.611 0.000 0.017 4.987
IEBS 4 Area 1 feldspar 2.922 0.000 1.112 0.000 0.006 0.000 0.000 0.000 0.008 0.286 0.660 0.000 0.002 4.994
IEBS 4 Area 1 feldspar 2.901 0.000 1.136 0.000 0.011 0.000 0.000 0.000 0.016 0.304 0.627 0.000 0.005 4.996
IEBS 4 Area 1 feldspar 2.932 0.001 1.096 0.000 0.007 0.000 0.000 0.000 0.008 0.272 0.678 0.000 0.000 4.995

AVERAGE 2.912 0.000 1.123 0.000 0.008 0.000 0.000 0.000 0.010 0.295 0.647 0.000 0.005 4.997
Std. Dev. 0.015 0.000 0.018 0.000 0.002 0.000 0.000 0.000 0.003 0.016 0.025 0.000 0.006 0.009

Tobermorite Si02 TiO2 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&C1 TOTAL

IEBS 4 Area 1
tobermorite

9.82 0.02 3.71 0.00 0.97 0.01 0.13 0.24 45.84 0.44 0.02 0.01 0.50 -0.21 61.22
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IEBS 4 Area 1
tobermorite

9.80 0.02 3.85 0.00 0.92 0.00 0.10 0.31 45.07 0.52 0.02 0.01 0.76 -0.32 60.64

IEBS 4 Area 1
tobermorite

10.88 0.01 4.11 0.01 1.15 0.00 0.13 0.27 45.32 0.45 0.02 0.01 0.65 -0.28 62.35

IEBS 4 Area 2
tobermorite

9.71 0.03 3.63 0.00 0.84 0.00 0.24 0.21 47.06 0.38 0.02 0.01 0.50 -0.21 62.13

IEBS 4 Area 2
tobermorite

9.90 0.03 3.91 0.00 0.96 0.00 0.17 0.25 45.61 0.48 0.02 0.01 0.56 -0.24 61.34

IEBS 4 Area 2
tobermorite

14.99 0.02 5.26 0.00 1.77 0.00 0.17 0.22 41.18 0.51 0.02 0.01 0.76 -0.32 64.15

IEBS 4 Area 2
tobermorite

9.18 0.01 3.63 0.00 0.91 0.00 0.15 0.26 43.19 0.50 0.03 0.01 0.52 -0.22 57.86

AVERAGE 10.611 0.020 4.014 0.002 1.073 0.002 0.156 0.252 44.754 0.468 0.022 0.010 0.607 -0.258 61.385
Std. Dev. 1.847 0.008 0.531 0.002 0.299 0.005 0.040 0.031 1.807 0.047 0.004 0.003 0.107 0.045 1.777

18 oxygen atoms per formula unit (sum excludes F & C1)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F TOTAL

IEBS 4 Area 1
tobermorite

2.294 0.003 1.021 0.000 0.189 0.003 0.025 0.083 11.472 0.200 0.005 0.006 0.370 15.295

IEBS 4 Area 1
tobermorite

2.304 0.004 1.067 0.000 0.180 0.000 0.020 0.110 11.350 0.239 0.006 0.006 0.565 15.281

IEBS 4 Area 1
tobermorite

2.461 0.002 1.097 0.001 0.218 0.000 0.025 0.091 10.991 0.196 0.005 0.003 0.465 15.088

IEBS 4 Area 2
tobermorite

2.244 0.005 0.989 0.000 0.162 0.000 0.046 0.073 11.650 0.168 0.007 0.002 0.369 15.345

IEBS 4 Area 2
tobermorite

2.301 0.006 1.070 0.000 0.186 0.000 0.033 0.087 11.362 0.218 0.007 0.003 0.413 15.270

IEBS 4 Area 2
tobermorite

3.141 0.003 1.298 0.001 0.311 0.000 0.030 0.069 9.248 0.208 0.005 0.003 0.502 14.313

IEBS 4 Area 2
tobermorite

2.268 0.001 1.057 0.000 0.187 0.000 0.032 0.095 11.437 0.238 0.009 0.005 0.403 15.325

AVERAGE 2.431 0.003 1.086 0.000 0.205 0.000 0.030 0.087 11.073 0.209 0.006 0.004 0.441 15.131
Std. Dev. 0.297 0.001 0.093 0.000 0.046 0.001 0.008 0.013 0.767 0.023 0.001 0.001 0.068 0.343

Clinoptilolite Si02 TiO2 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca() Na20 K20 CI F 0-F&C1 TOTAL

IEBS 4 Area 2 zeolite-
glass

73.98 0.00 12.92 0.00 0.18 0.01 0.02 0.11 2.49 2.17 0.04 0.00 0.00 0.00 91.95

IEBS 4 Area 2 zeolite-
glass

70.12 0.00 12.39 0.00 0.22 0.01 0.01 0.15 2.54 2.11 0.07 0.00 0.00 0.00 87.63
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IEBS 4 Area 2 zeolite-
glass

71.17 0.01 14.06 0.00 0.21 0.00 0.01 0.17 2.55 2.29 0.10 0.00 0.00 0.00 90.57

IEBS 4 Area 2 zeolite-
glass

75.17 0.00 13.99 0.00 0.17 0.00 0.03 0.09 2.15 2.02 0.06 0.00 0.06 -0.03 93.68

AVERAGE 72.610 0.004 13.339 0.000 0.197 0.005 0.018 0.130 2.430 2.148 0.067 0.003 0.016 -0.007 90.956
Std. Dev. 2.044 0.004 0.711 0.000 0.021 0.005 0.007 0.031 0.164 0.098 0.022 0.002 0.027 0.012 2.216

12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F TOTAL

IEBS 4 Area 2 zeolite-
glass

5.046 0.000 1.039 0.000 0.010 0.000 0.001 0.011 0.182 0.286 0.003 0.000 0.000 6.580

IEBS 4 Area 2 zeolite-
glass

5.027 0.000 1.047 0.000 0.013 0.001 0.001 0.017 0.195 0.293 0.006 0.000 0.000 6.599

IEBS 4 Area 2 zeolite-
glass

4.947 0.001 1.151 0.000 0.012 0.000 0.001 0.017 0.190 0.309 0.009 0.000 0.000 6.636

AVERAGE 5.020 0.000 1.101 0.000 0.010 0.000 0.002 0.009 0.154 0.262 0.005 0.000 0.013 6.562
Std. Dev. 5.010 0.000 1.084 0.000 0.011 0.000 0.001 0.013 0.180 0.288 0.006 0.000 0.003 6.594
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IEBS-4 Steel
Inner Saponite Si02 TiO2 A1203 Cr203 Fe() Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 4 Steel Saponite A1 29.31 0.01 15.70 0.00 39.38 0.03 0.19 0.76 0.69 0.66 0.02 0.02 0.06 -0.03 86.77
IEBS 4 Steel Saponite A1 30.19 0.03 17.15 0.00 38.23 0.01 0.19 0.85 0.61 0.45 0.01 0.03 0.00 -0.01 87.73

AVERAGE 29.746 0.020 16.423 0.000 38.802 0.022 0.190 0.804 0.649 0.556 0.013 0.026 0.032 -0.019 87.25
Std. Dev. 0.440 0.009 0.727 0.000 0.575 0.012 0.002 0.043 0.040 0.103 0.005 0.001 0.032 0.013 0.483

12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 4 Steel Saponite A1 2.882 0.001 1.819 0.000 3.239 0.003 0.016 0.112 0.073 0.126 0.002 0.004 0.020 8.272
IEBS 4 Steel Saponite A1 2.893 0.002 1.937 0.000 3.063 0.001 0.015 0.121 0.063 0.084 0.001 0.004 0.000 8.180

AVERAGE 2.887 0.001 1.878 0.000 3.151 0.002 0.016 0.116 0.068 0.105 0.002 0.004 0.010 8.226
Std. Dev. 0.005 0.001 0.059 0.000 0.088 0.001 0.000 0.005 0.005 0.021 0.001 0.000 0.010 0.046

Outer Saponite Si02 TiO2 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 4 Steel Saponite A2 32.22 0.01 10.89 0.00 27.08 0.01 0.09 1.35 0.15 1.07 0.08 0.19 0.00 -0.04 73.14
IEBS 4 Steel Saponite A3 35.93 0.02 11.58 0.00 27.16 0.01 0.06 1.69 0.05 2.11 0.12 0.11 0.00 -0.03 78.86
IEBS 4 Steel Saponite A3 41.05 0.02 12.57 0.00 30.91 0.01 0.07 1.81 0.05 3.24 0.22 0.03 0.00 -0.01 89.97
IEBS 4 Steel Saponite A2 39.66 0.02 13.45 0.00 32.48 0.00 0.08 1.71 0.29 2.62 0.18 0.03 0.00 -0.01 90.55

AVERAGE 37.216 0.016 12.122 0.002 29.407 0.006 0.072 1.641 0.135 2.261 0.149 0.092 0.000 -0.021 83.130
Std. Dev. 3.439 0.005 0.971 0.002 2.351 0.003 0.009 0.173 0.099 0.794 0.056 0.066 0.000 0.015 7.416

12 oxygen atoms per formula unit (sum excludes F & CI)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F TOTAL

IEBS 4 Steel Saponite A2 3.524 0.001 1.405 0.000 2.477 0.001 0.008 0.221 0.018 0.227 0.011 0.035 0.000 7.892
IEBS 4 Steel Saponite A3 3.598 0.001 1.366 0.000 2.275 0.001 0.005 0.252 0.005 0.410 0.015 0.019 0.000 7.930
IEBS 4 Steel Saponite A3 3.614 0.001 1.304 0.000 2.276 0.000 0.005 0.238 0.004 0.552 0.025 0.005 0.000 8.021
IEBS 4 Steel Saponite A2 3.502 0.001 1.400 0.000 2.399 0.000 0.006 0.225 0.027 0.449 0.020 0.004 0.000 8.032

AVERAGE 3.560 0.001 1.369 0.000 2.357 0.001 0.006 0.234 0.014 0.410 0.018 0.016 0.000 7.969
Std. Dev. 0.048 0.000 0.040 0.000 0.086 0.000 0.001 0.012 0.009 0.118 0.005 0.013 0.000 0.059
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IEBS-5
Clay Si02 TiO2 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 5 clay Al 65.56 0.13 23.56 0.01 4.98 0.01 0.03 1.82 0.40 1.21 0.18 0.01 0.26 -0.11 97.92
IEBS 5 clay Al 64.12 0.12 24.70 0.01 3.74 0.01 0.01 1.71 0.89 1.76 0.28 0.00 0.22 -0.09 97.35
IEBS 5 clay Al 67.18 0.12 25.24 0.01 4.30 0.00 0.01 1.71 0.47 1.19 0.24 0.01 0.15 -0.06 100.49
IEBS 5 clay A2 64.67 0.11 24.93 0.01 3.79 0.03 0.03 1.65 0.50 1.41 0.28 0.01 0.34 -0.14 97.42
IEBS 5 clay A2 65.08 0.13 25.51 0.01 3.90 0.00 0.00 1.50 0.60 1.23 0.20 0.01 0.08 -0.04 98.20
IEBS 5 clay A2 64.84 0.11 24.87 0.00 3.68 0.00 0.01 1.67 0.63 1.38 0.20 0.01 0.00 0.00 97.41
AVERAGE 65.242 0.121 24.800 0.007 4.065 0.008 0.016 1.676 0.582 1.364 0.232 0.007 0.175 -0.075 98.132
Std. Dev. 0.969 0.009 0.614 0.003 0.456 0.011 0.011 0.094 0.159 0.198 0.038 0.002 0.112 0.047 1.099

12 oxygen atoms per formula unit (sum excludes F & CD

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 5 clay Al 4.332 0.006 1.835 0.000 0.275 0.001 0.002 0.179 0.029 0.155 0.016 0.001 0.055 6.830
IEBS 5 clay Al 4.260 0.006 1.934 0.000 0.208 0.000 0.001 0.169 0.064 0.227 0.024 0.000 0.046 6.892
IEBS 5 clay Al 4.308 0.006 1.907 0.000 0.231 0.000 0.001 0.164 0.032 0.148 0.020 0.001 0.030 6.816
IEBS 5 clay A2 4.279 0.005 1.944 0.000 0.210 0.002 0.002 0.162 0.035 0.181 0.024 0.001 0.070 6.845
IEBS 5 clay A2 4.269 0.007 1.972 0.000 0.214 0.000 0.000 0.147 0.042 0.157 0.017 0.001 0.017 6.826
IEBS 5 clay A2 4.286 0.006 1.937 0.000 0.204 0.000 0.001 0.165 0.045 0.176 0.017 0.001 0.000 6.836
AVERAGE 4.289 0.006 1.922 0.000 0.223 0.000 0.001 0.164 0.041 0.174 0.019 0.001 0.036 6.841
Std. Dev. 0.024 0.000 0.043 0.000 0.025 0.001 0.001 0.010 0.012 0.027 0.003 0.000 0.024 0.025

Tobermorite Si02 TiO2 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 5 tobermorite A1 7.10 0.01 2.55 0.00 0.75 0.00 0.04 0.16 47.15 0.30 0.01 0.01 0.20 -0.09 58.08
IEBS 5 tobermorite A1 5.46 0.00 2.19 0.00 0.50 0.02 0.02 0.14 47.83 0.28 0.01 0.00 0.36 -0.15 56.46
IEBS 5 tobermorite A2 7.69 0.01 2.09 0.00 0.58 0.03 0.00 0.12 48.19 0.35 0.02 0.01 0.38 -0.16 59.07
IEBS5 tob A2+clay? 45.45 0.08 18.74 0.00 2.86 0.00 0.00 1.73 14.53 1.01 0.19 0.01 0.17 -0.07 84.62
IEBS 5 tobermorite A2 7.33 0.01 2.21 0.00 0.51 0.00 0.03 0.19 48.35 0.33 0.01 0.01 0.44 -0.19 58.99

AVERAGE 14.606 0.022 5.555 0.001 1.040 0.009 0.019 0.467 41.211 0.454 0.046 0.009 0.311 -0.133 63.444
Std. Dev. 15.439 0.029 6.594 0.001 0.913 0.010 0.017 0.633 13.345 0.278 0.072 0.003 0.105 0.044 10.632

12 oxygen atoms per formula unit (sum excludes F & C1)
Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 5 tobermorite A1 1.210 0.001 0.512 0.000 0.107 0.000 0.006 0.040 8.606 0.099 0.001 0.002 0.110 10.583
IEBS 5 tobermorite A1 0.978 0.000 0.463 0.001 0.075 0.002 0.003 0.038 9.180 0.096 0.001 0.001 0.201 10.838
IEBS 5 tobermorite A2 1.286 0.001 0.411 0.000 0.081 0.003 0.000 0.029 8.636 0.114 0.004 0.003 0.203 10.566
IEBS5 tob A2+clay? 3.741 0.005 1.818 0.000 0.197 0.000 0.000 0.213 1.282 0.161 0.020 0.002 0.044 7.436
IEBS 5 tobermorite A2 1.231 0.002 0.437 0.000 0.072 0.000 0.004 0.047 8.701 0.108 0.002 0.003 0.233 10.604

AVERAGE 1.689 0.002 0.728 0.000 0.106 0.001 0.003 0.073 7.281 0.116 0.006 0.002 0.158 10.006
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Std. Dev. 1.031 0.002 0.546 0.000 0.047 0.001 0.002 0.070 3.007 0.023 0.007 0.001 0.070 1.288

Tobermorite Si02 TiO2 A1203 Cr203 FOCI Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&CI TOTAL

IEBS 5 glass-zeolite A2 70.17 0.01 12.97 0.00 0.14 0.00 0.01 0.12 2.12 2.64 0.02 0.00 0.00 0.00 88.21
IEBS 5 glass-zeolite Al 70.34 0.00 13.42 0.00 0.18 0.00 0.02 0.12 2.35 2.09 0.01 0.00 0.00 0.00 88.54
IEBS 5 glass-zeolite Al 73.30 0.00 13.26 0.00 0.19 0.02 0.02 0.11 2.13 2.06 0.01 0.00 0.06 -0.02 91.11
IEBS 5 glass-zeolite A2 73.38 0.00 13.89 0.00 0.20 0.01 0.01 0.12 2.18 2.10 0.06 0.00 0.11 -0.04 91.95
IEBS 5 glass-zeolite A2 76.50 0.00 12.89 0.00 0.16 0.00 0.00 0.10 2.34 2.14 0.03 0.00 0.01 -0.01 94.17

AVERAGE 72.738 0.001 13.288 0.000 0.174 0.006 0.013 0.113 2.224 2.206 0.028 0.000 0.035 -0.015 90.794
Std. Dev. 2.336 0.002 0.358 0.000 0.021 0.008 0.008 0.009 0.099 0.219 0.017 0.000 0.041 0.017 2.218

12 oxygen atoms per formula unit (sum excludes F & C1)
Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 5 glass-zeolite A2 4.999 0.000 1.089 0.000 0.008 0.000 0.001 0.013 0.162 0.365 0.002 0.000 0.000 6.640
IEBS 5 glass-zeolite Al 4.985 0.000 1.121 0.000 0.011 0.000 0.001 0.013 0.178 0.287 0.001 0.000 0.000 6.598
IEBS 5 glass-zeolite Al 5.035 0.000 1.073 0.000 0.011 0.001 0.001 0.011 0.157 0.275 0.001 0.000 0.012 6.566
IEBS 5 glass-zeolite A2 5.001 0.000 1.116 0.000 0.011 0.001 0.001 0.012 0.159 0.277 0.005 0.000 0.023 6.583
IEBS 5 glass-zeolite A2 5.081 0.000 1.009 0.000 0.009 0.000 0.000 0.010 0.166 0.275 0.003 0.000 0.003 6.553

AVERAGE 5.020 0.000 1.082 0.000 0.010 0.000 0.001 0.012 0.165 0.296 0.002 0.000 0.008 6.588
Std. Dev. 0.035 0.000 0.040 0.000 0.001 0.000 0.000 0.001 0.008 0.035 0.001 0.000 0.009 0.030

Feldspars with a wide
range of compositions

Si02 TiO2 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0=F&C1 TOTAL

IEBS 5 feldspars A1 (K-
spar)

63.52 0.00 20.44 0.00 0.17 0.01 0.02 0.00 0.16 3.33 11.72 0.00 0.00 0.00 99.40

IEBS 5 feldspars A1 (K-
spar)

63.61 0.01 18.98 0.00 0.13 0.00 0.01 0.00 0.00 0.62 15.78 0.00 0.00 0.00 99.17

IEBS 5 feldspars A2 (K-
spar)

64.20 0.02 20.08 0.00 0.17 0.00 0.01 0.00 0.20 3.07 11.12 0.00 0.02 -0.01 98.89

IEBS 5 feldspars A1 (plag) 61.24 0.01 23.99 0.00 0.28 0.00 0.00 0.01 4.94 7.37 1.10 0.00 0.00 0.00 98.95
IEBS 5 feldspars A1 (plag) 67.71 0.00 21.08 0.00 0.14 0.00 0.00 0.00 1.41 9.97 0.07 0.01 0.00 0.00 100.39

IEBS 5 feldspars A2 (plag) 52.66 0.01 30.09 0.01 0.36 0.00 0.00 0.03 10.41 5.03 0.41 0.00 0.00 0.00 99.02

IEBS 5 feldspars A1 (plag) 59.21 0.00 26.62 0.00 0.29 0.01 0.00 0.00 7.43 6.59 0.69 0.00 0.00 0.00 100.84
IEBS 5 feldspars A2 (plag) 58.47 0.01 27.37 0.00 0.28 0.00 0.02 0.01 7.01 6.45 0.83 0.00 0.00 0.00 100.49

12 oxygen atoms per formula unit (sum excludes F & C1)
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Si Ti Al Cr Fe Ni Mn Mg Ca Na K Cl F Sum

IEBS 5 feldspars A1 (K-
spar)

4.420 0.000 1.594 0.000 0.010 0.001 0.001 0.000 0.012 0.450 1.040 0.000 0.000 7.528

IEBS 5 feldspars A1 (K-
spar)

4.449 0.001 1.564 0.000 0.007 0.000 0.000 0.000 0.000 0.084 1.408 0.001 0.000 7.515

IEBS 5 feldspars A2 (K-
spar)

4.342 0.001 1.707 0.000 0.010 0.000 0.001 0.000 0.015 0.429 1.024 0.000 0.006 7.530

IEBS 5 feldspars A1 (plag) 4.121 0.001 1.903 0.000 0.016 0.000 0.000 0.001 0.356 0.962 0.095 0.000 0.000 7.455
IEBS 5 feldspars A1 (plag) 4.415 0.000 1.620 0.000 0.008 0.000 0.000 0.000 0.099 1.261 0.006 0.001 0.000 7.408

IEBS 5 feldspars A2 (plag) 3.607 0.001 2.429 0.000 0.021 0.000 0.000 0.003 0.764 0.668 0.036 0.000 0.000 7.529

IEBS 5 feldspars A1 (plag) 3.936 0.000 2.086 0.000 0.016 0.000 0.000 0.000 0.529 0.849 0.058 0.000 0.000 7.475
IEBS 5 feldspars A2 (plag) 3.900 0.001 2.151 0.000 0.016 0.000 0.001 0.001 0.501 0.834 0.070 0.000 0.000 7.476
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IEBS-5 Steel
Inner Saponite Si02 TiO2 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&C1 TOTAL

IEBS 5 Steel saponite
A3

47.47 0.07 19.81 0.14 18.90 0.16 0.12 1.59 0.68 2.32 0.13 0.01 0.01 -0.01 91.40

IEBS 5 Steel saponite
A3

39.65 0.02 17.91 0.35 29.42 0.26 0.19 1.88 0.79 1.97 0.09 0.01 0.11 -0.05 92.55

IEBS 5 Steel saponite
A3

43.21 0.05 19.27 0.19 25.70 0.18 0.16 1.56 0.61 2.88 0.10 0.01 0.00 0.00 93.93

IEBS 5 Steel saponite
A3

40.77 0.03 17.19 0.58 28.97 0.38 0.20 2.00 0.86 3.18 0.06 0.02 0.07 -0.04 94.24

IEBS 5 Steel saponite
A3

43.92 0.05 18.40 0.18 25.08 0.17 0.20 1.79 0.64 4.00 0.12 0.02 0.00 0.00 94.57

IEBS 5 Steel saponite
A2

44.23 0.05 17.36 0.12 25.98 0.19 0.20 2.46 1.27 2.66 0.11 0.06 0.03 -0.03 94.68

IEBS 5 Steel saponite
A3

42.51 0.05 18.16 0.32 28.19 0.29 0.20 1.79 0.83 3.36 0.07 0.01 0.07 -0.03 95.79

IEBS 5 Steel saponite
A3

45.56 0.04 20.03 0.24 28.44 0.27 0.21 1.86 0.73 3.30 0.12 0.01 0.08 -0.04 100.81

IEBS 5 Steel saponite
A1

50.37 0.09 19.69 0.02 19.04 0.07 0.14 2.06 0.52 2.81 0.13 0.02 0.15 -0.07 94.96

AVERAGE 44.187 0.051 18.647 0.238 25.524 0.219 0.179 1.888 0.770 2.942 0.104 0.021 0.059 -0.030 94.771
Std. Dev. 3.109 0.020 1.022 0.153 3.788 0.084 0.031 0.255 0.204 0.569 0.023 0.016 0.050 0.021 2.469

12 oxygen atoms per formula unit(sum excludes F & C1)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F Sum

IEBS 5 Steel saponite
A3

3.755 0.004 1.847 0.009 1.250 0.010 0.008 0.188 0.057 0.356 0.013 0.002 0.003 7.497

IEBS 5 Steel saponite
A3

3.351 0.001 1.784 0.023 2.079 0.018 0.013 0.237 0.072 0.323 0.010 0.002 0.030 7.911

IEBS 5 Steel saponite
A3

3.493 0.003 1.837 0.012 1.738 0.012 0.011 0.189 0.053 0.451 0.010 0.001 0.000 7.809

IEBS 5 Steel saponite
A3

3.388 0.002 1.684 0.038 2.014 0.025 0.014 0.248 0.076 0.513 0.007 0.003 0.019 8.009

IEBS 5 Steel saponite
A3

3.531 0.003 1.744 0.011 1.687 0.011 0.013 0.215 0.055 0.623 0.012 0.003 0.000 7.906

IEBS 5 Steel saponite
A2

3.560 0.003 1.647 0.008 1.749 0.012 0.013 0.295 0.109 0.415 0.012 0.009 0.008 7.823
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IEBS 5 Steel saponite
A3

3.437 0.003 1.730 0.021 1.906 0.019 0.014 0.215 0.072 0.526 0.007 0.002 0.019 7.951

IEBS 5 Steel saponite
A3

3.463 0.003 1.794 0.014 1.808 0.016 0.013 0.210 0.059 0.487 0.012 0.002 0.019 7.880

IEBS 5 Steel saponite
A1

3.819 0.005 1.760 0.001 1.207 0.004 0.009 0.233 0.042 0.413 0.013 0.002 0.036 7.507

AVERAGE 3.533 0.003 1.758 0.015 1.715 0.014 0.012 0.226 0.066 0.456 0.011 0.003 0.015 7.810
Std. Dev. 0.150 0.001 0.062 0.010 0.287 0.006 0.002 0.031 0.018 0.087 0.002 0.002 0.012 0.174

Outer Saponite Si02 TiO2 A1203 Cr203 Fe0 Ni0 Mn0 Mg0 Ca0 Na20 K20 CI F 0-F&C1 TOTAL

IEBS 5 Steel saponite
A2

54.16 0.10 19.39 0.02 4.40 0.03 0.01 1.56 0.37 0.64 0.13 0.06 0.19 -0.09 80.87

IEBS 5 Steel saponite
A3

56.74 0.11 20.53 0.04 4.03 0.04 0.01 1.42 0.40 0.88 0.13 0.06 0.12 -0.07 84.39

IEBS 5 Steel saponite
A2

55.27 0.12 22.66 0.03 5.05 0.06 0.01 1.65 0.44 0.95 0.15 0.06 0.05 -0.03 86.45

AVERAGE 55.393 0.112 20.859 0.029 4.491 0.045 0.008 1.541 0.401 0.822 0.136 0.063 0.118 -0.064 83.904
Std. Dev. 1.056 0.008 1.354 0.010 0.424 0.010 0.001 0.096 0.027 0.135 0.011 0.001 0.057 0.024 2.306

12 oxygen atoms per formula unit (sum excludes F & C1)

Si Ti Al Cr Fe Ni Mn Mg Ca Na K CI F TOTAL

IEBS 5 Steel saponite
A2

4.336 0.006 1.829 0.001 0.294 0.002 0.001 0.186 0.032 0.099 0.013 0.009 0.047 6.799

IEBS 5 Steel saponite
A3

4.340 0.006 1.851 0.002 0.258 0.003 0.000 0.162 0.033 0.131 0.012 0.008 0.030 6.798

IEBS 5 Steel saponite
A2

4.170 0.007 2.015 0.002 0.319 0.004 0.001 0.186 0.035 0.139 0.015 0.008 0.011 6.891

AVERAGE 4.282 0.007 1.898 0.002 0.290 0.003 0.001 0.178 0.033 0.123 0.013 0.008 0.029 6.829
Std. Dev. 0.079 0.000 0.083 0.001 0.025 0.001 0.000 0.011 0.001 0.017 0.001 0.000 0.015 0.044
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APPENDIX D

SEM Images
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D-1. SEM Images IEBS-1
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Figure D-1. IEBS-1 secondary electron images. [A] Montmorillonite transitioning to smectite. [C, D,
E] SEM images of C(A)SH crystals in the smectite matrix. [F] Albite crystals, note that these
albite crystals are corroding.
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Figure D-2. IEBS-1. [A] BSE image of an IEBS-1 thin section showing feldspar, quartz, C(A)SH minerals,
and glass shards in a smectite matrix. [B] Stilpnomelane growth around a grain of Fe0 (buffer material)
in a smectite matrix. [C] Secondary electron image of C(A)SH mineral growth in smectite. [D] Zoomed
in view of area [C]. Abbreviations: C(A)SH, calcium (aluminum) silicate hydrate; clinopt, clinoptilolite;
kfs, K-feldspar; plag, plagioclase; qtz, quartz.
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D-2. SEM Images IEBS-2
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Figure D-3. IEBS-2. Backscattered electron images from IEBS-2 (thin section). Labelled minerals were
identified with EDS. [A—D] Feldspar, quartz, and gypsum in the fine-grained clay matrix [A, C] White
spherical minerals are C(A)SH minerals. [E] Grimsel Granodiorite fragment composed of feldspars,
quartz, chlorite, and accessory minerals (e.g., titanite). Abbreviations: C(A)SH, calcium (aluminum)
silicate hydrate; chl, chlorite; gyp, gypsum; kfs, K-feldspar; plag, plagioclase; qtz, quartz.
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Figure D-4. IEBS-2 secondary electron images. [A, F] Chlorite fragment from original host
granodiorite. [B, C, D] Juvenile-to-mature C(A)SH crystals embedded in smectite matrix. [E]

C(A)SH crystal embedded in smectite.
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Figure D-5. IEBS-2. [A, B, C] Secondary electron images of gypsum crystals embedded in smectite
matrix and [D] mixed phases of C(A)SH crystals and secondary feldspars.
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Figure D-6. Secondary electron images of IEBS-2 reaction products. [A] Fe-saponite and pyrrhotite that
likely formed at the interface of the 316 SS and the Wyoming bentonite. [B, C] C(A)SH minerals
embedded in smectite.
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D-3. SEM Images IEBS-3



Evaluation of Engineered Barrier System Midyear Status Report
D-234 June 30, 2019

aeliGSMIL.
Figure D-7. Secondary electron images of IEBS-3 reaction products. [A] Smectite with C(A)SH minerals.

[B] Smectite [C] Overview of reacted 304SS coupon [D] Fe-Saponite on steel [E] Smectite over Fe-
saponite on steel [F] Saponite with FeNiCr sulfide on steel
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D-4. SEM Images IEBS-4

Figure D-8. Secondary electron images of IEBS-4 reaction products. [A] Saponite and smectite
with flakes of Si-Al gel. [B] Smectite and Si-Al gel [C] Overview of reacted LCS coupon,
[D] Fe-saponite roses on the steel coupon
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D-5. SEM Images IEBS-5

Figure D-9. Secondary electron images of IEBS-5 reaction products. [A] C(A)SH mineral on clay with
minor carbonate from the Si-Al gel. [B] Carbonate with C(A)SH blob in smectite field from gel [C]
Overview of reacted 316SS coupon [D] Fe-saponite on the steel coupon


