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. Introduction

This interim report is an update of the report Jove Colon et al. (2019; M4SF-19SN010301091)
describing international collaboration activities pertaining to FEBEX-DP and DECOVALEX19 Task
C projects. Although work on these two international repository science activities is no longer
continuing by the international partners, investigations on the collected data and samples is still
ongoing. Descriptions of these underground research laboratory (URL) R&D activities are given in
Jové Coldn et al. (2018; 2019) but will repeated here for completeness. The 2019 status of work
conducted at Sandia National Laboratories (SNL) on these two activities is summarized along with
other international collaboration activities in Birkholzer et al. (2019).

The FEBEX-DP dismantling of heater #2 (see Fig. 1; Section Il) was performed during 2015
involving the careful retrieval of (FEBEX) bentonite barrier material samples from the remaining
sections of the FEBEX “in situ test” at the Grimsel test site (GTS) URL, Switzerland, after 18+ years
of heating (Garcia-Sifieriz et al., 2016; Martinez et al., 2016). The disassembling activity involved
sampling of the barrier bentonite, steel liner, sensors, embedded metallic components (e.g., metal
coupons), and near-field sections with tracer components. Participation in the FEBEX-DP project
not only allows international partners access to the monitoring data but also to samples collected
during the dismantling stage for post-mortem characterization of barrier materials. Birkholzer et al.
(2017) describes previous work on bentonite-cement interfaces for FEBEX-DP epoxied overcored
samples using micro-X-ray fluorescence (u-XRF) and Multi-SEM (mSEM) scanning probe methods.
Jové Coldn et al. (2018) and Birkholzer et al. (2018) describes X-ray Fluorescence (XRF), X-ray
diffraction (XRD), and thermogravimetric analyses (TGA/DSC) on FEBEX-DP bentonite samples
from Section 49. The FEBEX-DP effort has documented bulk XRF bentonite compositional
analyses with distance from the heater for various sampled sections of the engineered barrier system
(EBS) (Villar et al., 2017). Samples collected in section 49 experienced the hottest zones of the
heater given its location close to the center of the (cylindrical) heater longitudinal axis. Jové Colon et
al. (2019) describes the FEBEX-DP bentonite XRF compositional data along with XRD analyses,
volumetric adsorption/desorption, and thermogravimetric analysis (TGA/DSC) with controlled
hydration/dehydration cycles on bentonite samples collected as a function of distance from the
gallery center or heater surface.

The DECOVALEX-2019 Task C involves collaboration with the GREET (Groundwater REcovery
Experiment in Tunnel) at the Mizunami URL, Japan, which targets the development of monitoring
methodologies of groundwater in granitic rock with applications to HMC simulations (Iwatsuki et al.,
2005; Iwatsuki et al., 2015). Some of the goals of GREET is to conduct a facility-scale geochemical
characterization study of short- and long-term effects of tunnel excavation activities, impacts on
groundwater flow and transport, and influences on groundwater chemistry under ambient tunnel
conditions (lwatsuki et al., 2015). The hydrological and hydrochemical data obtained from these
URL activities is then used in the development and evaluation of HC models to support post-closure
safety and performance assessments of the repository environment. Jové Coldn et al. (2019) and
Birkholzer et al. (2019) describes 3D reactive transport (HC) modeling of the closure test drift (CTD)
focusing on shotcrete — ground water interactions of the cement liner in the water-filled tunnel. The
collected field hydrological and hydrochemical monitoring data as a function of time is used to
evaluate barrier material interactions effects on the flooded CTD water chemistry using a coupled-
process model with heterogeneous permeability fields of the host rock surrounding the CTD.
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The main goals of this report update for each of the international activities are:

e FEBEX-DP:

o (Section I1) Provide additional thermogravimetric analysis (TGA/DSC) with
controlled hydration/dehydration cycles on FEBEX-DP bentonite samples of
different grain sizes. Bentonite hydration/dehydration state controls swelling and
shrinkage phenomena in bentonite.

o (Section 1V) Preliminary results from molecular dynamics (MD) simulation of Na-
Montmorillonite (Na-MMT) dehydration focusing on water transport at the smectite
interlayer. This modeling effort was motivated by the TGA/DSC and water
adsorption isotherm experiments to evaluate mechanism of water transport at the
molecular level.

o (Section V) Experimental work on FEBEX bentonite interaction experiments with an
FeCl; solution under controlled atmospheric conditions at ambient and elevated
temperatures.

e DECOVALEX Task C:

o (Section VI) Updates on the 3D Reactive transport modeling of the closure test drift
(CTD) focusing on shotcrete — ground water interactions of the cement liner in the
water-filled tunnel. This simulation effort is part of an inter-comparison exercise
between different modeling teams (SNL, JAEA, TUL) participating in this task.

. FEBEX-DP

The post-closure period will experience high thermal loads that can drive fluid transport and barrier
alteration as a result of enhanced interactions with fluids, induced phase transformation, and other
potential mineralogical changes in bentonite under variably saturated conditions. Jove Colon et al.
(2016) describes the 2D-3D characterization of microcracks in FEBEX-DP shotcrete-bentonite
overcore outlining the importance of desiccation/shrinkage processes in bentonite and the nature of
pores/voids in shotcrete. Engineered barrier alteration has been assessed by reactive-transport
models and geochemical modeling of mineral dissolution and precipitation (Marty et al., 2015;
Wilson et al., 2015; Xie et al., 2015). An example is Fe-bentonite interactions which leading to
mineral phase changes that could impact swelling capacity in bentonite through alteration to a non-
swelling Fe-bearing phase. Also, cation exchange in the bentonite clay could also be impacted
through temperature-induced drying and wetting causing variations in the cation exchange capacity
(CEC) (Muurinen, 2011). Cation exchange experiments reported by Villar et al. (2017) show that
FEBEX-DP bentonite samples collected from sections closest to the heater exhibit higher
concentrations of Mg and Ca and low concentrations of exchangeable Na. Further, aqueous extracts
for bentonite samples collected in sections close to the heater exhibited higher aqueous
concentrations of Mg, Ca, Na, and Cl relative to those sampled farther away from the heater. It
should be noted that the aqueous extract process is influenced by ion exchange and solid phase
dissolution (Villar et al., 2017). These relatively large changes in the observed aqueous
concentration from these tests suggest that bentonites close to the heater were affected by thermal
loads therefore inducing changes in the smectite clay phase and potentially their subsequent
interactions with fluids. It would then be expected that such effects on bentonite bulk mineralogic
and chemical composition would influence overall sorption behavior. Jové Colon et al. (2018, 2019)
described X-ray fluorescence (XRF), XRD, and TGA/DSC analyses on bulk FEBEX-DP samples
from section 49 corresponding to spatial domains near and far from the surface of heater #2 (see Fig.
2 for sample locations). Fig. 3 shows the radial locations of samples collected in Section 49
considered in this study. Section Il describes the focus of the current study which is to expand
TGA/DSC analyses to FEBEX-DP bentonite samples of various grain sizes. Also, conduct a more
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detailed evaluation of the temporal evolution of hydration/dehydration cycles at constant temperature
and relative humidity (RH). Motivated by the thermal studies, MD simulations of montmorillonite
dehydration under certain conditions were conducted to describe this process at the molecular scale.
These studies are discussed in Section IV. Section V summarizes the preliminary results of FEBEX-
DP interaction experiments with FeCl, solution.

The FEBEX bentonite is composed of ~93% smectite with 2% quartz, 3% plagioclase, and about 2%
cristobalite plus minor accessory phases such as calcite and K-feldspar (Huertas et al., 2000; Missana
and Garcia-Gutiérrez, 2007). The extent of the corroded region from the heater steel mesh support
surface into the bentonite is rather limited which might explain the relatively low level of Fe
alteration into the bentonite, particularly in the hotter zones of the heater.

The XRD data reported in Jové Coldn et al. (2018) has been evaluated and compared between
samples close to and far from the heater surface and that for unheated FEBEX bentonite. As
described in Jové Coldn et al. (2018), a salient feature revealed by XRF compositional analyses is the
increase in Mg content with decreasing distance from the heater or towards the heater surface (~50
cm from the gallery center). An explanation for the Mg enrichment close to the heater surface is still
under investigation. Potential mechanisms to be considered are (1) enhanced cation exchange of Mg
from pore solution into smectite and (2) enhancement of Mg content already in smectite through
removal of other readily exchangeable cations such as Na*.
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Figure 1. Schematic layout of the FEBEX “in-situ” field test after the first partial dismantling showing the
configuration of heater #2 at the GTS URL (Garcia-Sifieriz et al., 2016).
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Figure 2. Schematic configuration of sampling zones (indicated by vertical light blue bars) for the
FEBEX-DP project. Filled red circles indicate zones for samples obtained by Sandia National

Laboratories (SNL). Source: FEBEX-DP website (members area): http://www.grimsel.com/gts-phase-
vi/febex-dp/febex-dp-introduction.
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Figure 3. Schematic diagram of sampling locations for the FEBEX-DP dismantling of section 49. See Fig.
2 for section location relative to the heater zone. The red-dashed line delineates the locations of samples
analyzed with XRD and XRF (diagram source: FEBEX-DP website (members area):
http://www.grimsel.com/gts-phase-vi/febex-dp/febex-dp-introduction.).

lll. Thermal (TGA/DSC) Analyses

Water adsorption/desorption behavior in expansive clay is key to this material swelling phenomena
but also to water transport during hydration/dehydration processes. Thermal loads in deep geological
nuclear waste repositories control RH conditions in the disposal galleries where bentonite is used as
backfill barrier material. Therefore, chemo-mechanical responses and mechanisms of bentonite
hydration/dehydration to changes in RH and temperature are crucial to the EBS performance.
Cyclical TGA/DSC analyses under controlled RH and temperature supply important information on
the kinetics of expansive clay hydration/dehydration and also provides insights on the hysteretic
behavior of this process.

For completeness and continuity, TGA/DSC analyses and results reported in Jové Colon et al. (2019)
will be retained in this report along with data contained therein included in Appendix A. These
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analyses were conducted using a Netzsch STA 449 F3 Jupiter with MHG humidity generator. The
analyzed samples are the unheated FEBEX bentonite, BG-C-49-1, BG-C-49-3, B-C-49-7, B-C-49-8,
B-C-49-11, B-C-49-12, BM-D-49-3, BM-D-49-1,2,3. Appendix A provide data of
adsorption/desorption for bentonite close and far from the heater surface. The bentonite samples
were initially exposed to dry N heated (10°C/min) to 100°C holding this temperature for 30 minutes.
Still under dry N, the temperature was increased (10°C/min) to 150°C for another 30 minutes.
Subsequently, the temperature was decreased to 60°C for 60 minutes to the expose the bentonite to a
succession of dry and humid cycles (60 % RH in the generator; 50% RH close to the sample) using
flowing water-wet and dry N> atmospheres to hydrate and dehydrate the samples. Cyclical
hydration/dehydration provides information about the adsorption/desorption rates of water, quantity
of water adsorbed, and energetics of hydration/dehydration reaction. It should be noted that these
TGA/DSC thermal analyses were conducted in a different manner to those described in Jové Coldn et
al. (2018). The latter were mainly a standard characterization of the bulk bentonite thermal
properties from 20 — 1100 °C. Tajeddine et al. (2015) and Vieillard et al. (2016) conducted
TGA/DSC studies on MX-80 montmorillonite (Na-dominant). Villar et al. (2017) performed
TGA/DSC on FEBEX-DP bentonite from other sampled sections. Overall, the TGA/DSC profile up
to high temperatures of Villar et al. (2017) and that obtained for bulk FEBEX bentonites from
Section 49 are generally similar as shown in Jove Colon et al. (2018). To the knowledge of the
authors, with exception of the results reported in Jové Coldn et al. (2019), no cyclical
hydration/dehydration TGA/DSC study on bentonite has been conducted under controlled RH and
temperature conditions. The advantage of this approach is that allows for accurate kinetic studies of
water adsorption/desorption cycles for given interval durations at constant RH under controlled
isothermal conditions. It also allows for characterizing the effects of thermal treatment on bentonite
water adsorption/desorption.

Fig. 4a shows a representative temporal TGA/DSC profile of water adsorption/desorption cycles at
60°C as a function of time (minutes) for sample BG-C-49-3 away from the heater surface. The green
line in this graph shows the water adsorption/desorption cycles with the upper plateau (hydration)
and the appearance of a second peak or a “dehydration shoulder” during the dehydration path. The
first hydration cycle time interval is denoted by the horizontal bracket in black. The dehydration time
interval from the onset of dehydration to the appearance of the second peak or “dehydration
shoulder” is shown by the red horizontal (inverted) bracket. Notice that this second peak or
“dehydration shoulder” is present in all the hydration/dehydration cycles. The appearance of the
second peak during dehydration is hypothesized as the effect of strongly-bonded water, possibly the
first water layer (1W), in the swelling smectite clay basal interlayer region (see Section IV of this
report). A closer look to the hydration plateau data shows that it’s not entirely flat suggesting very
small sample weight gains with hydration. However, these weight gains are rather small and the
trend appears to be reaching steady-state within the time interval. Similarly, after the second peak or
“dehydration shoulder” the sample keeps decreasing in weight or losing H>O but at a much slower
rate even under dry conditions. These observations indicate the effects of interlayer cation hydration
on adsorption/desorption kinetics therefore affecting water transport during clay
hydration/dehydration. Fig. 4b shows the DSC measurements as a function of elapsed time for the
dehydration interval to outline the shifts in the second peak or “dehydration shoulder” for hydration
time durations of 60 and 180 minutes. A plot of the time intervals for the sample hydration, and the
time interval between the onset of dehydration (to in Fig. 4a) to the second peak shows a good linear
correlation shown in Fig. 5. We are still assessing the significance of this correlation between
hydration duration and the time interval for the appearance of the second peak during dehydration.
Based on these data, the new TGA/DSC experiments in this report were conducted to mainly
evaluate the potential effect of grain size and duration of the hydration cycle for the FEBEX
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bentonite sample on the cyclical hydration/dehydration profiles. Bentonite samples with less than 2
pm grain size are considered of higher relative to the bulk bentonite samples shown in Fig. 4.
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Figure 4. TGA/DSC curves as a function of time (minutes) for water adsorption/desorption cycles at 60°C
for sample BG-C-49-3 away from the heater surface. (a) The green curve represents the
thermogravimetric analysis (left y-axis). The blue curve stands for the DSC analysis (right y-axis). The
red dotted line signifies the temperature (2" right y-axis). The first hydration time interval is denoted by
the horizontal bracket in black. The dehydration time interval from the onset of dehydration to the
appearance of the second peak or “dehydration shoulder” is shown by the red horizontal (inverted)
bracket (see text). (b) DSC measurements as a function of elapsed time for the dehydration interval
showing the shifts in the second peak or “dehydration shoulder” for hydration time durations of 60 and
180 minutes. The starting time for dehydration (or to) corresponds to the onset of dehydration designated
by to in graph () at each hydration/dehydration cycle. Curves for 180 minutes hydration (B) cycles
overlap and are not differentiated within the time scale of the diagram.
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Figure 5. Elapsed time for dehydration for the appearance of the second peak as a function of hydration
duration in cyclical TGA/DSC studies of water adsorption/desorption. The plot shows data for all
analyzed FEBEX-DP samples.

Fig. 6a shows a representative temporal TGA/DSC profile of water adsorption/desorption cycles at
60°C as a function of time (minutes) for the less than 2 um sample. Similar to Fig. 4a, the green line
in this graph depicts the mass of the sample as it responds to changing RH during water
adsorption/desorption cycles. Panels b and c of Fig. 6 depict the desorption steps only, represented
by TGA and differential TGA (or DTA) in panel b, and DSC in panel c. Notice that the x-axes in
these panels refers to dehydration time. The data in these plots show that the dehydration behavior is
clearly a function of the duration of hydration that precedes it. Short duration hydration steps (i.e.,
less than two hours; curves A-D in Fig. 6) result in a dehydration process that is almost complete
relative to the “dry” baseline of these cycles within a time span of approximately 45 minutes after
switching back to dry gas. This is represented by a single dehydration peak in both DTA and DSC
plots. As the duration of the hydration step increases beyond two hours (curves E-G in Fig. 6),
however, the subsequent dehydration takes a more complex form, with a changing slope in the TGA
curve and clearly shown as negative peaks in the DTA plots. Note that these show up as endotherms
in the DSC plots and do not begin at the onset of the bentonite dehydration, but some time thereafter.
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Figure 6. TGA, DTA, and DSC curves as a function of time for water adsorption/desorption cycles at
60°C for the 2 um bentonite sample. (a) The green curve represents the thermogravimetric analysis (left
y-axis). The blue curve stands for the DSC analysis (right y-axis). The red dotted line signifies the
temperature (2" right y-axis). The period of hydration was varied for each cycle, as depicted by the curve
labels; A =15 min, B =30 min, C =1 hour, D = 1.5 hours, E = 6 hours, F = 8 hours, and G = 12 hours.
(b) TGA (lower) and DTA (upper) curves for the dehydration steps only, plotted against dehydration
time. Curve labels identical to panel (a). (c) DSC measurements as a function of elapsed time for the
dehydration steps; curves have been offset on the y-axis for clarity.

Note that the DTA and DSC traces are essentially mirror images of each other, since any loss of mass
of the sample (DTA) is accompanied by a heat flow signal that is proportional (DSC). Figs. 7 and 8
present similar data recorded for the 38 um and 75 pm bentonite samples, respectively. Similar
behavior for these two larger grain sizes was observed when compared to the 2 um sample.
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60°C for the 38 um bentonite sample. (a) The green curve represents the thermogravimetric analysis (left

y-axis). The blue curve stands for the DSC analysis (right y-axis). The red dotted line signifies the

temperature (2" right y-axis). The period of hydration was varied for each cycle, as depicted by the curve
labels; A =15 min, B =30 min, C =1 hour, D = 1.5 hours, E = 2 hours, F = 3 hours, and G = 4 hours. (b)

TGA (lower) and DTA (upper) curves for the dehydration steps only, plotted against dehydration time.
Curve labels identical to panel (a). (c) DSC measurements as a function of elapsed time for the

dehydration steps; first 60 minutes only.
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Figure 8. TGA and DSC curves as a function of time for water adsorption/desorption cycles at 60°C for
the 75 um bentonite sample. (a) TGA curves for the dehydration steps only, plotted against dehydration
time. The period of hydration was varied for each cycle, as depicted by the curve labels; A =15 min, B =
30 min, C =1 hour, D = 1.5 hours, E = 2 hours, F = 3 hours, G = 4 hours, H = 6 hours, and | = 8 hours.
(b) DSC measurements as a function of elapsed time for the dehydration steps; curves have been offset on
y-axis for clarity. Curve labels identical to panel (a).

The TGA/DSC studies by Tajeddine et al. (2015) and Vieillard et al. (2016) on MX-80 bentonite
were conducted on samples equilibrated at different RH’s. These authors also described the
differences in water adsorption/desorption in terms of the energetics of these two processes in the
montmorillonite clay. They observed that at high RH, the retrieved standard enthalpies of formation
for sorbed water resemble those of liquid water whereas at low RH it suggests strong adsorption of
the first water monolayer (Tajeddine et al., 2015). These results are consistent with those obtained in
the current cyclical TGA/DSC thermal study of FEBEX-DP bentonite hydration/dehydration where
differences in the rates of water adsorption/desorption indicate different mechanism for these two
processes. This is suggested by the reproducible and recurring appearance of a second peak or
“dehydration shoulder” during the dehydration leg indicating the presence of strongly-confined
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water, most likely in the form of a one-layer (1W) hydrate in the smectite interlayer region. Teich-
McGoldrick et al. (2015) conducted molecular simulations to describe the swelling properties of
montmorillonite clays of various cationic compositions and their hydration modes during water
uptake. There are some parallels between the molecular modeling and the current experimental work
suggesting the predominance of a one-layer (1W) hydration mode in the clay interlayer at low RH
during dehydration. Bish and Carey (2001) describe the thermal behavior of zeolites in response to
RH suggesting the existence of energetically distinct types of water in the mineral structure.
Fridriksson et al. (2003) observed changes in the crystal structure of laumontite zeolite in response to
hydration/dehydration conditions suggesting various levels of water occupancy at distinct sites. The
structural differences between zeolites and layered silicates such as smectite clay makes the analogy
of distinct water sites not entirely applicable except for generalizing the potential existence of
weakly- and strongly-confined waters on the clay surface and interlayer region. These thermal
analyses could shed light in describing the typical hysteretic behavior of swelling smectite clays
during water adsorption/desorption. Another salient feature of these analyses is that there were no
significant differences in the temporal TGA/DSC profiles of hydration/dehydration cycles for all
bentonite samples at locations close and far from the heater surface. Although there were some
differences in the maximum extent of swelling for bentonite samples locate close to the heater
surface Jové Coldn et al. (2018, 2019), these were relatively small compared to those farther from the
heater surface. More experimental work is needed to address the nature of hydration modes in
swelling clay and the relation to structural changes in response to hydration/dehydration cycles.
Section IV is an attempt to utilize molecular dynamics (MD) simulation to assess the mechanisms of
water behavior in the smectite interlayer during evaporation. Work is planned to conduct cyclical
TGA/DSC with variation in hydration/dehydration time durations at slightly higher temperatures.
There are also plans for exploratory XRD studies under controlled RH and temperature to
complement the cyclical TGA/DSC experiments. An important aspect of these thermal studies to
assess the impact of temperature on bentonite swelling and water uptake given the anticipated high
thermal loads from large canisters (e.g., dual purpose canisters or DPC’s) on the surrounding
bentonite barrier.

IV. Water transport mechanism in clay interlayer during the
dehydration

Motivated by the results obtained in the TGA/DSC study described in the previous section, molecular
dynamics (MD) simulations were conducted using the LAMMPS simulator (Plimpton, 1995) to study
water transport mechanisms in the interlayer of Na-Montmorillonite (Na-MMT) along with the
structural transformation of hydrated Na-MMT during the dehydration process. Fig. 9 represents the
MD simulation box (150 x 31.06 x 200 A®) containing a Na-MMT particle with 10 interlayers where
each one accommodates 2 hydration layers (2W). The Na-MMT particle has 2 edges facing the
vacuum region. When applying periodic boundary conditions for all directions, the particle become
infinite in the x and y directions and finite (~110 A) in the z direction.

During the dehydration simulations, water molecules that move to the vacuum space (i.e., between
the dash line and the boundary of the simulation box) are remove at a constant rate of 5 water
molecules per picosecond (i.e., 5w/ps). The simulation box can change (e.g., shrink) in the x
direction according to the pressure of 1 atm. The simulations were conducted at a temperature of 300
K.
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Figure 9. Simulation system used to study the dehydration process of Na-Montmorillonite. Red sticks
represent water molecules, the green balls symbolize the Na* atoms, and the purple framework structure
stands for the Na montmorillonite. The inset circle denotes the clay edge region enlargement at right.

In Fig. 10 we report the number of atoms in the simulation box as a function of simulation time
during the dehydration simulation (number of atoms decreases because of water removal as
discussed above). At the beginning of the simulation, there are two hydration layers in each
interlayer (see point A in top left panel of Fig. 10, and snapshot A). As dehydration progresses,
the number of atoms linearly decreases to point B. The B snapshot indicates that at point B, there
is one hydration layer in each interlayer (1W). Further dehydration decreases the number of
atoms in the system in a nonlinear manner. At point C, there is a small number of water
molecules in the interlayer (see snapshot C).
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Figure 10. Number of atoms in the MD simulation box as a function of time (top left panel). Snapshots
labeled A, B, and C are the configurations for the points A, B, and C marked in the top left panel. These
snapshots represent the structural transformation of the Na-MMT during dehydration process. The red line
in the top left panel demonstrates the linear dehydration process.
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Figure 11. Calculated XRD pattern for the Na-MMT structures reported in snapshots A, B, and C shown
in Figure 10.

Experiments on FEBEX bentonite involving characterization of clay structural changes monitored as
a function of RH and temperature using an in-situ XRD technique are planned. MD simulations of
the hydrated Na-MMT structure during the dehydration process can be used to generate XRD spectra
of the different hydration states. Fig. 11 shows the calculated XRD spectra and peak shifts for the
configurations presented from MD simulation results in Fig. 10 (snapshots A, B, and C).

In the future, we plan to study the water transport mechanism at different evaporation rates (i.e.,
water removal rates) other than In the current report, we remove 5w/ps. We will test 3w/ps and
10w/ps. We also plan to carefully examine the water structure in the interlayer during the
dehydration process. Our hypothesis is that water molecules that do not coordinate with Na*ions will
move quickly towards the edge and are then being removed first. As we discussed in a separate
manuscript by Ho, Wang, Jové-Coldn, and Coker (submitted), the linear dehydration behavior
presented in Fig. 10 is due to the advection of water in the interlayer. Water molecules that
coordinate with Na* ions will be removed at a much slower rate (e.g., diffusion process) leading to a
non-linear dehydration process (segment B-C) in Fig. 10. This non-linear removal of water could be
related to the observed dehydration part of the thermal analysis profiles shown in Fig. 6a where water
is removed at a slower rate.

V. FEBEX Bentonite Interactions with FeCl, Solution

Interfacial interactions between steel canister materials and expansive clay (bentonite) in the
presence of an agueous phase can influence the stability of clay in the disposal environment.
Previous studies (Cheshire et al. 2018) described Fe-saponite and sulfide growth in hydrothermal
experiments using Wyoming bentonite and carbon/stainless steel coupons indicating highly reduced
environments at the clay/metal interface. Given the potential issue of clay stability at barrier
interfaces exposed to high thermal loads in the presence of Fe, controlled atmosphere experiments
using FeCl (ferrous Fe) solution were performed under ambient and elevated temperatures to
investigate changes in the clay phase and reacting solution.
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Experimental Procedure

Two sets of experiments involving the addition of FeCl> solution to FEBEX bentonite samples were
prepared using controlled atmospheric conditions. Experiment 1 consisted of “soaking” the samples
in either water or 1 M FeCl; solution at room temperature in centrifuge tubes. Experiment 2 included
heating the sample with these solutions in Parr® vessels at 200°C.

Experiment 1 (“Soaked”): XRD and ICP-OES Analyses

Experiment 1 (“Soaked”): These experiments were conducted in a nitrogen rich glovebox to prevent
oxidation. Three sample designations were chosen for this experiment; baseline FEBEX bentonite
material, B —away from heater, and BM — close to heater. 0.1 gram of each sample clay were added
to 50 milliliter centrifuge tubes. Two control samples that didn’t include the FEBEX bentonite were
prepared as well. Solutions of 1 M FeCl were prepared by measuring the FeCl; salt outside the
glove box but mixing the solid with deoxygenated water in the glove box. Deoxygenated water was
prepared by boiling DI water (18 MQ) for an hour then purging with nitrogen gas until cooling to
ambient temperature. 8.88 milliliters of either DI or 1M FeCl, were added to the FEBEX samples
yielding a 1:100 solid to solution ratio. The initial pH was measured on the reactors.

Tablel- Experiment 1 set up of various reactors and pH data before and after soaking.

Sample ID Mass of Sample (g) Initial pH Final pH
Baseline- H,O 0.1002 9.07 8.69
Baseline- FeCl; 0.1004 2.24 231

B away- H.O 0.1001 8.36 8.05
B away- FeCl, 0.1005 2.17 2.23
BM close- H,O 0.0997 7.91 7.55

BM close- FeCl, 0.0999 2.19 2.23

Control- H.0 N/A 5.97 4.64

Control- FeCl, N/A 2.07 2.08

The samples were left in the glove box to soak and mixed using a rotating shaker for 48 hours. After
the 48 hours period, the pH was measured before sampling. The samples were transferred out of the
glovebox for centrifugation. Once centrifugation was completed, the samples went back into the
glovebox to open reactor tubes, collected supernatant, filtered using 0.2 um syringe filters, and
transferred to new centrifuge tubes for liquid analysis. The clay pellets that remained were then
rinsed with deoxygenated water; 10 milliliters of water were added and allowed to shake for an hour.
Then these were centrifuged, and water supernatant was filtered and collected for liquid analysis.
The liquid samples were acidified using concentrated nitric acid (for every 1 mL of solution, 10 puL
of acid was added). The remaining rinsed clay pellets were allowed to dry in the nitrogen glovebox,
to prevent oxidation. Unfortunately, the glovebox turned oxic while the “soaked” samples were
drying. It should be noted that the glove box was anoxic during the experiment. This oxic event
caused the development of a rust ring formed at the top of the samples, before the samples were fully
dry. The presumably oxidized dark orange portion of the pellet was separated from the normal clay
colored (tan) sample and was analyzed using X-ray diffraction (XRD). The XRD spectra obtained
for these experiments are shown in Fig. 12. The oxidized portion of the baseline sample as shown in
Fig. 12(a) show a shift in the (001) peak (left peaks at low 26 angle) of the oxidized sample towards
a larger 26 value and smaller d(001) spacing relative to those under reduced conditions.
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Figure 12: XRD spectra of “Soaked” experiments comparing samples soaked in FeCl, and H,O along
with d-spacing values (a, b, c) for major peaks. Panels (a), (b), and (c), show XRD spectra of “Soaked”
experiments for baseline sample, B (away from heater), and sample BM close to heater, respectively.
Panel (d) shows a stacked spectra summary plot of the various materials and their soaking solutions.
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The reacted supernatant and rinsed solution were saved and analyzed using ICP-OES. Each sample
was diluted by a factor of 1:100 using 2% optima nitric acid. These were analyzed using a Perkin
Elmer Optima 8000 Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES) to
obtain total solution concentrations of iron, silica, magnesium, calcium, aluminum, sodium, and
potassium. For iron measurements, samples were diluted 1:10,000 since the iron concentration was
initially too high (1M or 55,844.77 ppm) and could saturate the detector. The results for the various
elements are shown in Figs. 13 and 14.
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Figure 13. Fe, Si, Mg, and Ca concentrations in supernatant and rinse solutions for “Soaked” experiments.
The panels on the left show element concentrations of the reacted supernatant whereas on the right show
the rinse solutions. Negative concentrations signify either below detection or not detected.
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Figure 14. Al, Na, and K concentrations in supernatant and rinse solutions for the “Soaked” experiments.
The panels on the left show element concentrations of the reacted supernatant whereas on the right show
the rinse solutions. Negative concentrations refer to either below detection or not detected.

Experiment 2 (Heated): XRD and ICP-OES Analyses

Parr® vessels were used to conduct heated experiments with clay samples and solutions. Samples
were composed of baseline and BM (close to heater) FEBEX bentonite material. 1.69 grams of each
sample was measured and added to the Parr® vessel Teflon cups (4 samples total). 1M FeCl, was
prepared in the same manner as in Experiment 1 with all materials transferred to the glove box. 150
mL (1:100 solid to solution ratio) of either DI-deoxygenated water or 1M FeCl, was added to their
respective Teflon cups. Initial pH was collected in all samples.

Table 2- Experiment 2 set up of various reactors and pH data before and after heating.

Sample ID S;\:InaSTeO(fg) Initial pH Final pH Mass after (g)
Baseline- H,O 1.6898 9.40 8.10 1.5322
Baseline- FeCl, 1.6907 2.18 2.14 1.7465

BM close to heater- H,O 1.6903 8.47 6.71 1.5724
BM close to heater- FeCl, 1.6902 2.19 1.99 1.6996
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Figure 15. XRD spectra of FEBEX bentonite for Experiment 2 (Heated). Panel (2) represent Baseline
material reacting in water and FeCl,. Panels (b) refer to samples close to the FEBEX heater reacting in
water and FeCl,. Each panel shows a comparison between glycolated and non-glycolated samples.
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Figure 16. XRD spectra for FEBEX bentonite samples (Baseline and close to the heater). Panel (a):
Comparison between soak and heated experiments for Baseline material in either water or FeCl,. Panel
(b): Comparison between soak and heated experiments for material close to the heater in either water or
FeC|2.
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The Parr® vessels were assembled in the glovebox, and subsequently removed to be then placed in an
oven at 200°C for seven days. After this time period, the oven was turned off and vessels were
allowed to cool in the oven for 24 hours. Afterwards, the vessels were taken into the glove box to
collect solid and liquid samples for subsequent analysis. The par vessels were opened inside the
glove box and pH was measured immediately. Clay/solution mixtures were transferred to centrifuge
bottles and removed from glove box for centrifugation. The supernatant was collected and acidified
using concentrated nitric acid (10 ul concentrated HNO3 per 1 mL of liquid). The remaining clay
pellet was rinsed with 40 mL deoxygenated water and supernatant was collected (a total of 2 water
rinses were performed). The clay that remained in the bottles was allowed to dry in nitrogen glove
box. The reacted samples were then analyzed on the XRD. Oriented XRD mounts were prepared,
and XRD analysis also included glycolation to measure swelling capability. Glycolation involved
incubation of the XRD mounts at 60°C in a small desiccator that contained ethylene glycol for 24
hours. Samples were immediately removed from desiccator for XRD analysis and data collection.
The XRD spectra obtained for these experiments is shown in Fig. 15. Fig. 16 shows stacked XRD
spectra comparing samples from experiments in water and FeCl; solutions.

In the same manner as in Experiment 1, ICP-OES the samples were diluted 1:100 for analysis of Ca,
Si, Al, Mg, Na, and K they were further diluted to 1:10,000 for Fe analysis; using 2% HNOs. The
ICP-OES analyses results are shown in Fig. 17.
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Figure 17. Fe, Si, Ca, Mg, Al, and Na concentrations for the supernatant in Experiment 2 (Heated).



International Collaboration Activities on Disposal in Argillite R&D 33

Discussion

XRD analyses of “Soaked” experiments show the (001) peak shift towards lower 26 values when the
material reacted with FeCl; relative to the water soaked experiments (see Panel (d) of Fig. 12)
resulting in larger d-spacing values. All glycolated XRD samples in Experiment 2 indicated swelling
as demonstrated by a shift of the (001) reflection peak to lower 26 values as shown in Fig. 15. Fig. 16
show that bentonite samples reacting with FeClz in Experiment 2 (Heated) exhibited a marked shift
in the (001) peak relative to those in the “Soaked” experiments. The (060) peak (20 ~ 60-61°) yield a
d-spacing of ~1.49 — ~1.50 A suggesting that transformation to a trioctahedral clay did not occur.

ICP-OES analysis indicate that cation with a 2+ charge (Mg*™ and Ca*™; except Fe*™) have a
relatively larger increase in their concentrations for the FeCl, experiments relative to those with
water. This observation could be indicative of Fe* in the reacting solution exchanging for Mg**
and/or Ca*™ given their release into solution. However, the pH of FeCl, solution is acidic (pH~2)
which can induce dissolution of the clay phase, although relatively small silica concentrations were
measured in the supernatant. The concentrations of AlI***, Na*, and K* do not show clear trends
compared to Mg*™ and Ca** which suggest cation exchange occurred in these experiments. For the
“Soaked” samples, the rinsed solutions did show more element removal from the clay; mostly Fe,
Mg, Ca, and Al. This could indicate some level of ion exchange but it would require chemical
analysis of the solids to confirm this process. Further work is planned to further characterize the
composition of solid run products and additional evaluation of these structural and compositional
data.

VI. DECOVALEX-2019 Task C: GREET (Groundwater REcovery
Experiment in Tunnel), Mizunami URL, Japan

This section describes an update to the PFLOTRAN reactive-transport model for DECOVALEX-
2019 Task C described in Jové Coldn et al. (2018). The DECOVALEX-2019 project phase started
this year with seven tasks (A-G) targeting various issues relevant to coupled THMC processes driven
experimental and URL field data. The Disposal in Argillite work package has expressed interest in
the GREET (Groundwater REcovery Experiment in Tunnel, Mizunami URL, JAEA, Japan) URL
project on the hydrochemical characterization of the site as part of the groundwater recovery activity
from the closure test drift (CTD). The CTD is a tunnel section (46.5 m long x 5.0 m wide x 4.5 m
high) of the URL sealed by plug and filled with groundwater. A series of boreholes allow for
monitoring water pressure and chemistry during the experiment. The current study extends the work
conducted on cement interactions in the flooded CTD to evaluate shotcrete liner interactions using a
3D model representation of this domain implemented in the reactive transport simulation code
PFLOTRAN. Na*, CI, Ca*™ concentration data and pH obtained at the site will be used as a test to
the model. The GREET project task leader has kindly provided web access to the geochemical and
hydrological data, as it becomes available, to be reviewed by the task participants. Hydrochemical
data from the DECOVALEX-19 (Task C) was either provided by the JAEA team and/or information
at the GREET website (http://www.jaea.go.jp/04/tono/miu/dataset/greet/greet.ntml). DECOVALEX-
19 phase ended at the end of 2019 and moving to the next phase DECOVALEX-2023.

Closure Test Drift (CTD): 3D H-C Model of Shotcrete Liner Interactions

The Closure Test Drift (CTD) is a tunnel facility (Fig. 18) at 500 meters below ground level to
investigate the effects of hydrological, geomechanical, and geochemical variations during drift
excavation and post-closure in fractured granitic rock. The facility is equipped with monitoring
probes for water sampling, hydraulic pressure, and rock displacement. Mapping of fractures was
conducted during drift excavation. The CTD tunnel is lined with Mg-bearing ordinary Portland
cement (OPC) shotcrete and is sealed by using a low-heat Portland cement plug (Iwatsuki et al.,
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2017). After closure, the tunnel was filled with water to study environmental changes including
effects on hydrochemistry due to interactions with barrier materials such as shotcrete. Like FEBEX-
DP and other international repository science activities, interactions with cementitious barrier
materials (e.g., shotcrete) is important given its potential for alkaline reactions with other silicates
(e.g., clay barriers, host rock) and the generation of high-pH pore solutions. These processes could
lead to dissolution/precipitation processes at barrier interfaces that could affect solute (radionuclide)
transport and clay barrier sorption properties.
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Figure 18. Diagrammatic picture of the closure test drift (CTD) at the Mizunami URL site, Japan. Upper
schematic picture shows the inclined tunnel with CTD and the 12M133 borehole with six monitoring
zones. Figure content kindly provided by Dr. Teruki lwatsuki (JAEA).

A 3D reactive transport representation has been implemented on a hydrological model of the site near
the CTD. The goal is to extend the site hydrological model to capture the extent of high pH effects
within the flooded tunnel and with distance from the cement-water interface. Such interactions in the
water-filled zone may influence pore solution chemistry in the nearby monitoring boreholes where
fractures in the excavated disturbed zone (EDZ) are present throughout the length of the CTD. Initial
simulations involved the use of homogeneous permeability distributions to evaluate shotcrete liner
interactions. The presented results make use of a hydrological model that includes heterogeneous
permeability distributions to represent the effect of fractures along with the reactive transport model.
The permeability distributions from the hydrological model only apply to the surrounding granite
host-rock and not to the shotcrete liner in the tunnels. A homogeneous permeability of 1 x 104 m?
and porosity of 0.196 was assigned to the shotcrete liner.

The Visualization Area domain, which is a CTD-scale domain recommended by the project has been
adopted. The domain size is 100 m x 150 m x 100 m. Mesh refinements were added around the CTD
to capture the cement plug and the shotcrete on the walls of the CTD. The mesh size is now 70 x 302
X 75, resulting in 1,585,500 grid blocks. Figs. 19 and 20 show a slice along the axis of the tunnel and
mesh refinements at the CTD, respectively, to allow modelling of the shotcrete and cement plug.

Fracture characterization was conducted using the method detailed in Wang et al. (2017). Measured
fracture data from tunnel walls and from packer tests in monitoring wells were used to develop the
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fracture model. A discrete fracture network (DFN) model was developed for the modelling domain
for a selected number of realizations. For this study, the DFN “Realization 2 was used. The DFN
permeability and porosity results for the selected realization were upscaled to the refined continuum
mesh for use in flow and transport simulations. Figs. 21 and 22. show the upscaled permeability and
porosity fields, respectively.

Figure 19. Vertical slice along the axis of the tunnel showing the CTD region (light green) and inclined
drift (light blue).

shotcrete

W

Figure 20. Mesh refinement showing shotcrete plug and lining around the CTD.
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Figure 21. 3D domain representation of upscaled permeability field for DFN Realization 2.
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Figure 22. 3D domain representation of upscaled porosity field for DFN Realization 2.
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The 3D reactive reactive-transport model implementation (Fig. 23) is done using the PFLOTRAN
(Lichtner et al. 2019) simulator using similar parameters (e.g., material properties) to those adopted
previously in the 1D evaluation of EBS material interactions (Jové Coldn et al., 2016). The
PFLOTRAN simulations were conducted in TH mode (coupled thermal-hydrological flow) assuming
full saturation and transport by diffusion only. The diffusion constant adopted for these simulations
is 2.2 x 10° m? /s. Thermodynamic data for cementitious phases such as CSH(0.8, 1.6), portlandite,
and ettringite were obtained from the THERMODDEM database (Blanc et al., 2012; Blanc et al.,
2006). The composition of the cementitious domain resembles that of ordinary Portland cement
(OPC) assuming a calcite aggregate (Jové Colon et al., 2016). The current updated model considers
a Cl-bearing phase (Friedel salt) and a Mg-bearing (brucite) in the cementitious phase assemblage.
The reason for adding these phases is to account for their presence in the shotcrete and to evaluate
their effect on solution chemistry, particularly on CI concentration. The aggregate composition in the
shotcrete was updated to include quartz and K-Na feldspars based on the analyses provided in the
GREET website. Similar to the reactive transport simulations of the 12MI33 monitoring borehole,
initial groundwater chemistry in the host rock above and below the CTD were constrained according
to Iwatsuki et al. (2015).

Dissolution rate constants of cementitious solids were obtained from various sources as described in
Jové Coldn et al. (2016). As explained later in the text, rate law parameters for portlandite (Ca(OH)2)
were adjusted to represent the observed pH and solute compositional trends at the CTD monitoring.
The length of water-filled domain is about 47 m with a height of 5 m closely resembling the CTD
dimensions. The thicknesses for the cement plug and shotcrete liner are 2 m and 0.1 m, respectively.
The flooded CTD domain is represented by a porous medium having a porosity of almost unity and a
very high permeability. The groundwater in the flooded domain is assumed to have the same
chemistry as that of the host granitic rock. This groundwater chemistry also represents the starting
solution chemistry of the filled CTD. The simulations were performed over a period of 300-600
days.

YZ - Cross Section

Shotcrete
Layer Host Rock

Inclined Drift / Filed CTD

Shotcrete
Layer

Figure 23. Schematic figure showing a YZ of the model domain in the PFLOTRAN reactive transport
simulation of the CTD (black). Red areas delineate the shotcrete liner and cement plug. Observation
points (not shown) are positioned at the tunnel length midpoint starting from the shotcrete-water interface
up to a meter inside the water-filled tunnel.
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Fig. 24 shows four time-snapshots (0, 60, 150, 300 days) of the pH mapping to represent the
evolution of the reactive front from the shotcrete liner domain. As expected, pH increases with time
from the interface into the water-filled CTD region and the host rock. After ~300 days of simulation
time, the increase in pH because of the advancing front reaches ~0.5 m from the shotcrete interface
into flooded CTD. About 1 m into the CTD, the pH remains close to the starting pH 8.9 for
remainder of the simulation. The overall behavior of the reaction front described in these snapshots
is very similar to that shown in Jové Coldn et al. (2018, 2019).

The current stage of GREET effort involves the prediction of changes in groundwater chemistry to
then be compared with data from monitoring boreholes from within the CTD and from the host rock
within the excavated disturbed zone (EDZ). Fig. 25 (upper panel) shows the pH predictions from the
PFLOTRAN reactive-transport model and the JAEA pH data. The measured pH data (purple dots
connected by a line) show a rapid monotonic increase early in time then progressing towards a
pH~10. Notice that measure pH data after 3/2016 show more variation with time (i.e., deviations
from a monotonic increase) but still trending towards pH~10. The PFLOTRAN simulation results
(solid curves) are shown for four observation points at approximate distances from the shotcrete
interface (at the shotcrete interface, ~0.4 m, ~0.7 m, and ~1 m) into the flooded CTD. The model
parameters utilized in Jové Colén et al. (2019) resulted in pH predictions at the observation point
close to the shotcrete interface that underestimate the measured data at early times (<100 days). After
100 days, that same model resulted in good agreement with the measured pH trend progressing
towards pH~10. The current PFLOTRAN update includes heterogeneous permeability and porosity
fields in the host-rock (described earlier in the section) plus some variation in the reactive-transport
model parameters to obtain an improved agreement with the measured pH at early times, but still
predicting an increasing pH trend at later times. As in previous results, predictions at distances
further from the shotcrete surface show a slower pH increase due to diffusive transport from the
shotcrete interface into the filled CTD. This increase reaches pH~10.3 towards the end of the
simulation which is close to the measured pH. Predictions of pH at ~1 m from the shotcrete interface
show a relatively small increase with time indicating the limited effect of the reaction front on
groundwater pH towards the tunnel center axis.

The JAEA pH data was used to conduct sensitivity analyses to constrain parameters in the transition
state theory (TST) rate law in PFLOTRAN for portlandite dissolution kinetics (see Lichtner 2016).
The observed trend in pH is assumed to be predominantly dependent on portlandite dissolution. This
is expected considering that portlandite is the main leaching phase in the shotcrete interaction with
groundwater. The adjusted parameters are related to the activities of primary chemical species (H*
and Ca™™) in the prefactor term of the rate law pertaining the portlandite dissociation reaction. The
overall agreement in the representation of the observed pH trend from the PFLOTRAN simulation
suggests portlandite as the primary contributor to the pH change, even with the discrepancy at later
times.
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Figure 24. Predicted pH of the PFLOTRAN 3D reactive transport model of the CTD and surrounding
host rock. The reaction front diffuses into the CTD and into host rock. pH color map scale ranges from
8.19 to 12.5.

Sensitivity analysis were conducted to evaluate the effects of dissolution Kinetics, potential for other
phases contributing to the overall pH change, volume fractions of reactants, and transport parameters.
It appears that portlandite dissolution rate law parameters, diffusion rate, and thickness of the
shotcrete liners are the most important to produce the pH trend. The effects of some of these
parameters are discussed later in the section.

Fig. 25 shows the JAEA measured concentration of Na* (lower panel) decreasing with time with
some level of scatter. The PFLOTRAN parameters used in Jové Colon et al. (2019) resulted in a
decrease in temporal Na* concentration predictions near the shotcrete interface in good agreement
with the overall measured trend. However, simulation results with updated parameters shows the
measured Na* concentration (lower panel) decreasing with time with some level of scatter. The
PFLOTRAN predictions at the shotcrete interface indicate a sudden decrease of Na* concentration
with time with a subsequent increase at t>100 days. This initial dip in the simulation prediction is off
trend with the measured data even when it recovers at subsequent times. The subsequent increase in
Na* concentration with time is consistent with initial porewater Na* concentrations in the rock below
the CTD region. This is indicative of the effects of groundwater mixing between the CTD and the
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host-rock through the shotcrete liner. Other simulations with different constrains have shown better
agreement with the overall measured Na concentrations but at the compromise of not having a good
representation of the measured pH trend at early times. The predictions of temporal changes in Na*
concentration with distance from the shotcrete interface show similar decreasing profiles but with the
expected effect of a slow moving front away from the shotcrete surface in the flooded CTD. It is
inferred that simulation predictions obtained at a distance between the shotcrete interface and ~0.4m
would produce a trend that should be in better agreement with at least part of the data. However, the
mesh cell discretization in these domains is not sufficiently fine to sample observation points at such
intervals. Finer mesh discretizations of the shotcrete domain were attempted but the large
computational burden and memory size limitations prevented from either having successful
simulations or code runs within a reasonable period of time — even when using high performance
computing (HPC) platforms.

Fig. 26 shows the temporal evolution of Ca™ and CI" concentrations in the CTD. Notice that both
aqueous component concentrations show an initial (t < ~150 days) sharp decrease to subsequently
attain a nearly steady-state concentration. The PFLOTRAN simulation does produce an initial
decrease in both Ca** and CI" close to the shotcrete interface observation point. However, similar to
the Na* concentration profile, the Ca™ and CI" concentrations initially drop reaching a minimum with
a subsequent increase towards the end of the simulation. Such an initial large decrease is caused by
mixing of groundwater, shotcrete porewater, and CTD water and/or ClI™ uptake by precipitation of a
Cl-bearing cementitious phase. The subsequent increase in Cl- concentration by the mixing influence
of the porewaters in the host-rock below the CTD through the shotcrete liner. It should be noted that
calcite is predicted to form in the shotcrete liner but in relatively small amounts and could also
contribute in controlling Ca*™* concentration in the porewater. The formation of calcite in shotcrete
has been reported by the GREET project. These observations need further evaluation through
monitoring and phase characterization activities, along with reactive transport simulations, for
example, focusing on evaluating the effects of hydrological characteristics (porosity and
permeability) in shotcrete and host rock.

The predicted pH and solute concentration profiles are indicative of strong mixing effects due to fluid
transport between host-rock groundwater, shotcrete liner pore solution, and CTD water chemistry.

To test this idea, the thickness of the shotcrete was increased from 10 cm to 20 cm. This is double the
shotcrete thickness relative to what was considered nominal for the CTD but it would then cover the
desired length scales for thickness in this test. Also, the reactive surface area of portlandite was
decreased from 1 m?m?3 to 0.1 m?/m®. The diffusion constant was decreased from 2.2 x 10° m? /s to
8.5 x 10 m?/s. All other parameter values including mineral volume fractions were kept
unchanged.
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Figure 25. Measured and predicted pH (upper panel) and Na* concentration (lower panel) in moles/L
profiles at the midpoint region of the CTD and shotcrete thickness of 10 cm. Actual distances from the
shotcrete surface labeled in the plot as “Shotcrete wall”, 0.4 m, 0.7 m, and 1 m correspond to 5 cm, 35
cm, 45 cm, and 1.1 cm, respectively.



International Collaboration Activities on Disposal in Argillite R&D

> *\//
0.0026 4
0.0025 A
- Location
T 0.0024 4 ~—— Total Ca++ [M] CTD_shotcreteSkin (518529) (49,975 79.75 44.15)
3 ~—— Total Ca++ [M] CTD_shotcreteSkin_1m (666509) (49.975 79.75 45.225)
= = Total Ca++ [M] CTD_shotcreteSkin_0.4m (581949) (49.975 79.75 44.45)
8 — Total Ca++ [M] CTD_shotcreteSkin_0.7m (603089) (49.975 79.75 44.55)
" 0.0023 A —@— JAEA CTD Measured Data
0.0022
0.0021 A
0.0020
0 100 200 300 400 500 600
time (days)
0.01350 e
shotcrete wall
0.01325 A 0.7m from
shotcrete wall
®
S AmTo0
0.01300 -
shotcrete wall
Shotcrete wall
0.01275 4
Location
~ 0.01250 1 —— Total Cl- [M] CTD_shotcreteSkin (518529) (49.975 79.75 44.15)
2 ~—— Total Cl- [M] CTD_shotcreteSkin_0.4m (581949) (49.975 79.75 44.45)
] . — Total Cl- [M] CTD_shotcreteSkin_0.7m (603089) (49.975 79.75 44 55)
© 0.01225 4 — Total Cl- [M] CTD_shotcreteSkin_1m (666509) (49.975 79.75 45.225)
@  JAEA CTD Measured Data
0.01200 4
)
o
0.01175 - ~
e
[
)
®e0
0.01150 4
cee,
0 100 200 300 400 500 600
time (days)

Figure 26. Measured and predicted Ca** (upper panel) and CI- concentration (lower panel) profiles in
moles/L at the midpoint region of the CTD and shotcrete thickness of 10 cm. Actual distances from the

shotcrete surface labeled in the plot as “Shotcrete wall”, 0.4 m, 0.7 m, and 1 m correspond to 5 cm, 35
cm, 45 cm, and 1.1 cm, respectively.
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Fig. 27 shows the temporal evolution of pH and Na* concentration in the CTD for a shotcrete
thickness of 20 cm. The agreement between simulated and measured data for the pH vs. time profile
is significantly improved with the latest changes in parameters. On the other hand, the predicted Na*
concentration trend for the observation point near the shotcrete surface underestimate the measured
data. However, the simulation generates a trend similar to the measured data. Even with this
discrepancy, the differences are not large considering the scale of concentration values.

Interestingly, the predicted Na* concentration at ~0.2 m produces a trend that is in very good
agreement with the measured values. The reason for this agreement cannot be resolved at this
moment. Fig. 28 shows the predicted Ca*™ and CI- concentrations as a function of time showing very
good agreement with measured values at early times. However, the simulations slightly overestimate
the measured values at later times but maintaining the same trend. Similar to Na*, these differences
are not large considering the scale of concentration values.

It should be emphasized that the change in shotcrete thickness and some changes in simulation
parameters relative to those for a 10 cm thickness generate results that not only are in better
agreement with the measured data for the considered solutes but more importantly, it generates
concentration trends that conforms to the observe values. This indicates the sensitivity of the
modeled system to transport length scales, mixing, and its coupled effect on the aqueous chemistry of
major solutes. It also indicates the importance of leaching of key cementitious phases like portlandite
in controlling primarily pH and Ca concentrations. The latter form complexes with Cl in solution and
through the mixing with the CTD water it could produce Cl-bearing secondary phases like Friedel
salt which was observed in the shotcrete.

All these results have provided key information in the buildup of a 3D H-C model for the GREET
project. For example, the use of heterogeneous porosity and permeability distributions to account for
fracture flow effects in the host rock and potential effects on reactive transport between the CTD and
its surroundings. It also allows for the evaluation of groundwater mixing close to the shotcrete-rock
domain and its effect on CTD water chemistry. Further, sensitivity analyses on rate law and
transport parameters are used to analyze their impact on pH and predicted solute concentrations as a
function of time gauged by water chemistry measurements. These analyses are based on rather
unique URL borehole monitoring and water sampling activities that provide key information to test
these models.

These modeling results are very encouraging in providing a coupled HC process model addressing a
challenging field experiment and generating predictions that are in good agreement with
measurements. It also serves as a test bed for the application of HPC to assess large scale problems
in 3D where EBS material interaction with fluids plays a key role in describing near-field chemistry
and hence the safety performance of the disposal design concept.
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Figure 27. Measured and predicted pH (upper panel) and Na* concentration (lower panel) in moles/L
profiles at the midpoint region of the CTD and shotcrete thickness of 20 cm. Actual distances from the
shotcrete surface labeled in the plot as “Near shotcrete wall”, 0.2 m, 0.4 m, and 1 m correspond to 5 cm,
15 cm, 35 cm, and 1.02 m, respectively.
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Figure 28. Measured and predicted Ca** (upper panel) and CI- concentration (lower panel) profiles in
moles/L at the midpoint region of the CTD and shotcrete thickness of 20 cm. Actual distances from the
shotcrete surface labeled in the plot as “Near shotcrete wall”, 0.2 m, 0.4 m, and 1 m correspond to 5 cm,
15 cm, 35 cm, and 1.02 m, respectively.
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All these ongoing results have provided key information in the buildup of a 3D H-C model. The use
of heterogeneous porosity and permeability distributions to account for fracture flow effects in the
host rock and potential effects on reactive transport between the CTD and its surroundings. For
example, evaluation of groundwater mixing close to the shotcrete-rock domain and its effect on CTD
water chemistry. Sensitivity analyses on rate law and transport parameters to analyze their impact on
pH and predicted solute concentrations as a function of time. These analyses are based on URL
borehole monitoring and water sampling activities that provide key information to rest these models.

VII. Conclusions

e FEBEX-DP:

o  Results of cyclical TGA/DSC thermal analyses under controlled RH
(hydration/dehydration) and constant temperature for Section 49 samples with
different grain sizes are similar to those obtained previously for bulk bentonite. The
cyclical data indicates that the dehydration behavior is a function of the duration of
hydration that precedes it. The appearance of a “shoulder peak” during dehydration
suggests different energetics for swelling clay hydration and dehydration processes.
The latter results in the slower removal of water and potentially giving rise to the
observed hysteretic behavior in water sorption experiments. Preliminary results of
MD simulations indicate a slower water removal when there is less than one water
(AW) of hydration at the montmorillonite interlayer. Therefore, differences in water
transport and confinement mechanisms in expansive clay can influence chemo-
mechanical behavior in response to changes in thermal and hydration/dehydration
conditions.

o  Experiments of FEBEX-DP bentonite interactions FeCl, shows destabilization of the
clay phase as expected. Experiments at 200°C show evidence of clay dissolution and
potential exchange with Fe. However, there is no clear evidence for illitization,
significant clay phase transformation, or secondary mineralization based on
preliminary XRD analyses of run products.

e DECOVALEX-2019 Task C of GREET Experiment — 3D reactive transport modeling of
the CTD and effects of shotcrete liner:

o 3D PFLOTRAN reactive transport modeling of shotcrete liner interaction was conducted
using a hydrological model of the site domain focusing on the CTD field experiment.

o A TST kinetic rate law for dissolution of the portlandite phase in shotcrete was used
with parameters adjusted to represent measured pH and solute concentrations.
PFLOTRAN predictions of pH and selected solutes (Ca, Na, Cl) concentrations with
time at midpoint length of the CTD, close to the shotcrete interface, are in general
agreement with the measurements. However, the predicted concentrations of major
solutes such as Ca** and CI" concentrations tend to slightly overestimates the measured
data.

o Better agreement with the measured pH and solute data trends is obtained with a
shotcrete thickness of 20 cm — twice the thickness of that considered in the initial case.
This suggest how sensitivity the modeled system is to transport length scales, mixing,
and the coupling of these effects on the aqueous chemistry of major solutes for reaction
with shotcrete material.
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o Groundwater mixing/dilution combined with CI" complexation uptake by precipitation
of a Cl-bearing phase (e.g., Friedel’s salt) was investigated to evaluate the observed
decrease in CI" concentration with time. The presence of this Cl-bearing phase was not
sufficient to represent the observed initial drop in Cl'concentration.

VIII.FY21 Work

Planned work on FEBEX-DP samples for FY21 (and the remainder of FY20):

e Continue cyclical thermal analyses conducted at a higher constant temperature and RH to
evaluate the effect on hydration/dehydration profiles. Conduct XRD analyses under
controlled RH and temperature conditions to complement cyclical TGA/DSC analyses.

e Expand MD simulations on dehydration phenomena at the clay interlayer. Potential work
includes conducting Monte Carlo (MC) and MD to evaluate the energetics of the system
at different water contents.

e Continue investigations on FEBEX bentonite interactions with FeCl; solutions to
evaluate effects on clay stability and data interpretation.

Planned work on DECOVALEX work for FY21 (and the remainder of FY20):

e Prepare manuscript describing the 3D reactive-transport modeling work on
DECOVALEX-2019 Task C (GREET) emphasizing on modeling the CTD chemical data
highlighting the effects of shotcrete leaching and transport parameters on the resulting
temporal evolution of solute concentration profiles.

e DECOVALEX-2019 phase has ended and is moving towards the next phase
DECOVALEX-2023. Work on the new DECOVALEX phase will be focused on the new
tasks of interest for disposal in argillite work package which are still under review.
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X.APPENDIX A

TGA/DSC Data
Selected FEBEX-DP Bentonite Samples — Section 49



International Collaboration Activities on Disposal in Argillite R&D 52

= B
= ERE -
I 3
: sk
= .
= = =
. szs = 3
E Fe=g ]
[ &
~% ZEZ :
= B = =
&E""""
L ESNm™ &0
d
[ ] ('
¥ .
T g 2 g 9 g 2
m e =
E n o n o @
£z w = ! = =
5k 8 a8 9 w7 o7 9 T z
=4
= g : | = =
g @ E =
— = &
= g g =
o = i
=1
5] | = —;
E '8 3
|
s | gl E
- | A
E | | =
P = — I8
- @
3 g .
& = b
g g
£ =
o . ‘\ -
— —_ 3
|l =
— 73] —
3 \
= | -
£ | y1 - -
D 5 e o = (B pagaospe 1aEm
- & = = &8 &
- - - = =
- - = =] g
- a2 asS s s S E ormow T -
*"-E- e 2 ocococooog
gw woa B e W g u = 3 [ !g
=k o o 5 T v [ 02— 1 [2
Qg | O 2 2 . |12
@ d = 2 -
Fal ) — -y
— 4 =] b=
I = 8 =
- iy = E —
. L £ o
E _-:' -o-'r [=] 3 = I " ﬁ
X =1 L oo - i
= W = 2
o i - E af 5852 oS
s T gL 582 =E
_g -—'—| =] ] LA - -
@ ; =E cE RRZ @
= | JlB g = AR £
3 2 7 gE g gglsst 8F
2 3 | BEEEC
] =0 = ]
3 2 £ EX s
g I EE Fe& 5o EEE| M 8
s = E = T T ELE L | )
=] | = ‘EEEEE: D..,f-r.o-:|
i _;,"‘ =] = ..lE E-% E RN I| 2
— =
™ @
T g | f2E8iE S
- [=]
- . N ™ E:-E:::-.E = f a S ||
- 1 . ; EEFUE p =
_.g.. " x - E & C ot 32,_. -
6 I ——"lo ERBEZBE ;T T . .o o
F B 2 2 88 4 e s - " SEIN=EE3IR
- e o o= o= 0 R e = = = e e

Figure A-1. TGA/DSC curves as a function of time (minutes) for water adsorption/desorption cycles at
60°C for unheated (baseline) FEBEX bentonite (two thermal experiments). (a) and (b) Experiments 1 and
2, respectively: the green curve represents the thermogravimetric analysis (left y-axis). The blue curve
stands for the DSC analysis (right y-axis). The red dotted line signifies the temperature (2" right y-axis).
See Fig. 7 in the text for explanation of hydration/dehydration cycles. (c¢) DSC measurements as a
function of elapsed time for the dehydration interval showing the shifts in the second peak or
“dehydration shoulder” for hydration time durations of 60 and 180 minutes. (d) Water
adsorption/desorption isotherms at 20°C for unheated/untreated FEBEX bentonite.
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Figure A-2. TGA/DSC curves as a function of time (minutes) for water adsorption/desorption cycles at
60°C for FEBEX-DP bentonite samples BG-C-49-1 (a) and BG-C-49-3 (b). The green curve represents
the thermogravimetric analysis (left y-axis). The blue curve stands for the DSC analysis (right y-axis).
The red dotted line signifies the temperature (2" right y-axis). (c) and (d); corresponding TGA/DSC
curves as a function of time (minutes) for dehydration cycles only at the time interval of the appearance of
the second peak or “dehydration shoulder”. See Fig. 7 in the text for explanation of
hydration/dehydration cycles. DSC measurements show the peak shifts (A and B) for the dehydration
time interval in response to hydration duration.
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Figure A-3. Volumetric water sorption/desorption isotherms obtained at 20°C for samples BG-C-49-1

and BG-C-49-3.
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Figure A-4. TGA/DSC curves as a function of time (minutes) for water adsorption/desorption cycles at
60°C for FEBEX-DP bentonite samples B-C-49-7 (a) and B-C-49-11 (b). The green curve represents the
thermogravimetric analysis (left y-axis). The blue curve stands for the DSC analysis (right y-axis). The
red dotted line signifies the temperature (2" right y-axis). (c) and (d); corresponding TGA/DSC curves as
a function of time (minutes) for dehydration cycles only at the time interval of the appearance of the
second peak or “dehydration shoulder”. See Fig. 7 in the text for explanation of hydration/dehydration
cycles. DSC measurements show the peak shifts (A and B) for the dehydration time interval in response
to hydration duration.
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Figure A-5. Volumetric water sorption/desorption isotherms obtained at 20°C for samples BG-C-49-7
and BG-C-49-11.
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Figure A-6. TGA/DSC curves as a function of time (minutes) for water adsorption/desorption cycles at
60°C for FEBEX-DP bentonite samples B-C-49-8 (a) and B-C-49-12 (b). The green curve represents the
thermogravimetric analysis (left y-axis). The blue curve stands for the DSC analysis (right y-axis). The
red dotted line signifies the temperature (2" right y-axis). (c) and (d); corresponding TGA/DSC curves as
a function of time (minutes) for dehydration cycles only at the time interval of the appearance of the
second peak or “dehydration shoulder”. See Fig. 7 in the text for explanation of hydration/dehydration
cycles. DSC measurements show the peak shifts (A and B) for the dehydration time interval in response
to hydration duration.
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Figure A-7. Volumetric water sorption/desorption isotherms obtained at 20°C for samples BG-C-49-8
and BG-C-49-12.



International Collaboration Activities on Disposal in Argillite R&D 59

DSC /(uV/mg) DSC /(uV/m
TG /% BM'D'49'3 Temp /°C TG /% BM'D‘49'1,2,3 (p Ten?g EC
1201 (a Lo exo
( ) L 05 160 1204 (b) L ! L 05 }160
115 u
00 140 115 0.0 140
110 120 110
P 05 05 120
1051 100 105 100
; -1.0 i =
100 6y 10 19 180
o5 :-1.5 g0 95 v #t-1.5 |60
20 t40 90 2.0 140
0 200 400 600 800 1000 1200 1400 0 100 200 300 400 500 600 700
Time /min Time /min
TG /% DSC /(uV/mg)
TG % DSC /(uV/mg) (11.4] P8 Ty
3.14] (c) L ex 11011 (d) —
0.8 108 A = after 15 min hydration 0.7
104 A = after 60 min hydration 0.7 106 B = after 90 min hydration 0.6
B = after 180 min hydration 06 C = after 180 min hydration :
100 0‘5 104 0.5
0‘4 102 104
96 | 100
A B 0.3 98 0.3
92 0.2 9% 0.2
. o~ : 20,1 ok 2{0.1
bR B D 50 I AR 0 20 40 60 80 100 120 140 160

Time /min

Figure A-8. TGA/DSC curves as a function of time (minutes) for water adsorption/desorption cycles at
60°C for FEBEX-DP bentonite samples BM-D-49-3 (a) and BM-D-49-(1,2,3) (b). The green curve
represents the thermogravimetric analysis (left y-axis). The blue curve stands for the DSC analysis (right
y-axis). The red dotted line signifies the temperature (2nd right y-axis). (c) and (d); corresponding
TGA/DSC curves as a function of time (minutes) for dehydration cycles only at the time interval of the
appearance of the second peak or “dehydration shoulder”. See Fig. 7 in the text for explanation of
hydration/dehydration cycles. DSC measurements show the peak shifts (A and B) for the dehydration
time interval in response to hydration duration.
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Figure A-9. Volumetric water sorption/desorption isotherms obtained at 20°C for samples BM-D-49-3
and BM-D-49-(1,2,3).



