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The development of deep repository concepts in the USA
is evaluating generic options for disposal of heat-
generating nuclear spent nuclear fuel (SNF) waste for a
suite of host rock media (clay rock, granite, salt). Large
waste canister designs (e.g., dual purpose canisters or
DPC'’s) are currently being considered to accommodate
many SNF assemblies. Large amounts of SNF in the
waste packages will produce high thermal loads
generating temperatures in excess of 200 °C for long
periods of time. For a bentonite backfilled repository
concept, prolonged exposure to high temperatures will
induce chemical reactions in the engineered barrier
system (EBS), particularly at barrier interfaces. QOur
focus is on experimental investigations and the
application of thermodynamic modeling to evaluate clay-
zeolite phase equilibria as a function of temperature and
fluid chemistry. Experimental work on barrier material
interactions under hydrothermal conditions (150 — 300
°C, 15-16 MPa) has elucidated mineral phase changes in
Wyoming (Colony mine) bentonite in the presence of steel
phases.  Glassy material in bentonite is replaced by
analcime-wairakite phases, and through apparent
clinoptilolite recrystallization. The initial increase in
dissolved silica leads to authigenic quartz formation.
Such mineral assemblage suggests an initially silica-rich
environment (analcime, clinoptilolite) moving towards Si-
depleted conditions.  Analcime-wairakite compositions
suggest a well-defined solid-solution between these Na
and Ca end-members. Smectite clay in these experiments
is stable with Fe-saponite and chlorite growth co-existing
with binary/ternary sulfides at steel interfaces. Little or
no illite was observed in the reaction products which
could be tied to silica oversaturation and low K in the
system. The thermodynamic analysis is used to evaluate
thermodynamic data and develop phase diagrams to
describe stability field relations of secondary mineral
phase occurrences. This analysis allows for delineation
of potential reaction pathways in bentonite clay
degradation and interactions with metallic phases. One
example of this is the important role of dissolved silica
plus other phase components to the formation of
alteration mineralogy observed in these interactions. All

these investigations are key to the assessment of
thermally-induced degradation zones in the EBS during
the thermal period and their effect on barrier
performance in the safety assessment.

1. Introduction

Permanent disposition of spent nuclear fuel (SNF) in
various geologic environments (clay rock, granite, salt)
has motivated the evaluation of generic disposal concepts
in the USA [1]. The most commonly-accepted concept of
high-level nuclear waste disposal is the deep underground
emplacement of steel waste-filled canisters with a
bentonite barrier backfill between waste package and host
rock. Fig. 1 shows a schematic representation of the
engineered barrier system (EBS) for longitudinal
emplacement of waste canisters in clay rock. The
analysis EBS design concepts to isolate heat-generating
waste canisters is key to the long-term (i.e., hundreds to
tens of thousands of years) safety and isolation
performance of the repository. An important aspect of this
analysis is the nature of chemical interactions with EBS
interfaces and the natural barrier (host rock) at elevated
temperatures and pressures. For example, one potential
disposal concept for SNF is to use high capacity dual
purpose canisters (DPCs) emplaced with bentonite barrier
material in the subsurface repository [2, 3]. DPCs are
waste canister that can accommodate up to 37 SNF
pressurized water reactor (PWR) assemblies and are
expected to generate enough radionuclide decay heat to
drive temperatures in excess of 200°C at the canister
surface [2]. Therefore, such elevated temperatures will
affect the bentonite/canister interface and other barrier
backfill materials surrounding the waste package. In
general, DPCs are made from steel or stainless-steel
materials [3].

Long-term repository performance and safety
strongly depends on barrier integrity under a wide range
of environmental conditions (e.g., elevated temperatures
and pressures, radioactivity). The effect of high
temperature exposure in the presence of aqueous fluids
produces surface metal corrosion of the canister and
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mineralogic alteration and/or phase transformations in the
bentonite backfill material. Therefore, experimental work
to improve our understanding of clay barrier interactions
and thermal-hydrological-mechanical-chemical (THMC)
couplings at high temperatures are key to evaluate thermal
effects from waste decay heat and the extent of sacrificial
zones in the EBS. Moreover, experimental and modeling
investigations have provided key information central to
the assessment of thermal limits and the implementation
of the reference case to evaluate EBS configuration and
the repository layout (e.g., thermal loads, drift spacing).
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Fig. 1. Schematic representation of a longitudinal section
of a backfilled single drift with multiple waste canisters
and a multi-layered EBS [4].

The focus of this communication is to present results
from past and ongoing investigations on barrier material
interactions that involve experimental and modeling
studies related to deep subsurface disposition of nuclear
waste in geologic environments.

I.A. Background
LLA.1. Experimental Methods

To investigate the effects of high temperatures on the
barrier material interactions, a series of hydrothermal
experiments between bentonite and metallic phases
(steels, copper) were conducted at temperatures ranging
from 150 to 300 °C (ramped and isothermal) and
pressures of 15-16 MPa [5-7]. Also, experiments in the
presence of bentonite plus Opalinus Clay rock and
corresponding starting solutions were also conducted but
the presented results will focus on bentonite-only
experiments. These experiments allow for the analysis of
pre-run and post-mortem material in the characterization
of altered and newly-formed phases particularly at barrier
material interfaces. This information is used in the
evaluation of chemical reactions between bentonite and
metallic phases. The bentonite used in the experiments
was obtained from a reducing horizon in Colony,
Wyoming. This bentonite contains primarily Na-bearing
montmorillonite with minor amounts of clinoptilolite and

lesser plagioclase, biotite, calcite, and sulfide minerals
(e.g., pyrite). The bentonite material was crushed and
sieved to a size of <3 mm and used with a free moisture
content of ~15.5 wt. %. The synthetic solution used in the
experiments has the composition of a deep groundwater in
crystalline basement rock (Stripa sample V2, 69-4) [8].
This solution was then filtered through a 0.45 pum filter
and sparged with He before each experiment. The salt
solution was added at 9:1 water:bentonite ratio. Reactants
were loaded into a flexible gold cell and fixed into a 500
mL gasket confined closure reactor [9]. As noted
previously, experiments in the presence of bentonite plus
Opalinus Clay rock and corresponding starting solutions
were also conducted but overall results on the main
reaction products are similar both types of experiments.
Any differences in the experimental results when using
Opalinus Clay rock and associated solution as starting
material will be noted in the discussion.

TABLE I. Synthetic groundwater chemistry Stripa sample
V2 (69-4), Frape et al. 2003) used in the experiments.

Species Concentration
(mg/L)
Ca?" 89
Cl 1045
K* 583
Na* 167
Si 1
SO 47
Sr?* 0.05
TDS 1934
pH 8.59

Experiments were pressurized to 150 - 160 bars
and were heated isothermally at temperatures of 150 to
300°C (depending on the experiment) for several 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 um syringe filter) cation determination. All aliquots
were stored in a refrigerator at 1°C until analysis. Pre-run
and post-experiment solids retrieved from the experiment
were characterized using X-ray diffraction (XRD) and
scanning electron microscopy with energy dispersive X-
ray spectroscopy (SEM/EDS). Chemical analysis of
collected solutions (major cations and trace metals) were
performed using inductively coupled plasma-optical
emission spectrometry (ICP-OES) and inductively
coupled plasma-mass spectrometry (ICP-MS) utilizing
EPA methods. Inorganic anion samples were analyzed by
ion chromatography (IC).



L.B. Results and Discussion
1L.B.1. Steel/Copper — Bentonite Interactions

Stainless steel (304SS and 316SS) corrosion products
associated with bentonite interactions produces four
layers onto the steel substrate (1) chromite-like (FeCr2O4)
passivation layer in contact with unaltered stainless steel,
(2) Si-Cl-S mixed phases, (3) discrete pentlandite
((Ni,Fe)9Sg) and millerite (NiS), and (4) an Fe-saponite
[M0,33(Fe,Mg)3(Si3_67Alo,33)O1o(OH)z] outer layer with
occasional minor chlorite (Fig. 2). This layered oxide
structure is consistent with observations of 316L alloy
corrosion under PWR conditions (i.e., 325°C, 155 bar)
[10-12]. Post-experiment characterization of stainless
steel reaction products shows uniform corrosion at the
temperature conditions of the experiments. Occurrence of
surface Fe-bearing clay associated with corrosion
products also show a close relationship with chlorite.
However, there was no significant alteration to the
montmorillonite phase at distance from the metal
interface (> 1 mm from metal surface). Minor formation
of pentlandite ((Ni,Fe)oSs) and millerite (NiS) sulfides
developed at the early stages of corrosion. The formation
of these sulfides is likely due to pyrite (FeS,) degradation
in bentonite and their occurrence is closely associated
with the Fe-saponite phase on the stainless-steel
substrates. Formation of Fe-saponite is related to the close
interaction of Fe-bearing and Si-rich fluids due to
stainless steel leaching and bentonite dissolution.
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Fig. 2. SEM image showing a cross-section of 316SS run
product depicting Fe-saponite/chlorite growth. Chemical
analyses of 316SS and interface run products show
significant Fe leaching from the steel surface and
formation of a Cr-rich outer layer [4, 6].

Low carbon steel degradation produces three layers
of corrosion products on the stainless steel substrate (1)
magnetite-like (Fe3;O4) layer onto the steel surface, (2)
pyrthotite  (FesSgs), and (3) an  Fe-saponite
[M0,33(F6,Mg)3(Si3,67A10,33)O10(OH)2] outer layer (Fig. 3).
The magnetite-like oxide layer observed at the steel-
bentonite interface show no apparent formation of a
passivation layer and no indication of corrosion
hindrance. Interface textures show pitting corrosion with
development of Fe-rich smectite coating with structures
suggesting growth perpendicular to the steel substrate.
Pyrrhotite (FesSs) platelets formed alongside the smectite
phases (Fig. 3). The Fe-saponite overall morphology
indicates a precipitation mechanism instead of a solid-
state transformation.
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Fig. 3. SEM image of pyrrhotite nested in bed of
botryoidal Fe-saponite on a substrate of low carbon steel

[6].

The primary copper corrosion mechanism associated
with bentonite interaction is sulfide-induced (sulfide
attack) corrosion to produce chalcocite (CuzS; Fig. 4). As
observed in the figure, the chalcocite layer grows over the
corroded/pitted copper surface. = The occurrence of
chalcocite is characterized by its hexagonal morphology
forming discrete plates to fully coalesced patches on the
copper surface. Chalcocite crystallization on the copper
surface is the result of surface crystallization from
solution via sequestration of dissolved sulfur species (e.g.,
H,S, HS") from pyrite decomposition in the bentonite
under hydrothermal conditions. Other Cu-bearing phases
observed in the post-experiment characterization are
minor covellite (CuS) and atacamite. The latter is
believed to form from late-stage uptake of Cl from the
synthetic brine.



1.B.2. Bentonite Clay Alteration and Zeolite Formation

As described earlier, the bentonite material used in
the experiments contains mainly Na-montmorillonite with
minor amounts of clinoptilolite, feldspars, biotite,
cristobalite, quartz, and pyrite. The Na-montmorillonite
texture shows the characteristic foily or ‘cornflake’
morphology often associated with smectite grains. The
Na-montmorillonite has the structural composition
(Na31,Ca 04, K 01)(Alis3,Fe21,Mg 15, Ti.01)(Si3.08,Al 02)O10(OH)
[5, 13].

Clinoptilolite textures in the bentonite seems to
preserve the precursor volcanic glass shard morphology
with a structural composition of
(Na4.30,Ca0.39,K0.14Mg0.20)(Si29.82,Al6.28,F€0.03)O72nH20  (n
~ 21, clinoptilolite stoichiometric basis).
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Fig. 4. Post-experiment SEM image of corroded copper
surface (lower left) and the secondary chalcocite surface
growth (upper right) [7, 9].

Feldspar phases are mainly represented by albitic
plagioclases and K-feldspar. Pyrite in bentonite shows
framboidal and cubic morphologies [5]. XRD data of
samples from ramped temperatures and isothermal
experiments are hard to differentiate suggesting that illite-
smectite was not produced in the course of the
experiment. The clinoptilolite in the bentonite starting
material transforms to analcime at higher temperatures,
releasing SiO, and water. Analcime forms as 5 — 10 pm
anhedral to subhedral trapezohedrons (Fig. 5). Anhedral
analcime crystallized initially as an agglomeration of
nano-sized, spherical crystals followed by coarsening of
analcime to subhedral, trapezohedral analcime. The Si/Al
ratio tend to be low (i.e.,, 2.83) in the early stages of
analcime formation relative to a value of 2.97 in the
subhedral analcime [9]. It should be noted that
experiments involving bentonite only as the starting

silicate phase only produces analcime. However, starting
material mixtures of Opalinus Clay and bentonite
produces an intermediate analcime-wairakite composition
at higher temperatures. The occurrence of this
compositional join highlights the importance of zeolite
solid solutions in the stability of secondary mineral
assemblages within the thermal regime between
diagenetic and low-grade metamorphic systems [12]. Fig.
6 shows the wairakite-analcime solid solution trend based
on zeolite compositions obtained from the experiments
and those from the literature [14-17]. The clinoptilolite
compositions are also plotted in Fig. 6 for comparison. It
shows that the Si/Al ratio of clinoptilolite and/or relic
glass material in bentonite can release silica during their
dissolution to stabilize analcime.

Si/Al =2.83 Si/Al = 2.88 Si/Al = 2.87

Si/Al =2.88 Si/Al =291 Si/Al =297

Fig. 5. Analcime growth stages associated with a
systematic Si/Al changes. Anhedral analcime formed
early as an agglomeration of nano-sized, spherical crystals
followed by ripening of analcime crystals to subhedral,
trapezohedral analcime [13].
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Fig. 6. Graph of Si/Al ratio versus zeolite composition for
analcime-wairakite join. Data points represented by filled
black circles are the experimental data. Data points in
blue (upper left) are experimental data for either glass
shard or clinoptilolite samples. Data points on analcime-
wairakite compositions from other authors are shown for
comparison (color labeled according to the data source).
The black trend line is a guide for the eye [12].



[llite is precluded from forming in the bentonite-only
experiments and is linked to silica oversaturation along
with low K bulk content in solution. The occurrence of
wairakite in the Opalinus Clay experiments at 300°C is
probably linked to abundant Ca in the aqueous phase and
high temperatures. These observations indicate the
importance of SiOyuq) activity in determining the zeolite
stable assemblage and the absence of illite which is stable
at low SiOynq activities. Fig. 7 shows the stability
relations of saponite, analcime, and wairakite as the
alteration mineral assemblage relative to the smectite clay
phase as a function of SiOyq) activity and temperature.
Phase boundaries in this diagram would change slightly
according to the activities of mineral components in the
aqueous phase within the chosen phase composition and
corresponding thermodynamic data. Nevertheless, the
overall topological representation of the stable mineral
assemblage in this diagram is consistent with
experimental observations and the occurrence of clay-
zeolite phases at elevated temperatures.
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Fig. 7. Activity phase diagram of SiOx@q) Vs. temperature
for clay-zeolite equilibria. Notice wairakite stabilization
with increasing temperature at low SiOjuq activities
relative to saponite and analcime (see text) [12].

The diagram in Fig. 7 was constructed using
thermodynamic data from multiple sources [17-28]. The
thermodynamic evaluation of this system is part of
ongoing work reconciling experimental observations with
equilibria between minerals and the aqueous phase.

II. CONCLUSIONS

Hydrothermal experiments between bentonite and
metallic phases (steels, copper) and bentonite plus
Opalinus Clay rock were conducted up to temperatures of
300°C and 15-16 MPa. Fe-saponite forms at the
bentonite-steel interface along with Fe and Cu sulfide

phases for steel and copper starting material, respectively.
Pyrite decomposition in the bentonite produces sulfur
towards the formation of these phases. Clinoptilolite in
the starting bentonite transforms to Si-rich analcime at
high temperatures. Zeolite compositions shows the
development of an analcime-wairakite solid solution in
experiments with Opalinus Clay rock where higher
amounts of Ca may have contributed to this compositional
join. Illite is precluded from forming under Si-rich
conditions as observed from post-experiment mineral
characterization and thermodynamic evaluation of phase
equilibria. Steel corrosion in the presence of bentonite
produces a chromite-like (FeCr,0O4) passivation layer in
contact with unaltered stainless steel and a magnetite-like
phase for low-carbon steel. Copper corrosion associated
with bentonite interactions produces chalcocite (Cu,S)
growth along over the corroded/pitted surface.

Si02(q) activity plus other system components are
key to the alteration mineralogy observed in these barrier
interaction experiments. Analcime is the product of
clinoptilolite alteration to produce SiOj(q). The
occurrence of Fe-bearing saponite plus zeolite highlights
the importance of SiOxq) and other aqueous species in
determining the alteration mineral assemblage at elevated
temperatures. This study provides important information
to the design and performance of the EBS and clay barrier
degradation at interfaces under elevated temperatures.
Such conditions are anticipated for scenarios involving
large canisters containing heat-generating nuclear waste
for disposal in deep geological repository environments.
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