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Highlights

Uranium adsorption onto field-heated (95°C, 18-years) and lab-heated (300°C, 7-weeks)
bentonite was lower than onto control samples over a range of chemical conditions.
Intermediate-heated bentonite (50°C, 18-years) showed no change in U(V1) adsorption
compared to control samples.

On average, Kq values decreased by 31% for field-heated bentonite and 50% for lab-
heated bentonite.

Lower U adsorption persisted on field-heated samples after purification and isolation of
the clay fraction.

No evidence of illitization was observed after heating; we propose that heat-induced

changes to clay may be limited to edge site effects under these conditions.
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Abstract

Engineered barrier systems designed to isolate high-level radioactive waste utilize bentonite, a
montmorillonite-rich material, to restrict contaminant transport due to its low hydraulic
conductivity and high adsorption capacity. High temperatures (100-200°C) near waste canisters
resulting from radioactive decay may alter the clay’s ability to adsorb contaminants. In this
study, we examine U(VI) adsorption onto two different bentonite samples subjected to (1) 18
years of in situ heating during an underground experiment and (2) short-term (7-week), high
temperature (300°C) heating in the laboratory. Results show that U(VI) adsorption was lower for
field-heated bentonite located closest to the heater, which experienced temperatures of
approximately 95°C, compared to a control sample, which experienced temperatures of
approximately 20°C, over a range of aqueous chemical conditions. On average, Ky values for
U(VI) adsorption were 31% lower for 95°C heated samples. By contrast, U(VI) adsorption onto
intermediate-heated bentonite (50°C) was indistinguishable from the adsorption onto the cold-
zone (20°C) sample. U(VI) adsorption onto lab-heated bentonite was also lower than onto
control bentonite over the pH range 4.5-8.0, with an average decrease in Ky values of 50% after
heating. Lower U(VI) adsorption to field-heated bentonite persisted after bentonite was purified
to isolate the clay fraction. This allows us to rule out changes in pore-water chemistry or
accessory mineral composition as causes of the lower adsorption. No evidence of
montmorillonite illitization was observed in the heated samples. While some of the lower U(VI)
adsorption in the lab-heated bentonite can be explained by changes in aqueous U(VI) speciation,
we propose that lower U(VI) adsorption to field-heated bentonite may be primarily due to

changes in the montmorillonite edge structure. The observed changes in U(VI) adsorption to



65 bentonite after heating have implications for U(VI) diffusive transport through engineered

66  barriers and must be considered when designing radioactive waste disposal repositories.
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1. Introduction

Uranium (U) contamination in the subsurface is a part of the legacy of nuclear weapons and
energy production, resulting from mining and milling activities, processing of nuclear materials,
and used nuclear fuel disposal. The U.S. Department of Energy (DOE) is tasked with cleaning
up U-contaminated aquifers at a number of sites, including the Uranium Mill Tailings Remedial
Action (UMTRA) sites and the Savannah River, Oak Ridge, and Hanford sites where a variety of
different radionuclides are present. In order for nuclear energy to be viable, a long-term nuclear
waste disposal repository capable of isolating high-level (HLW) and low-level radioactive waste
(LLW) over the time scales necessary for the decay of long-lived radioactive isotopes (> 10°
years) must be created. Most disposal options currently under investigation use clay media (i.e.,
bentonite or shale) as engineered barriers or as the host rock for geologic storage (Altmann,
2008; Altmann et al., 2012; Delay et al., 2007; Guyonnet et al., 2009; SKB, 2011; Tournassat et
al., 2015). Clays are good barriers for HLW due to their low hydraulic conductivity, which
restricts contaminant mobility to slow diffusion-based transport, and their high adsorption
capacity for radionuclides, which slows transport even further. Montmorillonite
(M70.23(Al1 67Mgo.33)Si4010(OH),) is the dominant clay mineral found in bentonite. It has a 2:1
layer-type phyllosilicate structure, with a large specific surface area (~750 m?g) and cation
exchange capacity (~1 mol¢/kg), and strongly-sorbing surface complexation sites on clay edge
surfaces.

Uranium can exist in both the tetravalent and hexavalent oxidation state, however, due to the
limited solubility of U(IV), U(VI) is the most common oxidation state found in the dissolved
phase. U(VI) adsorption varies as a function of pH, bicarbonate, and Ca** concentrations due to

changes in U(VI) aqueous speciation (Fox et al., 2012; Fox et al., 2006; Stewart et al., 2010;



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

Tournassat et al., 2018). At moderate bicarbonate concentrations (> 1 mM) above pH 7, U(VI)
speciation is dominated by uranyl-carbonato complexes [UO,COs(aq), UO»(COs),%,
UO,(COs);*] in the absence of Ca, and calcium-uranyl-carbonato ternary complexes
[Ca,U0,(COs)s(aq), CaUO,(CO3)5>] in the presence of typical groundwater Ca concentrations
(> 1 mM) (Dong and Brooks, 2006; Fox et al., 2006; Guillaumont et al., 2003). These calcium-
uranyl-carbonato complexes adsorb weakly or not at all to mineral surfaces, and thus changes in
U(VI) speciation have a large impact on its sorption and transport behavior (Fox et al., 2012; Fox
et al., 2006; Stewart et al., 2010).

Storage of HLW can result in transient high temperatures near the waste canisters resulting
from radioactive decay. The effects of elevated temperature on the engineered barrier must be
taken into account when designing a nuclear waste repository. The duration of the transient
elevated temperature and temperature profiles in the engineered barrier can vary widely
depending on the repository design and site-specific (e.g., host rock) factors, however most
HLW repository concepts impose a temperature limit of 100-200°C in the bentonite buffer, with
elevated temperatures persisting for on the order of thousands of years (Johnson et al., 2002;
Wersin et al., 2007; Zheng et al., 2015). Temperature effects on the bentonite barrier may include
changes to the clay’s hydrological and mechanical properties, changes to pore water chemical
compositions, and changes to the clay and accessory mineral composition (Cuadros and Linares,
1996; Wersin et al., 2007; Zheng et al., 2015). The conversion of montmorillonite to illite,
known as illitization, is one of the primary mineralogical changes expected to occur during long-
term exposure to high temperatures. Zheng et al. (2015) predicted the extent of illitization over a
1000 year simulation to be 1-8% (volume fraction) at 100°C, and 1-27% at 200°C in a modeling

study. Concentrations of pore water potassium (K) and the abundance and dissolution rate of K-
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feldspar were the primary chemical factors controlling the extent of illitization in their study
(Zheng et al., 2015). Cementation of clay particles, e.g., through precipitation of SiO; particles,
leading to a loss of swelling capacity may also occur as a result of bentonite heating, particularly
under unsaturated conditions (Couture, 1985; Pusch et al., 2003; Wersin et al., 2007). Intrusion
of groundwater from the surrounding host rock may also have an effect on clay properties. In
order to investigate these combined effects on an engineered barrier, the FEBEX (Full-Scale
Engineered Barriers Experiment) in situ heater test was conducted by Empresa Nacional de
Residuos Radiactivos (ENRESA) under the auspices of the European Union at the Grimsel Test
Site from 1997 to 2015 (Villar et al., 2018a; Villar et al., 2018b). Highly compacted bentonite
blocks, serving as the engineered test barrier, were placed in a radial arrangement around two
underground heaters and heated to a maximum of 100°C in a crystalline host rock (ENRESA,
2000).

The goal of this work was to study U(VI) adsorption behavior on bentonite heated under
realistic field conditions compared to laboratory-heated bentonite. Aqueous U(V1) speciation
calculations and mineralogical characterization are used to aid in the interpretation of the results.
This study provides useful information for a waste disposal scenario in which leaking of the
waste canister begins after the transient thermal perturbation has passed.

2. Materials and Methods
2.1 Bentonite Samples

Two types of bentonite samples were used for the experiments to test the effect of heating: (1)
laboratory-heated and control (un-heated) bentonite, and (2) bentonite from the heater-zone and
cold-zone of a long-term field-scale experiment. Bentonite for the laboratory heated samples was

mined from a reducing horizon in Colony, Wyoming, and contains 72% Na-montmorillonite
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with minor amounts of clinoptilolite, feldspars, biotite, cristobalite, quartz and pyrite (Cheshire et
al., 2014). The bentonite, known as sample EBS-12 (Caporuscio et al., 2014; Caporuscio et al.,
2013), was mixed with an artificial groundwater solution (Table 1) at a solid-liquid ratio of 5:1
by weight and exposed to a temperature of 300°C and a pressure of 150-160 bar for 7 weeks as
described in detail by Cheshire et al. (2014). Both the heat-treated and starting material (control)
were pulverized with a Retsch MM 400 ball mill (frequency of 30/sec for 2 minutes) prior to
U(VI) sorption experiments.

Long-term heated and cold-zone bentonite samples were obtained from the second dismantling
of the FEBEX in situ heater test in 2015, after 18 years of heating. Detailed information on the
FEBEX test can be found elsewhere (Detzner and Kober, 2015; ENRESA, 2000). The original
FEBEX bentonite was mined from the Cortijo de Archidona deposit (Almeria, SE Spain) and
contained primarily expandable clays (92%), with minor amounts of quartz (2%), plagioclase
(2%), cristobalite (2%), and traces of potassium feldspar, calcite, and tridymite (Fernandez et al.,
2004). The expandable clays are primarily illite-smectite mixed layered material with
approximately 11% of illitic layers (Fernandez et al., 2004). Briefly, bentonite was compacted
into blocks at 1650 kg/m® dry density, placed in a radial arrangement around two underground
heaters and heated to a maximum of 100°C. Kinetic experiments were used to screen bentonite
samples for differences in U(VI) adsorption (see details in SI) and three locations were selected
for further study: two locations in the heater test zone (BD-48) at radial distances of 50-cm
(closest to heater) and 75-cm from the center axis and one location from a control non-heated
zone (BD-59) at 50-cm. Three replicate blocks from each location were split open and bentonite
was removed from the center of each block. Bentonite samples were dried at 60°C for 1 week,

crushed by hand using a porcelain mortar and pestle, and sieved through a 0.063 mm sieve in

10



159

160

161

162

163

164

165

166

167

168

169

170

order to remove sand particles and reduce sample heterogeneity. Equivalent weights of each
replicate block were mixed together to form composite samples for the three locations. Average
water contents of bulk FEBEX samples determined immediately after dismantling were
approximately 18%, 24%, and 25% and historical in situ temperatures were approximately 95°C,
50°C, and 20°C for the 50-cm heater-zone, 75-cm heater-zone, and 50-cm cold-zone samples,

respectively (Villar et al., 2018a; Villar et al., 2018b).

Table 1. Artificial groundwater chemistry used during heat treatment of laboratory-heated

bentonite. Data from Caporuscio et al. ( 2014).

Species | Concentration
(mg/L)
Ca 43
Cl 686
K 299
Na 162
Si 2
SO4 31
Sr <0.05
TDS® 1226
pH 6.93

@ TDS = total dissolved solids

2.2 Bentonite Extraction and Purification

11
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Composite FEBEX bentonite samples were extracted and purified in order to compare
extractable metal concentrations between the samples and produce a purified clay sample for
U(VI) adsorption experiments. The extraction and purification procedure was adapted from
Tinnacher et al. (2016) to allow for an additional characterization of extracted metals. The
procedure included the following major steps: (1) leaching of clay samples with water, (2)
leaching with, and dialysis against, sodium acetate at pH 5 for carbonate mineral removal, (3)
dialysis against NaCl to remove acetate and complete Na-saturation, (4) dialysis against water to
remove excess salts, and (5) centrifugation to remove particles greater than 2 um. Detailed
methods are presented in the Sl. Solution samples from leaching with water (step 1) were
analyzed for water soluble metals, dissolved inorganic carbon (DIC), and pH, and acetate
leachates (step 2) were analyzed for metals. Laboratory-heated and control bentonite samples
were treated in a similar manner for characterization purposes, but were not completely purified
(i.e., only steps 1 and 2 were performed). All reported extraction data represent the average and
standard deviation of triplicate extractions.

2.3 Batch Adsorption Experiments

Batch equilibrium U(VI) adsorption experiments were conducted on un-purified (“bulk”)
laboratory heated and control bentonite and on purified and un-purified (“bulk”) FEBEX
bentonite composite samples over a range of chemical compositions at room temperature.
Laboratory heated bentonite experiments were conducted over the pH range of 4t0 9 in 0.1 M
NaCl background electrolyte, buffered with NaHCO3 for pH values greater than 6.5. The FEBEX
bentonite experiments were conducted at two Ca concentrations over a pH range of 7 to 8 at an
ionic strength of 0.1 M, using NaCl as the background electrolyte. We did not test pH values

greater than 8 for the FEBEX bentonite experiments due to supersaturation with respect to calcite

12
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(at 2 mM Ca) and low U(V1) adsorption at alkaline pH. Solid concentrations for all experiments
were 0.5 g/L and total initial U(VI) concentrations were approximately 1 x 10® M. For purified
FEBEX clay samples, two separate experiments were conducted with Ca added to yield
concentrations of 0.1 and 2.0 mM in solution, respectively. The 0.1 mM Ca concentration was
chosen based on the concentrations of Ca released from unpurified bentonite samples. In
unpurified FEBEX bentonite samples, some Ca was present in the clay, so two samples were
prepared, spiked with zero or 2.0 mM Ca, achieving final dissolved Ca concentrations of
approximately 0.1 and 2.1 mM, respectively.

Adsorption experiments were conducted in 40-mL polycarbonate centrifuge tubes. Clay
samples were suspended in DI water (diluted from 10 g/L stock suspension) and aliquots of 1 M
NaCl, 0.1 M CaCl,, and 0.1 M NaHCOj3 stock solutions were added to reach the desired final
concentrations and to facilitate equilibration with atmospheric CO, for samples above pH 7. The
pH was then adjusted to target values using 0.1 M HCI or NaOH and samples were allowed to
equilibrate for 24 hours on an end-over-end sample rotator. After equilibration, samples were
spiked with U(V1) using a 3 x 10™ M U(VI) stock, pH was re-adjusted, and samples were placed
again on an end-over-end rotator for 48 hours to allow for U(V1) adsorption. Samples were then
centrifuged at 39,000 x g for 20 minutes (or 15,000 x g for 60 minutes) and the supernatant was
collected for analysis by ICP-MS (U, Ca, and other metals), DIC, and pH. These centrifugation
conditions were sufficient to remove all particles >24 nm as calculated by Stoke’s Law.
Adsorbed U(VI) is expressed as log Ky, where Ky is the amount of U(V1) adsorbed to the clay (in
mol/kg clay) divided by the final dissolved U(VI) concentration (in mol/L). Adsorbed U(VI)
concentrations are expressed in terms of the dry weight of clay (dried at 150°C).

2.4 Analytical Techniques

13
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DIC was measured on a Shimadzu TOC-V analyzer. Samples were analyzed for metal
concentrations by ICP-MS (Perkin-Elmer Elan DRC II) after acidification and dilution with
ultrapure (ultrex grade) 0.15 M nitric acid and internal standard addition.

Analytical electron microscopy was performed on laboratory heated and control bentonite
using a FEI™ Inspect F scanning electron microscope (SEM). All samples were Au/Pd-coated
prior to SEM analysis. Imaging with the SEM was performed using a 5.0 kV accelerating voltage
and 1.5 spot size. Energy dispersive X-ray spectroscopy (EDX) was performed at 30 kV and a
3.0 spot size.

The mineralogical composition of both bentonite samples were analyzed using XRD (Chung,
1974). The <2 um particles were separated in DI water. Purified FEBEX bentonite was dispersed
with 1 mM sodium pyrophosphate addition. An aliquot of the <2 um suspension was dropped on
a zero-background plate and dried at room temperature. Each FEBEX sample was measured (3
to 25/75°26 at 2 to 10 s per step with Cu Ka) under four different conditions: (1) dry at room
temperature, (2) saturated with ethylene-glycol for 1 hour at 60°C, (3) heated at 400°C for 1
hour, and (4) heated at 550°C for 1 hour. The laboratory bentonite was analyzed (2 to 40 °260 at 8
to 12 s per step with Cu Ka) under two different conditions: (1) dry at room temperature and (2)
saturated with ethylene glycol for 24 hours at 60°C. Illite abundance within the illite/smectite for
the FEBEX bentonite were calculated using the method described by Drits et al. (1994). Illite
abundances in illite/smectite for the laboratory bentonites were calculated via the A°20@ method
(Eberl et al., 1993; Moore and Reynolds, 1989; Srodon, 1980).

2.5 Cation Exchange Capacity
Cation exchange capacity was measured using the hexamine cobalt method according to Hadi

et al. (2013). Triplicate samples of 50 mg dry clay were weighed into centrifuge tubes and 10 mL

14
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of 15 mM hexamine cobalt(I11) chloride solution was added. Samples were mixed on an end-
over-end sample rotator for 2 hours, then centrifuged at 39,000 x g. Control water extract
samples were prepared in the same manner using 50 mg of clay and 10 mL of MilliQ water.
Solution samples were analyzed for major cations (Ca, Mg, K, and Na) by ICP-MS and the
cation exchange capacity was calculated from the sum of cations released from the hexamine
cobalt solution corrected for any soluble salts released during the water extracts. CEC is
expressed as mmolc/g (mmol of charge per gram dry clay). Calculations from the sum of cations
method agreed with results calculated from the loss of absorbance at 475 nm. However, because
the precision was better for the sum of cation method, only the results from this method are
presented.
2.6 U(VI) Aqueous Speciation Calculations

Thermodynamic calculations were performed in order to determine aqueous U(VI) speciation
during batch adsorption experiments using Visual Minteq version 3.1. The standard Visual
Minteq database was used, which uses data for U species from the NEA database (Guillaumont
et al., 2003), the THERMOCHIMIE database (Giffaut et al., 2014), and Dong and Brooks
(2006). Data for other species are from the NIST database (Smith et al., 2003). The final
measured values for pH, DIC, Ca, Mg, K, and total U(VI) were used along with an assumed
NaCl concentration of 0.1 M for speciation calculations. The partial pressure of CO, (pCO;) was
calculated, and varied between 300 and 620 ppm for FEBEX experiments, values that are
reasonable given that experiments were performed under atmospheric conditions (approximate
CO, of 380 ppm) in closed vessels. Calculated pCO, was more variable for laboratory bentonite

(heated and control) experiments (237-2,094 ppm), which will be discussed in section 3.3.
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Aqueous U(VI) speciation diagrams only show species with contributions >0.1% to the total
U(VI) concentration (i.e., 10° M).
2.7 U(VI) Diffusion Calculations

In order to demonstrate the potential impacts of heat-induced alterations on U(VI) diffusion
through an engineered barrier we performed diffusion calculations using an analytical solution to
Fick’s law (Shackelford, 1991). Equation 1 describes diffusion of a solute through porous media
from a single source solution of constant concentration into an infinite clay (i.e., non-steady state

conditions) (Shackelford, 1991):

Equation 1

Z =erfc ad
co 2 |D"t/Ry ’

where c is the concentration of the solute in the porewater solution, ¢y is the concentration of the
solute in the source reservoir, erfc is the complementary error function, x is the distance from the
source reservoir, D* is the effective diffusion coefficient, t is time and Ry is the retardation
factor. D* describes the diffusion of solutes in porous media and is directly proportional to the

diffusion coefficient of the solute in free water (Do) according to Equation 2:
D* = 1D, Equation 2

where t is tortuosity. Note that according to the convention of Shackelford (1991), D* does not

include porosity. Ry can also be expressed in terms of the Ky using Equation 3:
Ri=1+(%)K,, Equation 3

where pq is the dry density and ¢ is the porosity. This approach assumes that adsorption is linear

with respect to solute concentration. U(VI1) adsorption onto montmorillonite has been shown to

16
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be linear over a range of low U(V1) concentrations (e.g., equilibrium concentration of 10 to 10”
M at pH 6.8), with non-linear adsorption occurring at higher U(V1) concentrations (Bradbury and
Baeyens, 2005; Marques Fernandes et al., 2012) making linearity a reasonable assumption. The
Ky values obtained from our experiments on heated and cold-zone bulk FEBEX bentonite were
then used along with the values listed in Table 2 to calculate concentrations of U(VI) in
porewater as a function of time and distance from the source solution. Garcia-Gutiérrez et al.
(2003) estimated effective diffusion coefficient (D¢) values of 0.6-2.2 x 10> m%s for U(VI)

diffusion through compacted FEBEX bentonite, where D, is defined by Equation 4:
D, = eD* Equation 4.

We used an average value of 1.4 x 10™? m?/s for D, from Garcia-Gutiérrez et al. (2003), which
corresponds to 3.5 x 10™? m?/s for D* for diffusion estimates. While Kq may vary as a function
of distance from the heater due to temperature profile in the bentonite barrier, these calculations

are intended to illustrate the maximum potential effect of bentonite heating on U(VI) transport.

Table 2. Input values used for U(VI) diffusion calculations.

Parameter | Value

Co 1x10° M

D* 35x10% m%s @

£ 1.65 kg/L

& 0.4

@ D* calculated from Garcia-Gutiérrez et al. (2003) for U(VI) diffusion through compacted

FEBEX bentonite.
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3. RESULTS AND DISCUSSION

3.1 Bentonite Characterization Results

Water extractions of unpurified FEBEX bentonite released greater concentrations of major
cations (Na, K, Ca, and Mg) for the 95°C heated sample compared to the cold-zone sample
(20°C) as shown in Table 3. Changes in aqueous porewater chemistry, particularly pH, DIC, and
Ca concentration will lead to changes in aqueous U(VI) speciation and clay edge site
protonation, thereby affecting adsorption (Tournassat et al., 2018). The heater-zone sample water
leachates yielded lower DIC and pH values. Soluble ion concentrations in the in situ samples
may be altered compared to the original material due to intrusion of groundwater and/or heat-
induced alterations. For example, lower soluble metal concentrations in the cold-zone sample
may represent either a metal loss due to groundwater leaching in this sample or a relative
increase in metal concentrations in the heated sample. The latter may, for instance, be caused by
the transport of salts from the surrounding bentonite and/or granite formation into the heated-
zone, where they are deposited through evaporation. While we did not perform extractions on the
original bentonite sample, Fernandez et al. (2004) reported concentrations of soluble salts during
leaching experiments with the original FEBEX bentonite, although at a slightly higher solid to
liquid ratio (0.15 kg/L compared to 0.1 kg/L in our study). In general, salt concentrations
observed in the leachates of the original bentonite were in between the values observed in our
study for the 95°C-heated and 20°C cold zone samples (Na = 10.3 mM, K = 0.10, Mg = 0.12
mM, Ca = 0.10 mM), while pH (8.76) was closer to the pH in our cold-zone sample (Fernandez
et al., 2004). Villar et al.(Villar et al., 2017) reported similar results for water extracts of FEBEX
samples performed at solid-liquid ratios of 1:2.5 and 1:4 as a function of radial distance from the

heater. They observed an increase in Na, Ca, and CI concentrations and in electrical conductivity
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and a decrease in DIC and pH close to the heater compared to the original bentonite. The change
in pH and DIC in particular is noteworthy, as it could suggest that carbonate minerals may have
been depleted or altered in the heated sample. For example, a fraction of calcite may have been
converted to a lower-solubility carbonate mineral as a result of heating. The pH 5 acetate
extractions released slightly higher Mg and Ca concentrations in the 95°C heated sample
compared to the cold-zone sample. The acetate extractions are designed to dissolve carbonate
minerals such as calcite and dolomite, but can also release adsorbed cations.

The laboratory-heated bentonite had slightly higher Na and K, and lower Ca and Mg
concentrations in the water extracts compared to the control sample, whereas the acetate
extractions released slightly higher concentrations of K, Ca, and Mg for the lab-heated sample.
Similar to the FEBEX samples, the lab-heated sample also had a slightly lower pH and DIC
value than the control sample in water extracts. Changes in water soluble and acetate-extractable
salt concentrations in the lab-heated sample may reflect changes in mineralogy and mineral

solubility which occurred as a result of heating.
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Table 3. Chemical characterization of bentonite samples by water and acetate extractions. Concentrations of extracted constituents are

expressed as the average and standard deviation of replicate extracts.

pH DIC Na K Ca Mg
(mM) (mM) (mM) (mM) (mM)
Water Extractions
FEBEX 95°C heated | 7.96 +0.02 | 1.02+0.04 | 11.30 £ 0.13 | 0.192 + 0.008 | 0.370 + 0.004 | 0.356 + 0.002
FEBEX 50°C heated | 8.33+0.03 | 1.55+0.04 | 7.52+0.09 | 0.074 £0.000 | 0.068 + 0.005 | 0.050 +0.000
FEBEX 20°C cold 8.63+0.12 | 2.07+0.04 | 7.69+£0.19 | 0.077 £0.000 | 0.069 £ 0.001 | 0.088 + 0.002
lab heated 9.50+0.06 | 4.41+0.01|13.01+0.14 | 0.058 £0.001 | 0.053 £0.004 | 0.130 +£0.032
lab control 10.16 £+ 0.02 | 5.31 +£0.25 | 11.03 £ 0.37 | 0.017 £ 0.001 | 0.100 + 0.006 | 0.556 + 0.017
Acetate Extractions
FEBEX 95°C heated NM* NM NM 1.37+0.03 | 2497+0.57 | 16.83+0.09
FEBEX 50°C heated NM NM NM 1.25+0.03 | 23.69+0.39 | 14.30+0.43
FEBEX 20°C cold NM NM NM 1.34+0.05 | 24.17+0.18 | 15.28 +0.00
lab heated NM NM NM 1.20+0.11 5.96 +0.12 0.84 +0.00
lab control NM NM NM 0.60 = 0.02 469 +0.12 0.57 £0.02

*NM=not measured
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Results from bulk XRD and SEM analysis of the laboratory bentonite before and after heat-
treatments are shown in Table 4 and Figure 1. Some changes were observed in the accessory
mineral fraction after heating, including lower fractions of clinoptilolite and biotite than the
starting material. The formation of authigenic phases were observed after heating, including the
formation of analcime at a fraction of 1% or greater and an increase in SiO, phases (cristobalite
or opal-CT) from 2% to 10%. The increase in SiO, phases is consistent with previous
observations of cementation of clay particles by SiO, during heating under steam conditions
(Pusch et al., 2003). SEM images of laboratory heated bentonite revealed possible opal nodules
precipitated at the montmorillonite edges (Figure 1F) and dissolution features on clinoptilolite
(Figure 1C, 1D). However, montmorillonite and feldspar fractions remained relatively
unchanged (Caporuscio et al., 2013). No montmorillonite illitization was observed for the tested
experimental conditions.

Results from XRD analysis of purified FEBEX bentonite showed a mixed layer illite-smectite
in all samples, with a low fraction of interstratified illite (SI, Figure S3-S4). Samples dried at
room temperature display a (001) distance at 12.0, 11.7, and 11.9 A, which are expanded to 16.8,
16.3, and 16.7 A upon glycolation and collapsed to 9.43, 9.51, and 9.51 A after heating to 450°C
for clay samples from the 95°C heater-zone, 50°C heater-zone, and 20°C cold-zone, respectively.
Purified FEBEX clay samples from the 95°C heater-zone and cold-zone showed ~5% illite
layers, which is slightly lower than the 11% reported for the original bentonite (Fernandez et al.,
2004), while the purified 50°C heater-zone sample showed ~10% illite layers. These values of 5-
10% illite layers are likely within the range of natural variation in bentonite composition and
analytical error and therefore, we do not believe that significant illitization has occurred as a

result of the 18-year heating of these samples. Similar results have been observed by other
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researchers for FEBEX samples, with no clear evidence of smectite illitization or changes in bulk
mineralogy as a function of radial distance from the heater (Villar et al., 2017).

Cation exchange capacity (CEC) was 0.99 = 0.02, 0.90 + 0.05, and 0.89 + 0.02 mmol./g for the
purified FEBEX 95°C heated-zone, 50°C heated-zone, and 20°C cold-zone samples,
respectively. Villar et al. (2017) observed CEC values of 0.88-1.08 mmol./g on bulk FEBEX
bentonite, with no clear trend with respect to distance from the heater. Therefore, the observed
differences in CEC are likely due to sample heterogeneity in the original bentonite blocks rather
than a heat-alteration effect. CEC was also measured on the bulk laboratory heated and unheated
samples, resulting in values of 0.70 £ 0.01 and 0.69 + 0.01, respectively. The lower CEC values
for the lab-heated bentonite samples reflect the fact that, unlike the FEBEX samples, the lab-
heated samples were not purified to remove non-clay impurities which make up approximately

28% of the bentonite.

Table 4. Bulk mineralogical composition (weight %) from XRD analysis of laboratory heated

and control (initial) bentonite.

Initial (control) bentonite | Lab-heated bentonite
Montmorillonite 72 71
Quartz 1 3
Cristobalite/Opal-C 2 10
Clinoptilolite 13 4
Analcime BDL? 1
Feldspar 9 10
Biotite 3 <0.5"
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Pyrite

<0.5°

<0.5°

4 BDL = below detection limit

® Detected, but below quantification limit of 0.5%
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Figure 1. SEM images of lab-heated bentonite. A) Bedding associated with the montmorillonite
foils developed during pressurization in a fluid poor environment. B) Unaltered, cubic pyrite. C)
Partially altered clinoptilolite showing dissolution features. D) Poorly formed analcime
aggregates next to a partially altered clinoptilolite (lower left). E) Deformed analcime particle. F)

Possible opaline nodule precipitated on montmorillonite edges.

3.2 Comparison of Uranium(VI) Adsorption on Heated and Unheated Bentonite

Results from U(VI) adsorption experiments onto bulk FEBEX bentonite and bulk lab-heated
and control bentonite are shown in Figure 2A and 2B, respectively. U(VI) adsorption onto all
bentonite samples showed typical behavior for U(V1) adsorption onto smectite in the presence of
atmospheric CO,, with peak adsorption occurring at circumneutral pH (6-7) (Hyun et al., 2001;
Marques Fernandes et al., 2012; Pabalan and Turner, 1996; Tournassat et al., 2018). U(VI)
adsorption was lower in the presence of high Ca (~2 mM) compared to low Ca (~0.1 mM),
concentrations, especially above pH 7.2, an effect observed for U(VI) adsorption onto many
minerals due to the formation of non-sorbing calcium-uranyl-carbonato complexes (Fox et al.,
2006; Stewart et al., 2010; Tournassat et al., 2018).

U(VI) adsorption onto unpurified (bulk) FEBEX bentonite was higher for the cold-zone (20°C)
compared to the 95°C heated sample over the entire pH range and at both low and high Ca
concentrations. Similarly, U(V1) adsorption onto lab-heated bulk bentonite was lower than onto
control (unheated) bentonite over the pH range of 4.5-8. Above pH 8, the analytical error is too
high due to low U(VI) adsorption to distinguish between the heated and control samples. Below

pH 4.5, the lab-heated bentonite displays unusual adsorption behavior. This may be due to
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differences in the Ca, Mg, and DIC concentrations (Figure 5) and/or may be the result of U(VI)
cation exchange at the lowest pH values.

There are several possible explanations for the lower observed U(VI) adsorption onto heated
bentonite: (1) the presence of a lower weight fraction of montmorillonite in heated bentonite, (2)
changes in the accessory mineral fraction due to heating, (3) differences in aqueous U(VI)
speciation in heated and control/cold-zone bentonite, and (4) changes to the montmorillonite
structure or composition with heating. FEBEX bentonite samples were purified to remove
accessory minerals, including carbonate minerals, and to isolate the <2 um clay fraction.
Uranium(VI1) adsorption experiments were then repeated with purified samples in order to
determine if lower observed U(VI) adsorption for the heated sample can be attributed to changes
in the clay mineral fraction or other factors. Overall, we see the same trends for heat effects on
U(VI) adsorption for bulk and purified bentonite samples. Uranium(V1) adsorption onto purified
bentonite was lower on the 95°C heated sample compared to the cold-zone sample over the
entire pH range for low Ca experiments (0.1 mM) and at pH 6.8-7.3 for high Ca (2 mM). This
suggests that the difference in U(VI) adsorption between 95°C heated and cold zone samples is
primarily due to an alteration of the smectite (montmorillonite) clay mineral, and not to
differences in pore water chemistry or the types and relative masses of accessory minerals.
Uranium(VI1) adsorption onto the purified intermediate-heated FEBEX sample (50°C, 75-cm
from axis) was similar to the cold-zone sample at 0.1 mM Ca and slightly higher than the cold-
zone sample at 2 mM Ca, suggesting that this temperature did not provide sufficient heat for clay
alterations.

In all cases, U(V1) adsorption was higher on purified compared to unpurified bentonite. This is

expected, because all experiments were performed at the same total solid concentration of 0.5
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g/L. Hence, in unpurified bentonite we observe a ‘dilution’ effect, where clay minerals with a

high binding capacity are diluted with accessory minerals (e.g., silica and feldspar) that have a

much lower adsorption capacity.
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Figure 2. U(VI) adsorption as a function of pH onto (A) bulk FEBEX bentonite, (B) bulk lab-

heated and control bentonite, and (C) purified FEBEX bentonite. FEBEX bentonite samples are

from the heated-zone (95°C and 50°C) and cold-zone (20°C) and were conducted at two

different Ca concentrations. Background Ca concentrations were 0.05-0.08 mM in lab-heated

and control bentonite experiments (B). When not visible, error bars, representing analytical error,

are smaller than symbols.

3.3 U(VI) Aqueous Speciation
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Concentrations of Ca, Mg, and DIC were measured for each set of experimental conditions,
and the results are shown along with calculated partial pressure of CO, in Figures 3-5. Some
small differences in concentrations of Ca, Mg, and DIC were observed between the FEBEX
samples, particularly in the 2 mM Ca experiments. Differences in aqueous chemistry between
lab-heated and control bentonite were slightly larger compared to the FEBEX samples. These
measured concentrations were used, along with assumed concentrations of 0.1 M Na and ClI, for
aqueous U(VI) speciation calculations, and detailed results are shown in Figures 6 and 7. Ternary
calcium-uranyl-carbonato complexes [Ca,UO,(COs)s(aq), CaUO,(COs)s*] dominate U(VI)
aqueous speciation in the presence of 2 mM Ca at pH >7.4 (Figure 6B and 6D). At lower Ca
concentrations (0.05-0.1 mM), CaUO,(CO3)s> species are still very important at pH >7.4, but the
Ca,U0,(CO3)3(aq) species is much lower in concentration (Figure 6A and 6C). Uranyl-
carbonato complexes are important at circum-neutral to alkaline pH (~5.5-9), particularly at the
lower Ca concentrations (0.05-0.1 mM) for both the laboratory-heated (Figure 7) and FEBEX
bentonite experiments. Agueous U(V1) speciation is similar, but not identical, for purified and
bulk FEBEX bentonite samples, with the primary difference being the formation of the
magnesium-uranyl-carbonato complex [MgUO,(COs)s?] in the bulk samples. This results from
the small amount of Mg found in the porewater of unpurified bentonite.

According to Tournassat et al. (2018), uranyl-carbonato surface complexes do not necessarily
have to be included to simulate U(VI) sorption to montmorillonite over a range of aqueous
chemical conditions (pH, DIC, and Ca concentrations). The authors developed a surface
complexation model that specifically accounts for the so-called spillover effect, the influence of
the electrostatic potential of basal surface sites on the electrostatic potential of surface

complexation sites on clay edges. This model accurately describes U(VI) adsorption to
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montmorillonite with only one U(VI) adsorption site and three surface complexes:
>SiteH;U0,"?, >SiteHUO,, and >SiteUO,(OH),™ (Tournassat et al., 2018). Based on this model,
only the uranyl cation (UO,") and uranyl hydroxyl species [UO,(OH)*, UO,(OH),, and
UO,(OH)37] participate in adsorption, while uranyl-carbonato and calcium-uranyl-carbonato
species do not adsorb.

We have calculated the sum of aqueous uranyl and uranyl hydroxyl species for each
experiment (Figure 8) in order to aid in the interpretation of the effect of U(VI) agueous
speciation on adsorption during the experiments. Several observations can be made based on
these calculations. First, uranyl-hydroxyl species concentrations are nearly identical across all
FEBEX samples and Ca concentrations at pH 6.8-7.2, while at pH >7.3 uranyl-hydroxyl
concentrations are higher in the presence of 0.1 mM Ca compared to 2 mM Ca. These
observations are consistent with U(V1) sorption data (Figure 2) which show a divergence in the
U(VI) adsorption as a function of Ca concentration around pH 7.3. This provides further
evidence that changes in aqueous U(VI1) speciation are the cause of differences in U(VI)
adsorption between the two Ca concentrations. Second, uranyl-hydroxyl concentrations are
slightly lower for bulk FEBEX samples compared to purified FEBEX samples at pH >7.3. While
this difference in uranyl-hydroxyl concentrations is small, it may be due to the formation of the
magnesium-uranyl-carbonato complex in bulk samples. Third, differences in uranyl-hydroxyl
concentrations for the heated and cold-zone FEBEX samples are generally minor or non-existent.
In the presence of 2 mM Ca, there is a slightly higher concentration of uranyl-hydroxyl species
for the heated purified FEBEX samples (95°C and 50°C) compared to the cold-zone purified
samples above pH 7.2 (Figure 8C). This observation may explain why we do not observe lower

U(VI) sorption onto the heated sample for these data points. In other words, the lower U(VI)
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sorption onto heated bentonite (which is observed at all other conditions) is masked by slight
differences in aqueous speciation for these experimental data points. A similar effect was
observed for the intermediate-heated (50°C) sample, with slightly higher concentrations of
uranyl-hydroxyl species and corresponding higher U(VI) adsorption at pH > 7.2. These
observations provide strong pieces of evidence that the observed lower U(VI1) adsorption onto
heated FEBEX bentonite must be due to structural differences in clay minerals, and not to
differences in agueous U(V1) speciation.

For the lab-heated bentonite experiments, differences in aqueous U(VI) speciation between
heated and control bentonite are significant over the pH range 5.8-8.5 (Figure 8). The lower
uranyl-hydroxyl concentrations for heated bentonite compared to control bentonite is due to
higher observed DIC concentrations for the same pH values in heated samples (Figure 5), which
leads to higher calculated CO, concentrations (up to 2,094 ppm) and a larger fraction of uranyl-
carbonato complexes. It is unlikely that this difference in U(VI) speciation between the lab
heated and control samples is sufficient to explain all of the observed difference in U(VI)
adsorption. For example, the concentrations of uranyl-hydroxyl species are nearly identical
below pH 5.8 for these samples, while a difference in U(VI) adsorption is still observed. Hence,
it is likely that the observed changes in U(VI) adsorption are due to a combination of different
aqueous U(V1) speciation and changes in clay and/or accessory minerals. Results from aqueous
speciation calculations emphasize the importance of accurate pH, DIC, and Ca measurements for
the interpretation of U(VI1) adsorption data and predictions of U(VI) mobility in waste disposal

scenarios, a conclusion also reached by Tournassat et al. (2018).
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Figure 3. Measured concentrations of dissolved Ca, Mg, and DIC along with calculated partial

pressure of CO, are shown for U(VI) adsorption experiments conducted in the presence of low

Ca (0.1 mM) on FEBEX heated (50°C and 95°C) and cold-zone (20°C) bentonite. Data is shown

for both bulk and purified clays. Error bars representing analytical error are smaller than

symbols.
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Figure 4. Measured concentrations of dissolved Ca, Mg, and DIC along with calculated partial
pressure of CO, are shown for U(VI) adsorption experiments conducted in the presence of high
Ca (2 mM) on FEBEX heated (50°C and 95°C) and cold-zone (20°C) bentonite. Data is shown
for both bulk and purified clays. Error bars representing analytical error are smaller than

symbols.
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Figure 5. Measured concentrations of dissolved Ca, Mg, and DIC along with calculated partial

pressure of CO, are shown for U(VI) adsorption experiments on laboratory heated and control

bentonite. Error bars representing analytical error are smaller than symbols.
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Figure 6. Aqueous U(V1) speciation calculated for U(VI) adsorption experiments with FEBEX

bentonite. (A) bulk FEBEX bentonite with 0.1 mM Ca, (B) bulk FEBEX bentonite with 2 mM

Ca, (C) purified FEBEX bentonite with 0.1 mM Ca, and (D) purified FEBEX bentonite with 2

mM Ca. Solid lines with filled symbols represent 95°C-heated bentonite and dashed lines with

open symbols represent 20°C cold-zone bentonite.
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Figure 7. Aqueous U(VI) speciation calculated for U(VI) adsorption experiments with lab-

heated (solid lines with filled symbols) and control (dashed lines with open symbols) bentonite.
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Figure 8. Sum of uranyl hydroxyl aqueous species [UO,(OH),Z™, where x varies between 0 and
3] during experiments on (A) bulk FEBEX bentonite, (B) bulk lab-heated and control bentonite,

and (C) purified FEBEX bentonite as a function of pH.

3.4 Potential Heat-Induced Changes to Clay Minerals

Our observations of lower U(VI) adsorption onto heated bentonite over a range of chemical
conditions suggests that heat-induced changes have occurred to montmorillonite. However, no
evidence of illitization was observed in either the lab-heated or field-heated (FEBEX) samples. A

slightly higher CEC was measured for the heated FEBEX bentonite compared to cold-zone
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bentonite (purified clay samples). However, this difference in CEC is unlikely to cause lower
U(VI) adsorption under the conditions investigated in this study. Under neutral to alkaline pH
conditions, U(VI) is known to adsorb to edge sites of montmorillonite forming inner-sphere
bidentate complexes (Hennig et al., 2002; Marques Fernandes et al., 2012; Schlegel and
Descostes, 2009; Tournassat et al., 2018; Zhang et al., 2018). Cation exchange of U(VI) is only
important under low pH and low ionic strength conditions (Tournassat et al., 2018). Therefore,
small differences in the characteristics of montmorillonite edge sites may have a relatively large
effect on U(V1) adsorption. Specifically, the (1) relative proportion of AC and B type edge sites,
as described by White and Zelazny (1988), (2) total edge surface area, and (3) electrostatic
properties of the basal surface which influences the electrostatic potential of edge sites through
the spillover effect as described in the literature (Tournassat et al., 2016; Tournassat et al., 2018;
Zhang et al., 2018) will control U(V1) adsorption to montmorillonite. These changes are difficult,
if not impossible, to accurately and quantitatively characterize experimentally, but may have a
significant impact on the adsorption capacity of the mineral. SEM images of lab-heated bentonite
revealed the formation of opal nodules at the edges of montmorillonite and XRD results showed
an increase in the opal fraction from 2 to 10% after heating. These nodules may block the edge
adsorption sites, and therefore may be at least partially responsible for the lower U(VI)
adsorption observed on heated bentonite. Other radionuclides that also adsorb to edge sites of
clay minerals may be similarly affected.

3.5 Implications for Radioactive Waste Disposal

Temperatures in high level radioactive waste repositories may reach values as high as 100-
300°C, depending on the waste disposal scenario (Hardin et al., 2013; Horseman and McEwen,

1996). Our results show that after 18 years of heating at a maximum temperature of 100°C,
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U(VI) adsorption is affected only in samples closest to the heater (i.e., within 25-cm) which
experienced the highest temperatures (95°C). The heat-induced decrease in U(VI) adsorption
corresponds to an average 31% decrease in Ky values (or ~0.2 log Ky units). No apparent
changes in U(VI) adsorption were observed at further distances from the heater which
experienced lower temperatures (35-50°C). Interestingly, lab-scale heating experiments
conducted at a much higher temperature (300°C) but over a shorter time-frame (7 weeks) lead to
very similar conclusions with regard to a decrease in U(VI) sorption due to bentonite exposure to
heat, although the extent of heat-induced changes was slightly larger. Here, K4 values decreased
by an average of 50% for bentonite after lab-heating at 300°C. This suggests that the use of lab-
scale heating experiments may be a relatively fast, cost-effective tool to support the selection of
experimental conditions to be tested on the field scale. At this point, it is unknown whether
heating at even higher temperatures (e.g., 200°C) and over longer time periods (100 years) under
field conditions would continue this trend of lowering U(VI) adsorption; hence, this topic
warrants further research. High levels of salts, particularly Ca and Mg, which may be found near
waste canisters after groundwater intrusion into the engineered clay barrier and subsequent
evaporation (Villar et al., 2017), can further decrease U(V1) adsorption onto clay due to changes
in aqueous U(VI) speciation and ionic strength. However, lower pH and DIC concentrations
were observed in both lab-heated and field-heated bentonite, which may counter the effects of
high ionic strength and Ca concentration on U(V1) adsorption.

The decreased adsorption observed in this study as a result of bentonite heating may impact the
diffusion of U(VI) through engineered clay barriers and must be considered when designing and
assessing radioactive waste repositories. A 30-50% decrease in Kq will have a large impact on

the transport behavior of U(V1) in clay media in waste disposal scenarios due to the much higher
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degree of compaction (i.e., solid concentration) present in engineered barriers (e.g., 1650 kg/m®)
and natural clay rocks.

We performed diffusion calculations in order to demonstrate the potential impacts of heat-
induced alterations on U(VI) diffusion through an engineered barrier. Uranium(V1) diffusion
profiles in bulk FEBEX bentonite were calculated after 20,000 and 100,000 years of U(VI)
leaking from a constant concentration source as described in section 2.7 and using Kqy values
from experiments on bulk FEBEX bentonite (Table 5). In the presence of 0.1 mM Ca, the
observed differences in U(VI) Kq values between 95°C heated and cold-zone bentonite can result
in greater transport distances in heated bentonite compared to cold-zone bentonite. Similarly,
U(VI) transport is greater in the presence of 2 mM Ca compared to 0.1 mM Ca.

While these diffusion calculations represent a simplistic waste disposal scenario which doesn’t
take into account changes in porewater chemistry or the source term over time, they provide a
first estimate of the magnitude of changes in U(VI) porewater concentrations that can be
expected as a result of heat-induced alterations in the bentonite barrier. The ultimate effect of
these heat-induced alterations on U(VI) mobility will depend on the specific time, location and
chemical solution conditions present in the clay. Performance assessments should account for at
least a 30-50% decrease in Ky values that were measured for the original clay material as a result

of heating.

Table 5. U(VI) Kqvalues for bulk FEBEX bentonite used for diffusion estimates.

Bentonite [Ca] |pH | K4

(mM) (L/kg)

20°C cold-zone 0.1 7.60 | 1011
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95°C heated-zone | 0.1 7.60 | 1481
20°C cold-zone 2.0 7.57 | 430
95°C heated-zone | 2.0 7.54 | 340
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Figure 9. Estimated U(V1) diffusion profiles in compacted FEBEX bentonite as a function of Ca

concentration (0.1 or 2 mM Ca) and heat-exposure (bulk cold-zone bentonite and 95°C heated

bentonite) after 20,000 (A) and 100,000 years (B). Total U(VI) concentration includes adsorbed

and dissolved U(VI) expressed in terms of total bentonite volume (m®). Diffusion calculations

were based on diffusion parameters listed in Table 2 and U(VI) Kq values listed in Table 5.
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