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Abstract — Deep, underground repositories are needed to isolate radioactive waste from the biosphere.
Because bentonite is an integral component of many multibarrier repository systems, information on the
hydraulic behavior of bentonite is crucial for modeling the long-term viability of such systems. In this paper
the hydraulic behavior of bentonite samples was analyzed as a function of aggregate size, and samples were
subjected to hydrothermal treatments involving contact with NaCl, KCI, and deionized water. Neutron and
X-ray imaging were used to quantify water sorption into packed bentonite samples and bentonite swelling
into the water column. The distance between the original clay-water interface and the wetting front was
determined as a function of time. Average water uptake exhibited a square-root-of-time dependence in
freshly prepared samples, but more variable rates were observed for samples previously in contact with
water. The radiography was supported by small-angle neutron scattering analysis and ultra-small-angle
neutron scattering analysis of aggregate size distributions and by inelastic neutron scattering to understand
the physicochemical environment of the sorbed water. Results showed that hydrothermal treatment with KCI
had the greatest effect of increased water transport in the bentonite, possibly as a result of the interaction of
K" with smectite layers in the clay.

Keywords — Water uptake into bentonite, engineered clay barriers for nuclear fuel disposal, bentonite
swelling, interfacial energy of water in porous bentonite, neutron radiography.
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I. INTRODUCTION

*E-mail: mcfarlanej@ornl.gov

This work was authored as part of the Contributor’s official duties

as an Employee of the United States Government and is therefore a
work of the United States Government. In accordance with 17
USC. 105, no copyright protection is available for such works
under US Law.

The U.S. Department of Energy (DOE) is evaluating
various strategies for creating deep geologic repositories for
the permanent disposition of spent nuclear fuel. Various
geologic media and engineered repositories have been
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proposed for long-term fuel/waste storage; however, the cur-
rent plan is to use multiple structures to create barriers to
radionuclide transport.'> The development of engineered
barrier system design concepts and evaluation of potential
radionuclide interactions with natural barriers or other engi-
neered interfaces are, therefore, inherently important for pre-
dicting the long-term (i.e., tens of thousands of years) safety
and performance of geologic repositories.” >

In waste repositories both natural and engineered
barriers are needed to limit the flow and movement of
water and/or adsorb released radionuclides. Media selec-
tion for barriers includes the use of materials with very
low permeabilities. However, the complete elimination of
water movement through even low-permeability materials
is not viewed as practical.>’ Rather, what is needed is
a complete understanding of the mineralogical behavior
and pore structures of barrier materials under various
saturation conditions and the transport characteristics of
water through potential engineered barrier materials. This
will allow predictive modeling of radionuclide release.

Current understanding of barrier behavior and water
migration is dependent on simulation modeling using
codes such as TOUGH?2 (Refs. 8 and 9) and PFLOTRAN
(Ref. 10). These codes have been used to simulate the
progress of hydration phenomena through various
media.!' There are, however, limitations to these simula-
tions arising from a lack of understanding of the microphy-
sics of water transport through the barrier materials under
different conditions.'? Thus, the goal of this project was to
measure changes in barrier properties, such as porosity and
permeability, with variations in the physical and chemical
environment during permeation.

In the work described herein, the interactions of water
with bentonite barrier materials were examined using several
experimental methods. Neutron and X-ray imaging were used
to measure rates of water movement through bentonite by
capillary flow and diffusion. These were coupled with ultra-
small-angle neutron scattering (USANS) and small-angle
neutron scattering (SANS) measurements to qualitatively
and quantitatively evaluate the multiscale pore structure of
the media before and after water transport.'* Inelastic neutron
scattering (INS) was also used to probe chemical and phase
changes in sorbed fluids through the analysis of the vibra-
tional spectra of trapped water molecules,'* and quasi-elastic
neutron scattering (QENS) provided the sorption energies of
these same water molecules trapped in pores.'> The samples
analyzed included bentonites that were exposed to simulated
wetting-drying-rewetting cycles to ascertain if changes in
mineral hydration were temporary or permanent. Factors
such as granule size and previous hydrothermal treatment
were included in the analysis to determine their effects on
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the sorption. Results from these experiments were used to
probe the phenomena that govern groundwater association
with clay minerals, which may affect transport processes and
thus the ability of engineered bentonite barriers to safely
contain spent fuel/waste over geologic timescales.

Il. EXPERIMENTAL

I.LA. Sample Preparation

Bentonite for these experiments was obtained from
Colony, Wyoming. Bentonite from this location has under-
gone extensive mineralogical characterization and is com-
posed by weight of 72% of the clay montmorillonite.” This
material has previously been used in hydrothermal experi-
ments to provide data for geochemical/mineralogical trans-
port models simulated using the TOUGH2 computer code.®

Samples of the bentonite were prepared for two sets of
experiments. The purpose of the first was to test the effect of
granule or aggregate size prior to water exposure on fluid
flow. Samples for this experiment were prepared by dry-
sieving the samples to four sizes (>425 pum, 90 pm to
425 um, 45 pm to 90 um, and <45 pm). Details are given in
the Appendix and in Table A.I. The purpose of the second set
of experiments was to test the effects of hydrothermal treat-
ment on water infiltration. Hydrothermal treatment has been
shown in previous studies to alter the structure and chemistry
of clay minerals.” Hence, this experiment was conducted to
determine whether clay alteration affected water uptake.

Preparation of these samples began with the as-received
material, and hydrothermal alterations included contact with
deionized water as well as saturated NaCl and KCl solutions
at 473 K under hydrostatic pressure (16 x 10° Pa) for
13 days. This temperature was selected as being representa-
tive of repository conditions.” Samples 1, 2, and 3 were
hydrothermally treated, and samples 4 through 7 were con-
trols with no pretreatment. The samples were further
divided into three fractions, with A and B analyzed by
radiography and, later, by INS and QENS, and fraction
C used for USANS analysis before and after imbibition.

Prior to the infiltration experiments, both the hydro-
thermally treated and corresponding control samples were
vacuum dried to determine water content, with the results
shown in Table I. Aggregate-sized samples that were not
dried prior to uptake had an estimated moisture content by
weight of about 4%. For the infiltration experiments, sam-
ples were packed into aluminum tubes (10.5-mm inside
diameter, 12.5-mm outside diameter, and 20-cm length) at
bulk densities of 1.7 to 1.9 g-cm > for the aggregate-sized
samples and 1.3 to 1.5 g-cm > for the hydrothermally
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TABLE I
Hydrothermal Treatments and Water Content Prior to Uptake Experiments Measured by Mass Loss During Vacuum Drying
Hydrothermal Bentonite, Temperature, Duration, Mass Loss

Treatment +l g Fluid, +£0.05 mL +1 K +0.1 days (%)
3.97 M NaCl 20 120 473 13 0.32
2.68 M KCI 20 120 473 13 0.21
Deionized water 20 120 473 13 0.36
Untreated 62 Not applicable 4.2

treated samples. Descriptions of the hydrothermally trea-
ted samples are given in the Appendix and in Table A.IL.

11.B. Radiography

Neutron imaging is an ideal technique for understanding
the transport of fluids through porous or fractured media
because it can be used to quantitatively monitor movement
of hydrogen-rich fluids through porous materials to determine
of the rate and pattern of infiltration in real time.'®"' This is
possible because the large neutron cross section of hydrogen
readily attenuates (or blocks) neutrons through incoherent
scattering, allowing dynamic imaging of fluid transport. The
advantage of this approach for geological materials is that the
neutrons penetrate deeply into the sample, thus providing
information from the bulk of the material.?® For instance,
analysis of the spontaneous imbibition of water into fine-
grained granite matrices using dynamic neutron
radiography?' has shown that significant transport can occur
and be observed in a material with a porosity as low as 0.6%
and a permeability of only 10~° to 10~ pm? (Ref. 22).

In neutron radiography, transmission of neutrons not
attenuated by the sample is proportional to the atom
density (concentration) and thickness (path length)
according to the Beer-Lambert law*":

T =—=¢Nob, (1)

1
Iy
where
I = measured intensity
Iy = incident intensity
T = transmission
N = atom density

o = total neutron cross section

ts= thickness of the sample.

Neutron imaging was carried out on the aggregate-sized
samples at imaging beam line CG-1D at Oak Ridge National
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Laboratory’s (ORNL’s) High Flux Isotope Reactor (HFIR).
In addition, neutron and X-ray imaging were carried out
simultaneously at the BT-2 neutron imaging facility at the
National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR) (Ref. 24). Details of
the instrumental configurations are provided in the Appendix.
In these experiments, 1 cm® of deionized water was intro-
duced remotely by a syringe into the headspace of an alumi-
num tube containing the bentonite while simultaneously
monitoring the radiographic images. Radiographic images
were continuously collected every 30 s as the water infiltrated
the bentonite and the clay began to swell. This was continued
until the system appeared to reach a steady state, which was
assumed to occur when the images showed negligible change
and generally required a run time of 1 to 2 h.

After the first infiltration experiments, the hydrother-
mally treated samples were dried in an oven to a constant
mass and then rewet in a repeat uptake experiment. These
repeat experiments have been designated “second
H,O infiltration” in Table II.

Image analysis was carried out using either Image-J (Ref.
25) or Jupyter notebooks written in Python following pub-
lished procedures.?® The first image with water in the field of
view (FOV), but before water contacted the bentonite, was
selected as a normalization reference and served as an open
beam standard for subsequent infiltration radiographs.
Following normalization of each image to this starting
image, a region of interest (ROI) was selected highlighting
the region of infiltration or swelling. The pixel intensity was
summed across this ROI along the length of the sample (the
z-direction or vertical distance). The variance in the cumula-
tive average from each end of the sample was then calculated
to determine the point along the z-axis at which the most rapid
change in signal intensity occurred. This point has been
shown to indicate the leading edge of water infiltration in
earlier studies.”’

The calculated maxima in cumulative variance as
a function of time were analyzed using a nonlinear least-
squares fit to determine the power law expressed by the
data. Previous experiments have indicated that imbibition
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TABLE 11
Uptake and Swelling Results for Bentonite Samples*
Sorption Rate, R Swelling Rate, R*
Sample Identifier Infiltration Exponents (mm-min ) (mm-min )

Packed grains, 90 to 425 um 0.46 0.691 (0.94) N/A?
Packed grains, 90 to 425 um 0.50 0.753 (0.95) N/A
Packed grains, 90 to 425 um 0.53 0.879 (0.96) N/A
Packed grains, 45 to 90 um 0.47 0.776 (0.93) N/A
Packed grains, 45 to 90 um 0.44 0.768 (0.94) 0.449 (0.91)
Packed grains, <45 um 0.42 0.631 (0.94) N/A
Packed grains, <45 pm 0.51 0.779 (0.96) 0.348 (0.92)
Packed grains, >425 um 0.43 0.765 (0.85) 0.389 (0.94)
Packed grains, >425 pm 0.50 0.692 (0.95) 0.668 (0.96)
NaCl treatment

Neutrons 0.091 0.406 (0.99) 0.406 (0.65)

X-rays 0.49 0.441 (0.95) 1.24 (0.98)
NacCl treatment

Neutrons 0.30 0.552 (0.98) 1.66 (0.90)

X-rays 0.68 0.471 (0.98) 0.36 (0.88)
KCl treatment

Neutrons 0.15 2.11 (0.96) 0.036 (0.84)

X-rays 0.48 3.71 (0.992) 0.919 (0.99)
KCI treatment

Neutrons 0.50 2.21 (0.998) 1.29 (0.71)

X-rays 0.21 0.183 (0.92) 0.248 (0.98)
H,O treatment

Neutrons 0.44 2.17 (0.997) 0.613 (0.91)

X-rays 0.56 0.394 (0.84) 0.634 (0.86)
H,O treatment

Neutrons 0.41 0.365 (0.993) 0.423 (0.93)

X-rays 0.33 0.366 (0.991) 1.14 (0.97)
Control

Neutrons 0.63 0.407 (0.99) 0.621 (0.99)

X-rays 0.44 0.433 (0.92) 1.29 (0.88)
Control

Neutrons 0.53 0.685 (0.94) 1.07 (0.88)

X-rays 0.51 0.39 (0.95) 0.384 (0.69)
Control

Neutrons 0.031 0.119 (0.96) 0.433 (0.80)

X-rays 0.39 0.404 (0.99) 0.480 (0.46)
Control

Neutrons 0.35 0.314 (0.98) 0.473 (0.93)

X-rays 0.28 0.375 (0.99) 1.39 (0.93)
Control

Neutrons 0.31 0.229 (0.79) 0.316 (0.94)

X-rays 0.25 0.348 (0.96) 1.96
Control

Neutrons 0.40 0.314 (0.98) 0.368

X-rays 0.43 0.365 (0.98) 0.425
NaCl, second H,O infiltration 0.30 0.572 (0.98) 0.503
NacCl, second 0.63 0.543 0.382

H,O infiltration

KCl, second H,O infiltration 0.43 4.76 0.834
KCl, second H,O infiltration 0.55 5.15 0.051
H,O0, second H,O infiltration 0.25 0.318 0.482

(Continued)
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TABLE II (Continued)

Sample Identifier Infiltration Exponents

H,O0, second H,O infiltration 0.58

Control, second 0.47
H,O infiltration

Control, second 0.62
H,O infiltration

Control, second 0.90
H,O infiltration

Control, second 0.63
H,O infiltration

Control, second 0.66
H,O infiltration

Control, second 0.42
H,O infiltration

Sorption Rate, R* Swelling Rate, R*
(mm-min” ") (mm-min” ")
1.264 0.851
0.404 0.389
0.167 0.240
0.44 0.063
0.269 0.946
0.188 0.232
0.754 0.748

*Sample description, exponent of a nonlinear least-squares fit, fits of sorption of water uptake into the clay, and penetration rate of
the clay into the water column. The data were obtained at two different institutions: The single data points were taken at CG-1D at
ORNL; two data points—for neutron and X-ray radiographs—were taken at BT-2 (NIST).

*N/A indicates that these data are unavailable because of the sample placement.

into geological specimens exhibits a square root depen-
dence on time, which can be modeled as a capillary uptake

phenomenon following the Washburn-Lucas equation
28,29
as™

h= ("F;(:S 6>t 2)

and

h=SVt, (3)

where

h = height of the wetting front

n = fluid viscosity

r = radius of the capillary

o = surface tension of the fluid

t = time after the first contact with the water
0 = contact angle between the two materials

S = constant referred to as the sorptivity.'¢"'®

The results from radiography are given in Table II.
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II.C. Inelastic and Quasi-Elastic Neutron Scattering

Another neutron scattering approach with important
implications for understanding transport through barrier
materials is INS, which uses neutrons to measure vibra-
tional spectra. The spectra obtained via INS can docu-
ment the changes in mineralogy,” cation absorption,
interlayer interactions,'* and hydrogen bonding between
the clay and adsorbed water.*° Such studies allow obser-
vation of the hydration and dehydration of minerals and
the effect of ion exchange on water transport through the
bentonite matrix.

Quasi-elastic neutron scattering is the limiting low-
energy case of INS, with energy transfers being small com-
pared to the energy of the incident neutrons. QENS measures
translational motions, which cause a broadening of the inci-
dent neutron energy spectrum. This allows dynamic pro-
cesses, such as diffusion, to be probed. QENS experiments
can be contrasted to inelastic scattering measurements, which
result in well-separated lines that are distinct from the incident
line, arising from interactions with discrete phonons or vibra-
tions. The broadened QENS line can be fit with
a superposition of Lorentzian functions. The full-width half-
maximum (FWHM) of these Lorentzian contributions to the
line shape can be used to provide the transport rate as well as
the activation energy for diffusion if plotted against the reci-
procal of temperature.’’

Powders from selected bentonite samples were exam-
ined using INS and QENS at the VISION vibrational
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TABLE III
Experimental Matrix for INS
Sample Identifier —
Hydrothermal Humidity Difference, +0.2 mg

Preparation Pretreatment® TGA Before, £0.2 mg TGA After, +0.1 mg (%)

1A — NaCl Desiccator 58.7 57.2 1.5(3)
2A — KCl Desiccator 34.0 33.6 0.4 (1)
3A - H,O Desiccator 49.1 47.8 1.3 (3)
4A — none Desiccator 60.0 58.2 1.8 (3)
1A — NaCl Saturated air® 56.3 51.3 5.0 (9)
2A — KCI Saturated air” 49.2 47.9 1.3 (3)
3A -H,0 Saturated air” 60.3 53.1 7.2 (12)
5A — none Saturated air® 90.9 85.9 5.0 (6)
1A — NaCl Saturated air® 55.6 53.2 2.6 (4)
2A - KCl Saturated air® 48.3 47.4 0.9 (2)
3A - H,0 Saturated air® 51.1 49.0 2.1 (4)
5A — none Saturated air® 66.4 55.0 11.4 (17)
1B — NaCl K,CO5 RH = 43% 38.5 344 4.1 (11)
2B - KC1 K,CO; RH = 43% 48.6 449 3.7 (8)
3B - H,O K,CO; RH = 43% 62.3 50.4 11.9 (19)
5B — none K,CO; RH = 43% 47.0 38.5 8.5 (18)

*Exposure is for 2 weeks unless noted otherwise.
*Overnight exposure.
°6-month exposure.

spectrometer (BL-16B) at the Spallation Neutron Source
(SNS) at ORNL (e.g., Ref. 14). Details on the BL-16B
instrument are provided in the Appendix. The samples exam-
ined included each of the three hydrothermally treated clays
and one untreated control. Prior to analysis, bentonite sam-
ples were equilibrated at predetermined relative humidities at
room temperature in sealed vessels following hydrothermal
treatment. The samples were equilibrated over several weeks
with saturated solutions of either K,COj3 [relative humidity
(RH) =43%] or water (ambient RH, about 80%) or by storing
them in a desiccator (RH <1%), all at 294 K. Because of
limited instrument availability, detailed INS data were col-
lected for only two of the samples, 1B and 2B, that were
hydrothermally treated in NaCl and KCl solutions, respec-
tively. The water content was measured for all of the samples
by thermal gravimetric analysis (TGA) using a Setaram®
thermal gravimetric analyzer/differential thermal analyzer.
The Setaram thermal gravimetric analyzer/differential ther-
mal analyzer was calibrated by heating Li,SO,4 through its

? Certain trade names and company products are mentioned in the
text or identified in an illustration in order to adequately specify the
experimental procedure and equipment used. In no case does such
identification imply recommendation or endorsement by the NIST
nor does it imply that the products are necessarily the best available
for the purpose.
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phase transition at 851 K (Refs. 32 and 33). The experimental
matrix and TGA data are given in Table III.

11.D. Small-Angle Neutron Scattering

Small-angle neutron scattering and USANS provide
data on the structure of materials at the 0.5- to 200-nm and
100- to 10*-nm scales, respectively. Neutrons can penetrate
geological materials and scatter from mineral or pore inter-
faces, as long as there is a difference in scattering length
density (SLD) across an interface. In porous materials, the
intensity of scattered neutrons can be interpreted as arising
from a distribution of pores across the length scale, allowing
macroscopic properties, such as water infiltration, to be
related to the nanostructure of a material.**

Each of the bentonite samples allotted for USANS,
the C samples, was sectioned before and after water
contact and sealed with wax to maintain its dry or wet
status. Both dry and wet samples were pressure impreg-
nated with epoxy prior to preparation of sample mounts
for USANS following our standard protocols.’>~® The
NG-B 30m SANS (Ref. 37) and BTS5 USANS (Ref. 38)
instruments at the NCNR were used to collect porosity
measurements on the bentonite samples. Details on the
setup of these instruments are given in the Appendix, and
the USANS results are presented in Table IV.
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TABLE IV
Pore Volume from SANS/USANS*
Sample Name
Hydrothermal — Treatment/ Median Pore Diameter Mean Pore Diameter
Uptake® Void Fraction A) N
NaCl — dry (CD1) 0.154 £ 0.014 12216 1513
NaCl — wet (CH1) 0.093 + 0.010 27942 2104
KC1 — dry (CD2) 0.140 + 0.017 15647 1480
KC1 — wet (CH2) 0.155 + 0.017 17746 1081
DI — dry (CD3) 0.105 + 0.011 15573 812
DI — wet (CH3) 0.108 £ 0.011 24471 1284
Control — dry (CD5) 0.078 + 0.013 41319 9570
Control — wet (CHY) 0.071 £ 0.010 35674 7996
Control — dry (CD6) 0.100 + 0.015 32647 3901
Control — wet (CH6) 0.098 + 0.012 23560 3171
Control — dry (CD7)" 0.056 + 0.010 31732 4532

*Sample description, and void fraction and median and mean pore diameter from fitting the data as described in the text.

#Data are not available for CH7.

D" samples are before water uptake. “H” samples are after water uptake.

[1l. RESULTS

lIL.A. Radiography

Neutron radiographs from the infiltration experiments
were analyzed to provide rates of uptake into the bentonite
samples. An example of coupled X-ray and neutron images
is provided in Fig. 1. This shows the water meniscus at the

top, the water layer on top of the clay, penetration of water
into the clay, and expulsion of an air bubble from the clay
into the water layer. Decreases in intensity (darker color)
arose from increases in water content or from infiltration
into the bentonite. Increases in intensity corresponded to
displacement of water, arising from swelling of the bento-
nite into the water column above the sample. X-ray imaging
data were interpreted similarly, but the changes in intensity

meniscus

Water-clay
interface

Sample holder

Fig. 1. (a) X-ray image and (b) neutron image of water infiltration, bentonite swelling, and air expulsion from the bentonite
sample taken 50 min into the experiment (sample dimension: 12.7-cm diameter). The X-ray and neutron detectors were located 90
deg to each other. The sample, 6A, had no hydrothermal pretreatment. Sorption rates were measured from the interface downward
into the bulk of the sample. Swelling rates were measured from the interface upward into the water column.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020
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2.5

2.0

Relative intensity (arb. Units)

e Neutrons

- X-rays

uptake

0.0

10 12

swelling

14 16 18 20 22

Distance along length of sample (mm)

Fig. 2. Profile of radiographs after normalization for simultaneous neutron and X-ray imaging for sample 6A. Data were taken
every 0.5 min after contact of water with the bentonite, starting the infiltration experiment. The sample had no hydrothermal

pretreatment.

showed opposite trends, with increased intensity arising
from water infiltration and decreased intensity (darker
color) from clay swelling. Radiographic data showing
a juxtaposition of neutron and X-ray profiles for the same
sample 6A are shown in Fig. 2. Unlike other types of
geological materials, such as shales® and sandstones,”’
bentonite swells significantly upon contact with water.
Thus, the radiographs were analyzed in two separate sec-
tions: one above the initial bentonite-water interface, or the
region into which swelling occurred, and one below the
initial bentonite-water interface for water infiltration.

The “Infiltration Exponents” column in Table II presents
the slopes of the best logarithmic fits of the uptake data.
Because these are close to 0.5, they indicate that the infiltra-
tion can be reasonably expressed as a square root function of
time, that is, as a diffusional process. The slopes of the
sorption plots are presented in Table II along with the regres-
sion R? values. Clay swelling is also expected to exhibit
square-root-of-time behavior,'? so these data were also fitted
to a square-root-of-time function, and slopes for these plots
are also given in Table II along with their R* values. The
swelling showed much greater variability, especially in sam-
ples that had been repeatedly exposed to drying-rewetting
cycles. Very low R? values indicated that the sorption or

@ANS

swelling was nonlinear, often arising from trapped air bub-
bling through and disrupting the clay interface during the
experiment. Figures 3a, 3b, and 3¢ show infiltration, sorption,
and swelling profiles for sample SA. The infiltration expo-
nents and sorption slopes were analyzed for mean, standard
deviation, and outliers for the complete set of samples. The
accumulated results are presented in Figs. 4a, 4b, and 4c.

lI1.B. Inelastic and Quasi-Elastic Neutron Scattering

Additional studies of the interactions of clays with
water were carried out by measuring water vibrational
modes via INS coupled with TGA. Vibrational bands of
H,0 in contact with the bentonite were observed at frequen-
cies from 5 to 600 meV (40 to 4800 cm ). The intensities of
these bands were proportional to the amount of water
absorbed into the sample, as determined by TGA. The
librational mode of H,O is a rocking feature that contributes
a broad peak in the vibrational spectrum below 1000 cm ™,
which can be used to probe the physics of confined water.*’
Figure 5 shows librational spectra from 5 K to 295 K of H,
O collected from two bentonite samples, 1B and 2B, which
had undergone prior hydrothermal treatments with NaCl
and KCI, respectively. A clear transition indicated by

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020
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a) water uptake

displacement(mm)

0 10 20 30 40

50 60 70 80 90 100

time(min)

40
3.5 b) sorption

3.0

25 f(x) = 0.407 x — 0.540
20 R?=0.990
15
1.0
0.5
0.0

displacement (mm)

sqrt time (min)

95
9.0

8.5

8.0

75

7.0

6.5 f(x) = - 0.066 x + 9.533
6.0 R = 0.992

55

5.0
0 5 10 15 20

displacement (mm)

c) clay swelling

25 30 35 40 45 50

time (min)

Fig. 3. Computed (a) infiltration, (b) sorption, and (c) swelling profiles for sample SA. The sample, SA, had no hydrothermal
pretreatment and was one of the controls for the hydrothermal experiments. It underwent the same drying procedure as the
hydrothermal samples but was not pretreated in the pressurized reactor.

softening of the librational edge was observed in both
samples between 250 K and 300 K, indicating a change in
water structure. The transition in the NaCl-contacted sample
was complete at 290 K while that of the KCl-contacted
sample occurred at a slightly higher temperature (295 K),
indicating a slight increase in binding energy in the latter
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due to the potassium-ion substitutions in the bentonite
structure.

The suggestion that water was more strongly bound to
the bentonite structure in the KCl-treated sample than in the
NaCl-treated sample was supported by analysis of the line
widths of the QENS peaks. As can be seen in Figs. 6a and 6b,
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Fig. 4. Measured infiltration by radiography, showing (a) nonlinear least-squares fit to the time profile of the water front through
the sample, (b) the sorption rate, and (c) the swelling rate. These results include analyses of uptake data from neutron and X-ray
radiographs for all of the samples. Each box shows the median (middle line), mean (x), first quartile (bottom of box), and third
quartile (top of box), and the whiskers show the spread of data excluding outliers.

the QENS measurements of FWHM are provided for sam-
ples 1B (NaCl-treated) and 2B (KCl-treated), respectively.
The log of the Lorentzian line width is plotted as a function of
reciprocal temperature. In this case the slope of the plot
represents the binding energy of water in each sample,
which can be related to the activation energy for diffusion.
The binding energy of the NaCl-contacted sample
(5.7 kJ-mol ") was significantly lower than that of the KCI-
contacted sample (8.4 kJ-mol ).

111.C. Ultra-Small-Angle Neutron Scattering

The porosity of the dry and hydrated bentonite samples
was analyzed using USANS (Ref. 41). Porosity was calcu-
lated by assuming a two-phase system with scattering from
pore-clay interfaces providing the greatest contribution to the
observed intensity.*? This assumption is based on the fact that
the SLD difference is significantly greater between the clay
matrix and empty pore space than between any pair of
mineral phases in the sample. The SLD of the clay was
calculated to be 3.67 x 10'° cm 2, a typical value reported
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for montmorillonite.** The SANS scattering patterns exhib-
ited azimuthal symmetry, revealing that the samples were
isotropic. Thus, the scattering intensity measurements were
azimuthally integrated at all scattering vectors (Q = 216 /A at
small angles 0, where A is the neutron wavelength). The slit-
smeared USANS intensity data were de-smeared to put the
USANS measurements on the same scale as the data from the
pinhole SANS instrument. This was done using the iterative
method proposed by Lake and discussed in greater detail in
the Appendix.** The SANS and USANS patterns were then
combined to yield a single scattering curve in the range of
3x10° A" t002A7

Calculated results for the mean pore size, median
pore size, and overall void fraction, derived from the
SANS and USANS analyses by assuming that the pores
were spherical in shape, are given in Table IV. Examples
of pore size distribution are given in Fig. 7 for samples
exposed to NaCl (CD1) and KCI (CD2) along with the
corresponding controls (CD5 and CHS) showing the
effect of hydrothermal treatment and rewetting on pore
size distribution. As the pore size distributions were all
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Fig. 5. Inelastic neutron scattering from bentonite samples from 0 to 150 meV, showing librational spectra for water absorbed in the
sample matrix. These spectra, taken at temperatures from 5 K to 295 K, show evidence of a phase transition between 250 K and 290 K for
sample 1B — NaCl treatment (upper traces) and softening of the librational edge between 290 K and 295 K for sample 2B — KCl treatment
(lower traces). Data taken prior to melting show structure in the acoustic region, below 50 meV, that disappears after softening. The colors
of the 5 K/250 K/290 K/295 K lines are black/red/purple/blue, respectively, with the 290 K trace indicated by the arrows.

7.6
s 7.2 ~— 1B
=S S NaCl Treatment

.

Z 68 oy
2 5
z T
8 64 b -

6.0 TR

5.6

0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
1/T (K)

8.0

75 ~_ \ 2B
70 . KCl Treatment

6.5 e

.

log (HWHM/peV)
4
&

6.0

5.5

5.0

0.002 0.0025 0.003 0.0035

1/T(K)

0.004 0.0045 0.005

Fig. 6. Arrhenius plots of the wide Lorentzian component of the QENS peak for (a) sample 1B (NaCl treatment) and (b) sample 2B (KCl
treatment). The slope of the graph gives the activation energy for diffusion of pore-bound water divided by the gas constant.

multimodal, the total void volume results were the easiest
to compare. In all samples, both the mean and median
pore sizes were much greater than the peak in the volu-
metric distribution, i.e., the size with the greatest number
of pores, which is less than 10 nm for all samples. As we
have noted elsewhere, these small pores dominate the
total surface area of the pore space.**

Opverall, comparison of the data in Fig. 7a and Table IV
shows that hydrothermal treatment with NaCl (blue) or KCI
(red) appears to have increased the void fraction by about
50%. The volumetric pore size distribution, however, was
shifted to a smaller pore size as measured by either the mean
or median diameter. The deionized water—treated samples
also indicated a shift in pore size distribution; however,
there was only a slight change in void fraction with respect
to the untreated samples.
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IV. DISCUSSION

The studies described here covered a wide range of initial
conditions, pretreatments, and experimental conditions. In
this section, the effects of these treatments are discussed
separately, followed by a principal component statistical
analysis to develop an understanding of the interplay of
phenomena affecting water infiltration into bentonite barrier
material.

IV.AA. Hydraulic Conductivity and Aggregate Size

Hydraulic conductivity is a measure of how readily
water moves through the medium being considered,
bentonite clay in this instance. It depends on the
hydraulic gradient, the saturation level, and the
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Fig. 7. Pore size distributions for bentonite: (a) directly after hydrothermal treatment (before infiltration) with NaCl (blue), KCl1
(red), and the control (gray); (b) KCl-treated samples before (blue) and after (red) infiltration, with the control (gray) after
infiltration; and (c), NaCl-treated samples before (blue) and after (red) infiltration, with the control (gray) after infiltration.

permeability of the clay. Because hydraulic conductiv-
ity depends on grain diameter,'> an experiment was
undertaken to investigate the conductivity of various
bentonite samples as a function of grain size. As noted
above, this was done by pressing the samples into an
aluminum tube and measuring the uptake rate using
neutron imaging.

As shown in Fig. 4b, the distribution in uptake for
these samples was very narrow. Even mechanically
disturbing the sample by introduction before imbibition
of an artificial defect had little effect on the rate of
water sorption into the sample. These results suggest
that the bentonite was sufficiently deformed as it was
pressed into the aluminum tube to eliminate the effect
of particle size or artificial fracture. Matrix swelling
during infiltration, as expected with smectite clay
minerals, would also be expected to reduce the effects
of grain size.

In order to investigate this result further, we examined the
difference in uptake between the pressed samples and the
hydrothermal controls (Fig. 4). The hydrothermal controls
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show significantly greater variability in their infiltration expo-
nent, sorption and swelling rates than the pressed samples.
Although the absolute values are similar, the hydrothermal
controls generally show greater and more variable rates of
clay swelling and smaller infiltration exponents and sorption
rates than the pressed samples. There also appears to be
a relationship between void fraction and uptake rate. The
USANS data for the controls (CD5, CH5, CD6, and CH6,
Table 1V) suggest they have lower void fractions than the
other hydrothermally treated samples, and these samples also
show relatively slow uptake rates (0.37 + 0.13 mm.min °°)
relative to the pressed samples (0.76 + 0.1 mm.min *°).
Notably, the less-compacted control samples (5 and 6) also
had a large variation in pore size distribution, in which the
void fraction and the median diameter both varied by about
one-third and the mean by a factor of 2.6. Thus, it appears that
the mechanical compression of the aggregate samples, rather
than clay swelling, was the main cause of consistency in the
uptake data of the pressed samples. These results qualitatively
agree with those from other clay compaction studies (e.g.,
Ref. 45).
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IV.B. Hydrothermal Treatment, Pore Size Distribution,
and Binding Energies

Several studies have investigated the effects of
hydrothermal treatment on clay mineral alteration.>*¢~>?
In these investigations, application of temperatures up to
573 K and pressures up to 160 bar were able to achieve
changes in clay mineral morphology and cation content
as well as decomposition to produce SiO,(ag).

In our experiments, hydrothermal treatment generally
reduced both the sorption rate and the infiltration expo-
nent—the best logarithmic fit to the uptake data—and
increased the variability of the swelling behavior. These
effects are apparent in the increased uncertainty in the
data presented in Fig. 4c and in the lower R* values for
the swelling rates presented in Table II. Hydrothermal
treatment may also have reduced the cohesion of the
clay sample, particularly at the clay-water interface,
which had little geometric constraint on swelling or
other deformation. The hydrothermally treated samples
exposed to KCl are a notable exception. These can be
explained by the higher void fraction and higher binding
energy of the water in the clay matrix as observed by INS
and QENS for the KCl-treated samples, as discussed
below.

As noted above, vibrational spectroscopy (INS and
QENS) data were collected on partially hydrated samples
(equilibrated with saturated K,COj3 for 2 weeks). The INS
results showed that water retained in the pores of the KCI-
treated sample exhibited a phase transition at a higher
temperature than that in the matrix of an NaCl-treated
sample. This was in agreement with the binding energies
for H,O in the sample pore volume obtained from the
QENS data. In addition, the SANS/USANS results showed
that the NaCl-treated samples had larger mean pore
diameters than the KCI samples and a significantly
smaller void fraction (Fig. 7a). The void fraction of
the KCI was little affected by hydration, whereas sig-
nificant swelling of the clay matrix and closing of small
pores was observed in the NaCl-treated and water-
treated samples, as shown in Figs. 7b and 7c, respec-
tively. Thus, the higher binding energy in the KCI-
exposed samples correlates with the presence of the
fluid in smaller pores.

Previous studies have linked bentonite hydrothermal
treatment with potassium ions to smectite-to-illite con-
version, the former having a much greater tendency to
swell on contact with water.” The higher intrapore bind-
ing energies for water molecules and the smaller pore size
distributions observed in the K treated samples are con-
sistent with this interpretation.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020

IV.C. Infiltration and Rewetting

Hydrothermal pretreatment also affected the response
of the bentonite pore structure to water infiltration. As can
be seen in Fig. 7b, the pore size distribution in the KClI-
treated clay appears to sharpen after infiltration, although
the void fraction is nearly identical for both samples. This
suggests that the KCl-treated sample has more of its poros-
ity in smaller pores, as indicated by its small median pore
size compared with the NaCl-treated sample. Rehydration
of KCl-treated samples lowered the mean pore size and
increased the median pore size. For the NaCl-treated sam-
ples, rehydration increased the mean and median pore sizes
but reduced the void fraction (Fig. 7c). Many of the smaller
pores were eliminated. The sample hydrothermally treated
with water showed a similar change in the mean and median
pore size values to that observed in the NaCl-treated sample,
but without the change in void fraction. The pore size
distributions of the untreated samples (the controls) were
flattened in comparison to the hydrothermally treated sam-
ples, both before and after rewet, and showed larger and
more variable mean and median pore sizes than the others,
as shown in Fig. 7a. Both the mean and median of their pore
size distributions dropped after water infiltration, although
not to the range observed in the hydrothermally treated
samples. These results suggest that bentonite that is exposed
to elevated temperatures and pressures will sustain changes
in porosity that will continue through a rewetting cycle, and
the response to rewetting will depend on prior environmen-
tal exposure.

IV.D. Principal Component Analysis

A principal component analysis was done to determine if
correlations existed between the infiltration results (infiltra-
tion exponent, sorption rate, and swelling rate) and sample
pretreatment. Results generated from the complete set of
samples are presented in Fig. 8. The inputs to the principal
component analysis were taken from results presented in
Table II. The factors describing the infiltration coefficient
are negatively correlated to those for swelling rate, suggest-
ing that the samples that exhibited the most rapid uptake of
water also had the least swelling into the water column. This
could be attributed to these samples having a larger void
fraction to accommodate the water ingress or to swelling
reducing porosity and, thereby, permeability. The sorption
rate, however, appears to vary with the type of hydrothermal
treatment, with outliers attributed to the KCI pretreatment and
one of the NaCl samples, in which a dramatic increase was
observed. Again, this could be attributed to changes in void
fraction, as the KCI samples and one of the NaCl samples had
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the largest initial void fractions according to the USANS
results shown in Table IV.

IV.E. Application to Development of Models for
Engineered Barrier Performance

The need for realistic models of engineered barrier
performance is cited in several studies, including those
involving radionuclide transport™® and hydrogeology in
waste repositories.'® In order to accurately predict the
fate of the repository and its contents, the evolution of
the clay buffer as part of the engineered barrier needs to
be modeled as a coupled thermal-hydrological-
mechanical-chemical process as a function of time at
elevated temperatures and pressures. Although the data
measured in these experiments are not expected to be
wholly representative of engineered barrier behavior
under subsurface conditions, they do indicate that chan-
ging hydrogeologic conditions will affect barrier perme-
ability, chemistry, and fluid migration.

For instance, water penetration into bentonite will be
affected by microstructure, the concentration and type of
exchangeable cations, and by the mineralogy.”> Given the
variability in the uptake rates for the less-compacted
clays and the larger variability after the first wetting,
our results indicate that changes in microstructure affect
the sorption of water into the bentonite. The imbibition

@ANS

data in Table II show that the sorption rates for the
potassium-ion hydrothermally treated systems were
much higher than for the sodium ion systems, and both
were higher than the controls. Thus, it is possible that the
exchange of bivalent for univalent cations during hydro-
thermal treatment affected water uptake. Additionally, the
results from the hydrothermal treatment of the initial
bentonite with potassium ions are suggestive of clay
mineral alteration and the formation of illite resulting in
changes to the hydrologic behavior of the clay. The
principal component analysis suggests potential correla-
tions between the infiltration results (infiltration expo-
nent, sorption rate, and swelling rate).

Detailed data can be used to develop phenomenolo-
gical models of mineral hydration, dehydration, cation
substitution, and alteration, the hydrogeology of clay
minerals and interfacial interactions in aqueous systems
that affect radionuclide chemistry and transport over
evolving thermal conditions and geologic timescales,
and allow us to predict the subsurface behavior of
engineered repository barriers.’® As these models are
further developed with input from subsequent experi-
mental studies and incorporated into repository scale
flow and transport models, repository designers and
safety analysts will gain a better understanding of how
their material and design configuration choices impact
repository performance.
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V. CONCLUSIONS

This project incorporated results from several different
instruments to better understand transport and water phase
behavior in pores in bentonite to provide a multiscale under-
standing of permeation as a function of pretreatments and
changes in ambient conditions. Understanding these changes
is an important factor in designing engineered barriers and
predicting their performance in nuclear waste repositories.

Experiments were conducted using several neutron
and X-ray methods to probe the interfacial interactions of
a bentonite engineered barrier material with water. In
general, sorption behavior followed the expected diffu-
sion model with close to a square-root-of-time depen-
dence within freshly pressed samples of bentonite clay.
Hydrothermal pretreatments applied before the infiltra-
tion experiments greatly increased the variability in the
infiltration and sorption results, likely as a result of
changes in the hydration of the mineral samples before
infiltration began. In the case of the potassium ions, the
increased variability likely was also due to alteration of
the clay mineralogy. These findings are consistent with
spectroscopic results from INS and QENS for samples
that underwent hydrothermal treatments with NaCl and
KCl, which showed changes in the chemical environment
of bound water within the clay matrices. They are also
consistent with SANS/USANS results that showed
changes in multiscale pore distribution upon infiltration
as being dependent on the nature of hydrothermal
pretreatment.

Sequential sample drying and rewetting cycles were
also observed to change the morphology of the samples
and increased the variability in infiltration rate. Drying
and rewetting at ambient temperature and pressure affect
clay packing, increasing the variability in water sorption
and generally increasing the overall infiltration rate.
However, sequential drying and rewetting did not change
the association between the hydrothermal treatments and
the infiltration parameters. Thus, these ambient-condition
cycles were not enough to change the mineralogy of the
clay minerals.

Ultimately, what we hope to achieve with these data
is to inform sensitivity analyses such as a Geologic
Disposal Safety Assessment.”’ Thermomechanical mod-
els of barrier behavior are used to describe radionuclide
transport and capture within a bentonite matrix under
conditions that will change over time. Thus, these models
of fluid flow need to include uncertainties associated with
the chemistry, mineralogy, nanoporosity, and microstruc-
ture of the engineered barriers and how these also evolve
over time.
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APPENDIX
EXPERIMENTAL DETAILS

A.| SAMPLE PREPARATION

Bentonite was pulverized and then dry-sieved into
four aggregate-sized fractions (>425 pum, 90 um to
425 pm, 45 pm to 90 um, and <45 um). Two samples
were prepared from each size aggregate by being pressed
into an aluminum (Alloy 6061) tube for imaging. The
samples were not dried before being pressed into the
tubes. For each granule size range, the samples, which
averaged about 4.5 g in mass, were compressed to a height
of about 2.5 c¢cm using an Enerpac® hydraulic press. The
density achieved for these samples was approximately
1840 kg.m >, determined by the mass and volume of
the packed sample. Four samples, one from each size
aggregate, were compressed with a defect introduced
into the packing to simulate a fracture. The defect was
formed by first partially compressing the powder to about
3.8 cm in height, inserting a clean spatula 2 cm into the
sample, and then continuing to compress to a sample
height of 2.5 cm + 0.1 cm. Table A.I gives details on
the composition of each sample.

A1l HYDROTHERMAL FRACTIONS

Powdered bentonite was divided into four fractions,
and three of these fractions were subjected to hydrother-
mal treatment, with the untreated fraction serving as the
control (Table A.Il). Each hydrothermal fraction was
saturated with an aqueous fluid (i.e., deionized water,
3.97 M NaCl, or 2.68 M KCI). These slurries were then
separately sealed in 300-mL bolted-closure vessels with
Si0,-glass liners and heated to 473 K under hydrostatic
pressure (16 x 10° Pa) for 13 days, with the temperature
being mid-range in the range of conditions presented by
Cheshire et al.” Following the hydrothermal treatment,
the clay materials were washed to remove residual salts
and dried overnight at 378 K.

The water content of each sample was determined
before the infiltration experiments as follows. Treated and
dried fractions 1, 2, and 3 and untreated fraction 4 were
weighed, rinsed with deionized water, and then dried under
vacuum for a further 138 h at 378 K. The samples were
then removed from the oven to equilibrate with ambient air
for 1 h (294 K) to reproduce the initial condition of the
infiltration experiments. After equilibration, the fractions
were reweighed, and the percentage of mass loss, i.e., the
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TABLE A.l
Experimental Parameters for Variable Grain Size Tests*
Grain Size Bulk Density,

Sample (um) Height, £0.05 cm Mass, +£0.01 g +0.1 g/em’ Artificial Defect
1 GS 90 to 425 4.1 7.56 1.8(4)

2 GS 90 to 425 2.5 4.57 1.8(2)

3 GS 90 to 425 2.4 4.52 1.8(7) Yes
4 GS 45 to 90 2.6 4.53 1.7(4)

5 GS 45 to 90 2.5 4.53 1.8(0) Yes
6_GS <45 2.4 4.58 1.9(0)

7 GS <45 2.6 4.58 1.7(5) Yes
8 GS >425 2.4 4.57 1.9(0)

9 GS >425 24 4.57 1.9(0) Yes

*Sieved grain size and variables describing the sample as packed into an aluminum tube for analysis.

difference in sample mass before and after oven drying,
was calculated, as shown in Table A.Il. Fractions 1, 2, and
3, which had been subjected to hydrothermal treatment,
showed little mass loss because a significant amount of
moisture evaporated during the intermediate vacuum dry-
ing step. The untreated bentonite, retaining its original
moisture, as it had not experienced the post-hydrothermal
drying step, showed a significant mass loss. Table A.II also
includes the mass of sample packed into the aluminum
tube, its height, and its bulk density.

A.I1l DETAILS OF INSTRUMENTS USED IN THIS STUDY

Neutron radiography was done using the CG-1D
instrument at ORNL’s HFIR, and simultaneous neutron
and X-ray radiography were carried out at NIST on the
BT-2 instrument. At the CG-1D instrument, a micro-
channel plate detector with a 2.8 x 2.8-cm FOV and
a spatial resolution of about 55 um was employed.
Images were acquired at 2-min intervals using dynamic
neutron radiography. At BT-2 (NIST), both X-ray and
neutron radiographs were collected simultaneously on
the Neutron and X-Ray Tomography (NeXT) system,
every 0.5 min, at spatial resolutions of 25 and 15 pum,
respectively.

Inelastic neutron scattering and QENS used the BL-16B
instrument (ORNL-SNS). This instrument detects inelasti-
cally scattered neutrons over a broad range of energy transfer
(=2 to 1000 meV) and functions similarly to a Raman
spectrometer.

Sample preparation for USANS followed our standard
protocols. Samples were evacuated under vacuum and then
impregnated with epoxy under applied pressure. The sam-
ples were then cut, mounted on 1-mm-thick quartz slides
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with more epoxy, and polished to a 150-um thickness. Oil
was used as a lubricant instead of water to maintain the
porosity during processing. This method of mounting geo-
logical samples has been found to minimize multiple scat-
tering from different interfaces, as well as scattering
contributions from the slide and glue.

The NG-B 30m SANS and BT5 USANS instruments
at the NCNR were used to collect porosity measurements
on the bentonite samples.”® On the NG-B 30m SANS
instrument, spectra were obtained at three sample-to-
detector distances (1-, 4-, and 13-m lengths) to increase
the observed angular range or Q-range. The source radius
was 60 mm, and an 11-mm-diameter cadmium sample
mask was used for each sample-to-detector distance. The
trap radii were 24.5 mm at 1 and 4 m, and 14.3 mm at
13 m. The wavelengths of the neutrons were 6 A at 1 and
4 m, and 8.4 A at 13 m, the lens setup, with a wavelength
spread or AMA = 14%. The resultant scattering vector
ranged from 0.001 to 0.2 A™', which corresponds to
sizes from approximately 2.5 to 500 nm. Data were
corrected for empty-beam scattering, background counts
and detector uniformity, sample transmission, and scatter-
ing volume and were reduced to absolute scale (differen-
tial cross section per unit of volume) by normalization to
the intensity of the direct beam.

On the BT5 USANS instrument, a pair of triple-bounce
channel-cut perfect silicon (220) crystals was used for the
monochromator and analyzer. A 12.5-mm-diameter cad-
mium sample mask was used for both the SANS and
USANS measurements so that identical volumes were mea-
sured. The wavelength was 2.38 A with a wavelength spread
of AMA = 5.9%. The resultant scattering vector ranged from
3x10° A" t02x 102 A", which corresponded to sizes
from approximately 250 to 1.6 x 10* nm (Ref. 59). Scattering
intensity was corrected for constant background and the
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TABLE A.Il
Hydrothermally Treated Samples at 473 K*
Hydrothermal Bulk Density,
Sample Treatment Mass, £0.0001 g Height, £0.05 cm +0.1 g/em’
1A NaCl 3.9260 2.6 1.5
1B NaCl 3.9256 2.6 1.5
1C NaCl 3.9249 2.6 1.5
2A KCl1 3.9262 2.6 1.5
2B KCl1 3.9257 2.7 1.4
2C KCl1 3.9248 3.7 1.4
3A Deionized water 3.9246 2.6 1.5
3B Deionized water 3.9247 2.4 1.5
3C Deionized water 3.9253 2.6 1.5
SA None 3.9284 2.6 1.5
5B None 3.9245 2.6 1.5
5C None 3.9303 2.6 1.5
6A None 3.6256 2.5 1.4
6B None 3.6244 2.5 1.4
6C None 3.6242 2.5 1.4
7A None 3.3240 25 1.3
7B None 3.3254 2.5 1.3
7C None 3.3250 2.3 1.4

*Hydrothermal treatment and variables describing the sample as packed into an aluminum tube for analysis.

empty beam. The data were then converted to absolute scale
by correcting for the measured attenuation of the direct beam
through the sample. As USANS is a one-dimensional mea-
surement, the data were de-smeared for comparison with
SANS data using the USANS data reduction software pro-
vided by the NCNR (Refs. 38 and 60).
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