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SUMMARY 
This report describes research and development (R&D) activities conducted during fiscal year 2019 
(FY19) specifically related to the Engineered Barrier System (EBS) R&D Work Package in the Spent 
Fuel and Waste Science and Technology (SFWST) Campaign supported by the United States (U.S.) 
Department of Eneregy (DOE). The R&D activities focus on understanding EBS component evolution 
and interactions within the EBS, as well as interactions between the host media and the EBS. A primary 
goal is to advance the development of process models that can be implemented directly within the 
Genreric Disposal System Analysis (GDSA) platform or that can contribute to the safety case in some 
manner such as building confidence, providing further insight into the processes being modeled, 
establishing better constraints on barrier performance, etc.The FY19 EBS activities involved not only 
modeling and analysis work, but experimental work as well.  

The report documents the FY19 progress made in seven different research areas as follows: (1) thermal 
analysis for the disposal of dual purpose canisters (DPCs) in sedimentary host rock using the semi-
analytical method, (2) tetravalent uranium solubility and speciation, (3) modeling of high temperature, 
thermal-hydrologic-mechanical-chemical (THMC) coupled processes, (4) integration of coupled thermal-
hydrologic-chemical (THC) model with GDSA using a Reduced-Order Model, (5) studying chemical 
controls on montmorillonite structure and swelling pressure, (6) transmission x-ray microscope for in-situ 
nanotomography of bentonite and shale, and (7) in-situ electrochemical testing of uranium dioxide under 
anoxic conditions. 

The R&D team consisted of subject matter experts from Sandia National Laboratories, Lawrence 
Berkeley National Laboratory (LBNL), Los Alamos National Laboratory (LANL), Pacific Northwest 
National Laboratory (PNNL), the Bureau de Recherches Géologiques et Minières (BRGM), the 
University of California Berkeley, and Mississippi State University. In addition, the EBS R&D work 
leverages international collaborations to ensure that the DOE program is active and abreast of the latest 
advances in nuclear waste disposal. For example, the FY19 work on modeling coupled THMC processes 
at high temperatures relied on the bentonite properties from the Full-scale Engineered Barrier EXperiment 
(FEBEX) Field Test conducted at the Grimsel Test Site in Switzerland. 

Overall, significant progress has been made in FY19 towards developing the modeling tools and 
experimental capabilities needed to investigate the performance of EBS materials and the associated 
interactions in the drift and the surrounding near-field environment under a variety of conditions 
including high temperature regimes. 
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MC mechanical-chemical 

MD molecular dynamics 

MGC Modified Gouy-Chapman 

MMT montmorillonite 

MPM Mixed Potential Model 

MRB Ryzhenko–Bryzgalin 

OAT one-at-a-time  

OoR out-of-reactor 

PA performance assessment 

PCE polynomial chaos expansion 

PDMS polydimethylsiloxane 

PI Physique Instrument  

PNNL Pacific Northwest National Laboratory 

ppb parts per billion 

ppm parts per million 

PWR pressurized water reactor  

R&D research and development 

RE reference electrode 

RM Radiolysis Model 

ROM Reduced Order Model 

RPL Radiochemical Processing Laboratory 

SALVI System for Analysis at the Liquid Vacuum Interface 

SAXS small-angle x-ray scattering 

SEM scanning electron microscopy/microscope 

SEM-EDS scanning electron microscopy/microscope–x-ray energy dispersive spectroscopy 

SFWST Spent Fuel and Waste Science and Technology 

SIMS secondary ion mass spectrometry 

SNF spent nuclear fuel 
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SPC/E extended simple point charge 

STEM scanning transmission electron microscopy 

STEM-EDS scanning transmission electron microscopy–x-ray energy dispersive spectroscopy  

swp saturated water vapor pressure 

TEM transmission electron microscopy 

TEM-EELS transmission electron microscopy-electron energy-loss spectroscopy 

THC thermal-hydrologic-chemical 

THM thermal-hydrologic-mechanical 

THMC  thermal-hydrologic-mechanical-chemical 

THMCB thermal-hydrologic-mechanical-chemical-biogeo 

TM thermal-mechanical 

ToF-SIMS time-of-flight secondary ion mass spectrometry  

TSR thermochemical sulfate reduction  

TXM transmission x-ray microscopy/microscope 

U.S. United States 

WE working electrode 

WP waste package 

Wy-MMT Wyoming montmorillonite  

XCT x-ray computed tomography  

XPS x-ray photoelectron spectroscopy 

XRD x-ray diffraction 

ZP zone plate 
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SPENT FUEL AND WASTE SCIENCE AND 
TECHNOLOGY/ENGINEERED BARRIER SYSTEM R&D 

 
1. INTRODUCTION 
This report describes research and development (R&D) activities conducted during fiscal year 2019 
(FY19) specifically related to the Engineered Barrier System (EBS) R&D Work Package in the Spent 
Fuel and Waste Science and Technology (SFWST) Campaign supported by the United States (U.S.) 
Department of Energy (DOE). The R&D team consists of individuals from Sandia National Laboratories, 
Lawrence Berkeley National Laboratory (LBNL), Los Alamos National Laboratory (LANL), Pacific 
Northwest National Laboratory (PNNL), the Bureau de Recherches Géologiques et Minières (BRGM), 
the University of California Berkeley, and Mississippi State University.  

The R&D activities described in this report focus on understanding EBS component evolution and 
interactions within the EBS, as well as interactions between the host media and the EBS. A primary goal 
is to advance the development of process models that can be implemented directly within the Generic 
Disposal System Analysis (GDSA) platform or that can contribute to the safety case in some manner such 
as building confidence, providing further insight into the processes being modeled, establishing better 
contraints on barrier performance, etc. 

The FY19 EBS activities involved not only modeling and analysis work, but experimental work as well. 
The report documents the FY19 progress made in seven different research areas as follows: 

• Thermal Analysis for the Disposal of Dual Purpose Canisters in Sedimentary Host Rock 
using the Semi-analytical Method (Section 2) 

This section presents the results of a thermal, semi-analytical analysis for the disposal of dual 
purpose canisters (DPCs) for the sedimentary closed repository concept. The simulations were 
conducted in support of the GDSA. The simulations provide estimates of temperature at the 
surface of the waste package and the drift wall to help decide repository layout for performance 
assessment (PA) analysis. The semi-analytical method is based on the approach developed for 
enclosed emplacement modes (no ventilation) by Hardin et al. (2011; 2012). Thermal responses 
for pressurized water reactor (PWR) waste forms were investigated for a disposal concept in 
generic sedimentary host rock. These simulations are a continuation of previous work with 
increased focus on disposal of 37-PWR DPCs in closed-mode, sedimentary repository setting. 
The thermal calculations were based on a set of selected properties and parameters. A parametric 
study was also conducted for different repository configurations and disposal scenarios. The 
analysis examined the effects of drift spacing, waste package spacing, backfill thermal 
conductivity, number of PWR assemblies per waste package, and surface storage period. 

• Tetravalent Uranium Solubility and Speciation (Section 3) 

This section presents the results of experiments on the solubility of UO2 and speciation of U in 
SO4-bearing, 1 m NaCl solutions at 250°C, 300°C, and 350°C and saturated water vapor 
pressure. The data obtained suggest unexpectedly high stability of U(IV)-sulfate aqueous 
complexes. The predominant sulfate complex of U(IV) was identified as the neutral aqueous 
species, U(OH)2SO4º. In the sulfate-bearing solutions ranging from 0.01 to 0.35 mol/kg of total 
dissolved sulfate, U(OH)2SO4º controls the solubility of uranium at reducing conditions. 
However, even within more modest sulfate concentration ranges, uranium concentrations can 
range from hundreds of parts per billion (ppb) to tens of parts per million (ppm) when in 
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equilibrium with uraninite. Logarithms of the formation constant (U4
+ + SO4

2− + 2OH− = 
U(OH)2SO4) for this species are 30.18, 32.16, and 36.31, respectively, at 250°C, 300°C, and 
350°C. 

• Modeling of High Temperature THMC Processes (Section 4) 

This section presents the results of the application of thermal-hydrological-mechanical-chemical 
(THMC) modeling to evaluate the EBS bentonite characteristics in the argillite repository under 
different temperatures of 100°C and 200°C. The Barcelona Expansive Model (BExM) was 
integrated into the simulator TOUGHREACT-FLAC and its application was verified against 
laboratory tests. Coupled THMC models were used for simulations of the generic cases of 
heating for both 100°C and 200°C scenarios. While Zheng et al. (2019) reported the results of 
simulations of temperature, water saturation, stress and chemical changes, in this report, the 
focus is on simulations of the stress paths. Because modeling of THMC processes for the PA 
would likely require a large number of THMC simulations, we have begun transitioning 
simulations from TOUGHREACT-FLAC to a newly developed numerical simulator 
TReactMech, which is better suited for simulations of large computational problems and runs on 
the Linux platform.   

• Integration of Coupled THC Model with GDSA using Reduced-Order Model (Section 5) 

This section presents an endeavor of integrating coupled thermal-hydrologic-chemical (THC) 
models into the GDSA using a Reduced Order Model (ROM). The ultimate goal is to develop a 
ROM-based methodology and toolsets for integrating complex, coupled models (such as THMC 
or THC) into the overall PA model. The particular focus in this section is to compute the 
spatial/process-integrated Kd values to be used in the PA models. Up to now, the spatial temporal 
evolutions of Kd in EBS for a generic bentonite-argillite system were evaluated and a global 
sensitivity analysis (GSA) was conducted to evaluate the impact of each parameter on the 
performance measure (Kd in this case) over the full range of multidimensional parameters.  

• Studying Chemical Controls on Montmorillonite Structure and Swelling Pressure 
(Section 6) 

This section presents the progress on computational and thermodynamic modeling of clay 
swelling and an experimental study of chemical controls on montmorillonite swelling pressure 
and structure. Molecular mechanics simulations were combined with thermodynamic modeling 
to predict the coexistence of multiple swelling states for montmorillonite clay. In addition, a 
miniaturized oedometer cell for synchrotron x-ray studies of dynamic changes in compacted 
swelling clay structure were developed.   

• Transmission X-ray Microscope for In-situ Nanotomography of Bentonite and Shale 
(Section 7) 

This section presents the results of another experimental research activity aimed at the design 
and commission of a new transmission x-ray microscope (TXM) at beamline 11.3.1, and 
provides proof-of-principle data on (1) the structural evolution of hydrated compacted bentonite 
under changing chemical conditions, and (2) the deformation and fracture sealing of candidate 
repository rocks, such as shale or halite, under stress over multiple time scales, which will 
improve the fundamental understanding of interaction of chemical and mechanical processes 
taking place in bentonite. A novel uniaxial stress-strain cell has been designed and all 
components purchase or fabricated.  

• In-situ Electrochemical Testing of Uranium Dioxide under Anoxic Conditions (Section 8) 

This section presents the work done to build the capabilities needed to perform in-situ 
electrochemical corrosion testing of uranium dioxide (UO2) in the electron microscopy as well as 
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the experimental work completed thus far. A vacuum-compatible, microfluidic interface System 
for Analysis at the Liquid Vacuum Interface (SALVI) has been developed to enable surface 
analysis of liquids and liquid-solid interactions using scanning electron microscopy (SEM) and 
time-of-flight secondary ion mass spectrometry (ToF-SIMS). This section describes the initial 
results from the analysis of liquid samples of importance in the geologic disposal of UO2 spent 
nuclear fuel (SNF) in a repository environment using in-situ liquid SEM and SIMS. The results 
demonstrate that multimodal analysis of UO2 materials is possible using SALVI and in-situ 
chemical imaging. Both in-situ liquid SEM and SIMS can be used as new approaches to analyze 
radioactive materials in liquid and slurry forms of high-level nuclear wastes. In addition, 
stainless steel materials, like those that would be used in the repository setting, were analyzed 
using multiple surface tools including SEM, transmission electron microscopy (TEM), x-ray 
photoelectron spectroscopy (XPS), and ToF-SIMS. The results show that material interfaces 
change as a result of redox chemistry like those expected in the repository environment.  

This report fulfills the SFWST Campaign deliverable M2SF-20SN010308043.  
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2. THERMAL ANALYSIS FOR THE DISPOSAL OF DUAL PURPOSE 

CANISTERS IN SEDIMENTARY HOST ROCK USING THE SEMI-
ANALYTICAL METHOD 

A thermal, semi-analytical analysis was conducted for the disposal of DPCs for the closed-mode, 
sedimentary repository concept. The simulations were conducted in support of the GDSA. The 
simulations provide estimates of temperature at the surface of the waste package and the drift wall to help 
decide repository layout for PA analysis. The semi-analytical approach for enclosed emplacement modes 
(no ventilation) was developed by Hardin et al. (2011, 2012). Thermal responses for PWR waste forms 
were investigated for a disposal concept in generic sedimentary host rock. Thermal analysis for the 
disposal of DPCs in several host rocks have been studied for various disposal options. Hardin and 
Voegele (2013) and Hardin et al. (2013) conducted preliminary analyses for the disposal of 32-PWR 
DPCs. These simulations included variations of buffer thermal conductivity. Hadgu et al. (2015) and 
Hardin et al. (2015) expanded the thermal calculations to 37-PWR DPCs and various disposal options. 
These calculations also included parametric studies. The current simulations are a continuation of 
previous work with increased focus on disposal of 37-PWR DPCs in closed-mode, sedimentary repository 
setting. The thermal calculations were based on a set of selected properties and parameters. A parametric 
study was also conducted for different repository configurations and disposal scenarios. The analysis 
looked at effect of drift spacing, waste package spacing, backfill thermal conductivity, number of PWR 
assemblies per container, and surface storage period. 

2.1 Simulation Input Data 
The repositorywas assumed to be at 500-m depth. Ambient average ground surface temperature of 15°C, 
and a natural geothermal gradient of 25°C/km were used. The disposal concept is based on DPCs placed 
in overpacks (Figure 2-1) emplaced individually horizontally. The selected geometry for the analysis 
includes a drift diameter of 4.5 m and a waste package diameter of 2.0 m with 5.6-m length. Thermal 
conductivity of the sedimentary host rock was assumed to be 1.2 W/(m∙K) (Hardin et al. 2012). For the 
base case the buffer material is assumed to be engineered to provide higher thermal conductivity than 
bentonite or crushed alluvium backfill. A summary of the base case input data is given below. 

Parameters selected for the base case include 

• Waste package includes 37-PWR assemblies at 60 GWd/MT burnup 

• Surface storage of 150 years out of reactor 

• Sedimentary closed repository concept (no ventilation) with host rock thermal conductivity of 
1.2 W/(m∙K) and thermal diffusivity of 8.22×10−7 m2/s (i.e. volumetric heat capacity of 1.46×106 
J/(m3∙K)) 

• Buffer thermal conductivity of 1.0 W/(m∙K) 

• Drift diameter of 4.5 m 

• DPC dimensions: waste package diameter of 2 m and length of 5.6 m 

• Drift spacing of 60 m 

• Waste package spacing of 20 m (center-to-center) 

For parametric study, the following variations were made: 

• Waste package with 4-PWR and 12-PWR assemblies at 60 GWd/MT burnup. Decay heat for 
different assemblies is given in Figure 2-2. 
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• Sedimentary closed repository concept with host rock thermal conductivity of 1.2 W/(m∙K) and 
thermal diffusivity of 4.8×10−7 m2/s (i.e. volumetric heat capacity of 2.5×106 J/(m3∙K)) 

• Buffer thermal conductivity values of 0.6 (dry bentonite), 1.5, and 2.0 W/(m∙K) 

• Drift spacing of 30, 40, 50, 70, 75, 80 m 

• Waste package spacing of 30 m 

 

 
Source: Hardin et al. 2015, modified from Easton 2011. 

Figure 2-1.  Example of a DPC inside a storage overpack (cask) 
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NOTE: Time given by the x-axis refers to time out of the reactor. 

Figure 2-2.  Waste package decay heat power after discharge from PWR reactor  
for various numbers of SNF assemblies at 60-GWd/MT burnup 

2.2 Results of Semi-analytical, Thermal Analysis 
Semi-analytical Mathcad runs were conducted using the host rock and repository layout data, for the base 
case and variations listed above. Results of the simulations are given below. Maximum waste package 
and drift wall temperature predictions are given in Table 2-1, Table 2-2, Table 2-3, and Table 2-4. 
Temperature history plots for the waste package surface and the drift wall for the various combinations of 
input are given in Figure 2-3 to Figure 2-10. 

Figure 2-2 shows a log-log power output plot for different assemblies, for 60 GWd/MT burnup. For 
37-PWR DPC waste packages the thermal output is considerably higher than 4-PWR and 12-PWR waste 
packages. For the base case storage time of 150 years the thermal outputs of 37-PWR, 12-PWR and 
4-PWR are 6.29 kW, 2.04 kW and 0.68 kW, respectively. Figure 2-3 shows predicted temperatures as a 
function of time for the base case. The plots show temperatures at the waste package surface and the drift 
wall. Note that drift wall temperature predictions are conservative.  

The peak waste package surface and drift wall temperatures are 315°C and 194°C, respectively. The peak 
waste package surface temperature is within the 350°C temperature limit for cladding (DOE 2008 and 
Hardin et al. 2015) and corresponds to the base case data of 150 years surface storage, drift spacing of 
60 m, waste package spacing of 20 m and buffer thermal conductivity of 1 W/(m∙K). This would 
represent a relatively large repository foot print and a long surface storage time. 
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NOTE: Time given by the x-axis refers to time out of the reactor. 

Figure 2-3.  Waste package surface and drift wall temperature prediction  
for the base case with emplacement after 150 years of storage 

 

Table 2-1.  Predicted maximum temperature at waste package surface and drift wall for  
37 PWR (60-Wd/MT burnup) and backfill thermal conductivity of 1.0 W/(m∙K) 

WP 
Spacing 

(m) 

Drift 
Spacing 

(m) 

150-year Storage 

Twp max 
(°C) 

Tdw max 
(°C) 

20 30 358.2 272.6 
20 40 328.3 233.3 
20 50 318.3 208.4 
20 60 315.3 194.1 
20 70 314.6 187.3 
20 80 314.3 184.8 
30 75 302.4 168.0 

NOTE: WP = waste package. 
  Tdw = drift wall temperature. 
  Twp = waste package temperature. 

 



Evaluation of Engineered Barrier System FY19 Report 
8  January 31, 2020 
 

Table 2-2.  Predicted maximum temperature at waste package surface and drift wall for  
37 PWR (60-GWd/MT burnup) and backfill thermal conductivity of 0.6 W/(m∙K) 

WP 
Spacing 

(m) 

Drift 
Spacing 

(m) 

150-year Storage 

Twp max 
(°C) 

Tdw max 
(°C) 

20 30 430.1 272.6 
20 40 411.3 233.3 
20 50 406.1 208.4 
20 60 405.0 194.1 
20 70 404.8 187.3 

NOTE: WP = waste package. 
  Tdw = drift wall temperature. 
  Twp = waste package temperature. 

 

Table 2-3.  Predicted maximum temperature at waste package surface and drift wall for  
37 PWR (60-GWd/MT burnup) and backfill thermal conductivity of 1.5 W/(m∙K) 

WP 
Spacing 

(m) 

Drift 
Spacing 

(m) 

150-year Storage 

Twp max 
(°C) 

Tdw max 
(°C) 

20 30 327.4 272.6 
20 40 291.2 233.3 
20 50 276.9 208.4 
20 60 271.9 194.1 
20 70 270.3 187.3 

NOTE: WP = waste package. 
  Tdw = drift wall temperature. 
  Twp = waste package temperature. 

 

Table 2-4.  Predicted maximum temperature at waste package surface and drift wall for  
37 PWR (60-GWd/MT burnup) and backfill thermal conductivity of 2.0 W/(m∙K) 

WP 
Spacing 

(m) 

Drift 
Spacing 

(m) 

150-year Storage 

Twp max 
(°C) 

Tdw max 
(°C) 

20 30 312.8 272.6 
20 40 275.3 233.3 
20 50 257.3 208.4 
20 60 251.0 194.1 
20 70 248.7 187.3 

NOTE: WP = waste package. 
  Tdw = drift wall temperature. 
  Twp = waste package temperature. 

  



Evaluation of Engineered Barrier System FY19 Report  
January 31, 2020  9 
 
A parametric study was conducted to study thermal performance by varying various parameters, with the 
rest of the parameters kept at the base case values. Figure 2-4 shows waste package surface and drift wall 
temperature plots for different drift spacing and waste package spacing values. Table 2-1 shows the 
corresponding peak waste package surface and drift wall temperatures. Temperatures are highest for drift 
spacing value of 30 m (waste package surface temperature of 358.2°C and drift wall temperature of 
272.6°C). For this case temperatures remain high for a long period of time. Peak temperatures can be 
lowered using larger drift spacing values which would reduce the contributions of waste packages in 
adjacent drifts. The peak temperature is sensitive to drift spacing values 50 m and lower. Reducing waste 
package spacing would also reduce the contributions of neighboring waste packages. 

 
 

 
NOTE: Time given by the x-axis refers to time out of the reactor. 

WP = waste package surface 
DW = drift wall 
DS = drift spacing 
WPS = waste package spacing 

Figure 2-4.  Waste package surface and drift wall temperature prediction for different drift spacing 
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NOTE: Time given by the x-axis refers to time out of the reactor. 

WP = waste package surface 
DW = drift wall 
DS = drift spacing 
WPS = waste package spacing 

Figure 2-5.  Waste package surface and drift wall temperature prediction for  
different waste package spacing (center-to-center), all at 60-m drift spacing 

 

Sensitivity of waste package surface and drift-wall temperature to waste package spacing is shown in 
Figure 2-5. Peak temperatures are highest for waste package spacing of 10 m (384.0°C for waste package 
surface and 284.9°C for drift wall). Use of 30 m waste package spacing significantly reduces the peak 
temperatures (302.5°C for waste package surface and 170.1°C for drift wall). 
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NOTE: Time given by the x-axis refers to time out of the reactor. 

Kb = thermal conductivity of buffer 

Figure 2-6.  Waste package surface temperature prediction for  
different buffer thermal conductivity values 

 

Figure 2-6 shows predicted waste package temperature versus time for different buffer thermal 
conductivity values. The plots show significant reduction in peak temperature for larger thermal 
conductivity values. For buffer thermal conductivity 0.6 W/(m∙K), representing dry bentonite, the 
predicted peak waste package temperature is 405.0°C. Such high temperatures may affect the integrity of 
the EBS and the host rock.  
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NOTE: Kb = thermal conductivity of buffer 

Figure 2-7.  Peak waste package surface temperatures as a function  
of drift spacing for different buffer thermal conductivity 

Figure 2-7 shows peak waste package surface temperature versus drift spacing for different buffer thermal 
conductivity values. Table 2-1, Table 2-2, Table 2-3, and Table 2-4 show corresponding peak 
temperatures. Figure 2-7 and the tables show sensitivity of peak temperature to drift spacing decreases for 
spacings larger than 50 m. That is also the case for higher buffer thermal conductivity values. As also 
shown in Figure 2-6, significant reductions in peak temperature occur for buffer thermal conductivity 
values of 1.0 W/(m∙K) and higher. Thus, for the disposal of DPCs use of buffer material engineered to 
increase thermal conductivity would be beneficial. Figure 2-7 shows use of buffer thermal conductivities 
of 1.5 or 2.0 W/(m∙K) would reduce peak temperatures below 300°C. This is further studied by varying 
one more parameter (i.e. surface storage time) as shown in Figure 2-8. 

Table 2-1, Table 2-2, Table 2-3, and Table 2-4 provide peak waste package surface and drift wall 
temperatures for different drift spacing and buffer thermal conductivity values. For buffer thermal 
conductivity value of 0.6 W/(m∙K) and drift spacing values of 30 to 70 m, waste package surface 
temperatures vary between 430.1°C and 404.8°C. If an engineered buffer is used with thermal 
conductivity of 2.0 W/(m∙K), use of the range of drift spacing values result in waste package surface 
temperatures of 312.8°C to 248.7°C. The results indicate that peak temperatures could be optimized if a 
buffer thermal conductivity could be engineered appropriately. In addition, drift spacing could be 
optimized to reduce repository foot print. 
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NOTE: Kb = thermal conductivity of buffer 

Figure 2-8.  Peak waste package surface temperature as a function  
of surface storage time for two buffer thermal conductivity values 

 

Figure 2-8 shows peak waste package surface temperature versus surface storage time (i.e., time out of 
reactor) for two different buffer thermal conductivity values. It is obvious that the decay heat dissipates at 
longer times and thus longer surface storage would reduce the heat. For buffer thermal conductivity of 
1.5 W/(m∙K), storage of 135 years is sufficient to reduce peak waste package temperature below the 
300°C goal; storage to 200 years would reduce peak waste package surface temperature to 235.2°C. If the 
buffer thermal conductivity was 2 W/(m∙K), then 122 years of storage would be sufficient.  

Alternatively, peak temperatures can be lowered by placing a small number of assemblies in a waste 
package. Table 2-1, Table 2-2, Table 2-3, and Table 2-4 show peak waste package surface and drift wall 
temperatures for different buffer thermal conductivity, drift spacing and waste package spacing values. 
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NOTE: 12-PWR shown by green dashed line is emplaced after 65 years of storage (out-of-reactor (OoR) time); assemblies with 

solid lines are emplaced after 150 years of storage. 
PWR = pressurized water reactor 

Figure 2-9.  Effect of number of assemblies per waste package  
on waste package surface temperature  

 

Figure 2-9 shows waste package surface temperature as a function of time for different numbers of 
assemblies in the waste package. Reducing the waste package power to 12-PWR would significantly 
reduce the peak temperature to 160°C (from 315.3°C for 37-PWR). Figure 2-9 also shows a plot for 12-
PWR with 65 years surface storage time. The figure indicates that for similar peak waste package surface 
temperature as 37-PWR, the storage time could be significantly reduced. These are significant reductions 
in peak temperature but would require re-packaging DPCs. 
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NOTE: Time given by the x-axis refers to time out of the reactor. 

Figure 2-10.  Prediction of host rock temperature at different radial distances from drift wall 

Besides the peak waste package surface temperature and buffer temperature, temperature increases in the 
rest of the EBS and the host rock are also important to system integrity. Figure 2-10 shows predicted rock 
temperature at different distances from the drift wall. The calculations were done for the base case. The 
figure shows elevated temperatures for a long period of time. At 50-m radius from the central waste 
package temperatures rise to above 100°C. Reducing the peak waste package surface temperature will 
also reduce host rock temperatures. 

The simulations also looked at the sensitivity of host rock thermal diffusivity to waste package surface 
temperature. A rock thermal diffusivity value of 8.22×10−7 m2/s was selected for the base case. Based on 
Equation 2-1 below, the thermal diffusivity represents a volumetric heat capacity of 1.46×106 J/(m3∙K) for 
the base case thermal conductivity of 1.2 W/(m∙K). Sensitivity of rock thermal diffusivity was studied by 
using a reduced thermal diffusivity of 4.80×10−7 m2/s (i.e. increasing volumetric heat capacity to 2.5×106 
J/(m3∙K) for the same rock thermal conductivity). Figure 2-11 shows waste package surface temperature 
for the two thermal diffusivity values. Using the lower thermal diffusivity value reduces the peak 
temperature by about 11°C. 

 𝛼 =
𝑘
𝜌𝑐!

 Equation 2-1 
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where a = thermal diffusivity [m2/s] 
  k = thermal conductivity [W/(m∙K)] 
  𝜌𝑐!= volumetric heat capacity [J/(m3∙K)] 

 

 
NOTE: Time given by the x-axis refers to time out of the reactor. 

Alpha = thermal diffusivity 

Figure 2-11.  Effect of thermal diffusivity on waste package temperature 

 

2.3 Summary of Semi-analytical, Thermal Analysis 
Semi-analytical, thermal calculations were conducted for the disposal of DPCs for the closed-mode, 
sedimentary repository concept. The calculations support GDSA PFLOTRAN-based PA simulations. 
Direct disposal of DPCs would result in high thermal loads due to the large number of PWR assemblies in 
the waste package. They would need large surface area to effectively dissipate heat. Thus, repository foot 
print is one important parameter. The calculations looked at combinations of parameters that would affect 
thermal conditions in the EBS and the host rock. The predicted results showed that a combination of a 
larger repository foot print, a longer surface storage time, and an engineered buffer with higher thermal 
conductivity would be required to control peak temperatures. Alternative disposal concepts were also 
shown as part of sensitivity analysis. The results are in line with previous analyses.  
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3. TETRAVALENT URANIUM SOLUBILITY AND SPECIATION 
3.1 Introduction 
Understanding the controls on the behavior of U at hydrothermal conditions is essential in risk assessment 
associated with geological disposal of nuclear waste, especially for evaluating the effects of breaching 
engineered barriers and flooding waste with ground waters or deep saline fluids (e.g., Grambow and 
Bretesché 2014; Ewing 2015). Nuclear waste is heated by radioactive decay to temperatures typical of 
hydrothermal systems, and potential contact with aqueous solutions can mobilize uranium, transport it, 
and cause undesired contamination of the environment (e.g., Burns et al. 2012). Considering these risks 
and determing if mitigation measures will be necessary requires quantitative models of the processes 
occurring at elevated temperatures, and, thus, quantitative understanding of the behavior of U-bearing 
solid phases and aqueous complexes at these conditions. 

In nature, uranium occurs predominantly in either the U(IV) or U(VI) oxidation state (e.g., Bastrakov et 
al. 2010). While the latter, oxidized state is highly mobile and known to form soluble solids and high 
stability aqueous species, reduced U(IV) is traditionally assumed to be highly insoluble and generally 
unable to develop significant concentrations in aqueous solutions (Guillaumont et al. 2003). Many 
existing mobilization/deposition models take into account this effect, and suggest that the change of 
oxidation regimes, when the system switches between predominance of U(IV) and U(VI), is the main 
factor controlling uranium mobilization and deposition (e.g., Komninou and Sverjensky 1995; Cuney 
2009; Richard et al. 2011; Haynes et al. 1995). Low temperature experimental data (Guillaumont et al. 
2003) support these conceptual models, and are able to sufficiently explain natural, low- and medium-
temperature hydrothermal behavior (e.g., Ahonen et al. 1994; Sunder et al. 1996; Rich et al. 1977).  

However, our recent experimental data on the stability of U(IV) complexes at temperatures above 200°C 
call into question the applicability of these conventional models at elevated temperatures (Timofeev et al. 
2018). These data demonstrate that, at high temperatures, uranium (IV) chloride complexes become 
highly stable, and, at low pH, the solubility of uranium oxides becomes comparable to that in oxidizing 
systems. In addition to challenging the established reducing-ensures-immobilizing paradigm, these 
findings emphasize the paucity of experimental work on high temperature U(IV) complexation. Existing 
experimental studies devoted to the complexation of U(IV) at elevated temperature are restricted to those 
of Parks and Pohl (1988) and Tremaine et al. (1981), which evaluate stability of U(IV)-hydroxyl 
complexes. Stabilities of other complexes of U(IV) (chloride, sulfate, carbonate, etc.) have largely been 
considered insignificant (Grenthe et al. 1992; Guillaumont et al. 2003) until the study of Timofeev et al. 
(2018), and have received little attention. Thus, one important conclusion from Timofeev et al. (2018) is 
the necessity for additional experimental studies of high-T interaction of U(IV) with other ligands in 
aqueous solutions. 

Sulfate is abundant in seawater (Millero et al. 2008), it played an active role in the Fukushima disaster, it 
is likely to be present in water that interacts with nuclear waste at disposal sites (Cheshire et al. 2014; 
Caporuscio et al. 2017; Cheshire et al. 2018), and it is also a component of many uranium-ore forming 
fluids (e.g., Gammons et al. 2003; Kister et al. 2005). Previous experimental studies performed at ambient 
and near-ambient temperatures demonstrate high affinity of U(IV) to the sulfate ligand and high stability 
of USO4

2+ and U(SO4)2 aqueous species, relative to other U(IV) complexes (Perez et al. 1980; Hennig et 
al. 2007). Therefore, the main goal of this study is to experimentally investigate speciation of U(IV) in 
sulfate-bearing solutions at elevated temperatures, and to derive quantitative thermodynamic data 
characterizing the stability of observed uranium sulfate species. 
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3.2 Experimental Technique 
The experiments involved determination of the solubilities of uraninite (UO2

cryst) in aqueous solutions of 
various chemistries (pH, sulfate), and were conducted at controlled redox conditions (employing solid 
state redox buffers), saturated water vapor pressure (swp), and temperatures of 250°C, 300°C, and 350°C 
(200°C experiments are still in progress and will not be reported here). The experiments were performed 
in light-weight test tube-size autoclaves (35 to 40 cm3 internal volume), manufactured from Titanium 
Grade 2, which were passivated with a layer of TiO2 to ensure its chemical inertness. Experiments 
performed at T < 300°C were conducted in autoclaves with Teflon liners. Since Teflon melts and 
decomposes at 270°C, in experiments at 300°C and 350°C, the Teflon liners were not used. The 
experimental technique employed in this study is similar to that reported in Timofeev et al. (2018), except 
that the solutions with a range of concentrations of sulfate, rather than chloride, were used here. For 
details not covered in the following sections, readers are referred to Timofeev et al. (2018).  

Experimental solutions were prepared from de-ionized, CO2-free water and Na2SO4 (Fisher Scientific, 
A.C.S.) with concentrations ranging from 0.05 to 0.55 mol/L (Table 3-1). Solutions’ pH25°C were adjusted 
to approximately 2 using HCl (Fisher Scientific, Optima grade). All experimental solutions were prepared 
to have NaCl (Fisher Scientific, A.C.S.) as a background electrolyte at concentrations of 1 m because the 
most reliable and experimentally best-tuned activity model applicable to high temperatures is that 
developed by Helgeson et al. (1981), Oelkers and Helgeson (1990), and Oelkers and Helgeson (1991) for 
NaCl-dominated solutions (recommended for up to I = 6 and T up to 600°C). 

 

Table 3-1.  Composition of experimental solutions, solid state buffer used, pH25°C measured after 
quenching, and pHT extrapolated to experimental temperature 

T 
(°C) 

Buffer Na2SO4 
initial 

(mol/kg) 

Na2SO4 
HPLC 

(mol/kg) 

NaCl 
(mol/kg) 

pH25°C pHT U 
(ppm) 

U log m 

250 Ni/NiO 0.001 0.001 1.0 3.300 3.803 0.065 −6.483 

250 Ni/NiO 0.005 0.005 1.0 2.880 3.821 0.287 −5.840 

250 Ni/NiO 0.008 0.008 1.0 2.740 3.855 0.409 −5.685 

250 Ni/NiO 0.01 0.010 1.0 2.650 3.841 0.655 −5.481 

250 Co/CoO 0.025 0.027 1.0 2.350 3.932 0.958 −5.316 

250 Co/CoO 0.05 0.054 1.0 2.150 4.026 1.160 −5.233 

250 Ni/NiO 0.08 0.083 1.0 2.090 4.187 1.164 −5.231 

250 Ni/NiO 0.1 0.103 1.0 1.990 4.168 1.376 −5.159 

250 Ni/NiO 0.025 0.025 1.0 2.960 4.623 0.061 −6.512 

250 Ni/NiO 0.025 0.026 1.0 2.900 4.555 0.069 −6.459 

250 Ni/NiO 0.025 0.026 1.0 2.630 4.264 0.312 −5.803 

250 Co/CoO 0.025 0.026 1.0 2.570 4.199 0.379 −5.718 
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Table 3-1.  Composition of experimental solutions, solid state buffer used, pH25°C measured after 

quenching, and pHT extrapolated to experimental temperature (continued) 

T 
(°C) 

Buffer Na2SO4 
initial 

(mol/kg) 

Na2SO4 
HPLC 

(mol/kg) 

NaCl 
(mol/kg) 

pH25°C pHT U 
(ppm) 

U log m 

250 Co/CoO 0.025 0.025 1.0 2.560 4.186 0.368 −5.732 

250 Ni/NiO 0.025 0.026 1.0 2.510 4.130 0.348 −5.756 

250 Ni/NiO 0.025 0.027 1.0 2.310 3.876 1.013 −5.292 

250 Ni/NiO 0.025 0.026 1.0 2.130 3.625 3.764 −4.722 

300 Ni/NiO 0.05 0.046 1.0 2.353 4.555 1.171 −5.309 

300 Ni/NiO 0.05 0.042 1.0 2.165 4.754 0.283 −5.925 

300 Ni/NiO 0.25 0.239 1.0 2.091 4.689 2.336 −5.009 

300 Ni/NiO 0.25 0.260 1.0 1.997 4.751 0.923 −5.412 

300 Co/CoO 0.25 0.248 1.0 2.314 4.929 0.633 −5.576 

300 Ni/NiO 0.35 0.354 1.0 2.091 4.851 1.717 −5.142 

300 Ni/NiO 0.35 0.313 1.0 2.227 5.100 0.719 −5.520 

300 Ni/NiO 0.45 0.451 1.0 2.095 4.894 1.306 −5.261 

300 Ni/NiO 0.55 0.546 1.0 2.050 4.880 1.451 −5.215 

350 Ni/NiO 0.05 0.053 1.0 2.436 5.261 0.067 −6.550 

350 Co/CoO 0.05 0.034 1.0 2.036 4.723 0.293 −5.910 

350 Ni/NiO 0.05 0.034 1.0 1.897 4.480 1.595 −5.174 

350 Ni/NiO 0.15 0.144 1.0 2.110 5.189 0.602 −5.597 

350 Co/CoO 0.15 0.135 1.0 2.133 5.216 0.665 −5.555 

350 Ni/NiO 0.15 n.a. 1.0 1.709 4.674 1.420 −5.225 

350 Ni/NiO 0.25 0.222 1.0 1.836 4.968 2.905 −4.914 

350 Ni/NiO 0.25 0.232 1.0 2.050 5.211 0.381 −5.797 

350 Co/CoO 0.25 0.264 1.0 2.193 5.371 0.253 −5.975 

350 Ni/NiO 0.35 0.351 1.0 2.051 5.254 0.615 −5.588 

350 Co/CoO 0.35 0.336 1.0 2.288 5.504 0.294 −5.908 

NOTE: HPLC = high performance liquid chromatography 
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Before each experiment the autoclaves were loaded with UO2 (99.8% International Bio-Analytical 
Industries, Inc.) and solid-state redox buffers (Ni/NiO or Co/CoO; Fisher Scientific, 99.95%), which were 
contained in separate 1- to 3-mm diameter quartz holders (fused quartz tubes with their upper ends open; 
Technical Glass Products). Then an aliquot of experimental solution was added. The technique employs 
the separated phases approach and uses the effect of thermal expansion of solutions; the volume of added 
aliquot is calculated to ensure the solution is not in contact with UO2 at ambient conditions, but will 
expand and flush the holder at the experimental temperature (Figure 3-1). After completion of the 
experiments and quenching the autoclaves, the solutions contract and lose contact with UO2. This 
approach ensures that the solubility determined in the experiments corresponds to the experimental 
temperature only and is not affected by the processes that may occur during heating/quenching of the 
autoclaves. The holders containing solid-state redox buffers were sufficiently long (~10 cm) to ensure that 
experimental solutions never contact the redox buffers, and fO2 re-equilibration occurred through the gas 
phase (Figure 3-1). In order to accelerate fO2 re-equilibration and to avoid unnecessary consumption of 
the buffers by atmospheric oxygen, autoclaves were purged with high purity Argon gas (Matheson Tri 
Gas, Ultrapure) immediately before being capped and sealed using a Grafoil® O-ring. 

 

 

Figure 3-1.  Sketch of the experimental setup used in this study 

 

Autoclaves were thermostated in a ThermoFisher Scientific Thermolyne Largest Tabletop Muffle Furnace 
(±0.5°C). After the experiments, autoclaves were air quenched until solution reached room temperature, 
holders containing UO2 and fO2 buffers were removed and aliquots of post-experimental solutions were 
taken for pH and sulfate measurements. The sulfate concentration was analyzed using high performance 
liquid chromatography (HPLC), and the pH was measured potentiometrically using an Orion glass double 
junction electrode and a set of calibration standards matching NaCl/Na2SO4 concentrations in 
experimental solutions. Thereafter 3 to 5 ml of concentrated HNO3 (Fisher Scientific, TM grade) was 
added to the autoclave to dissolve any uranium which may have precipitated on the inside walls of the 
autoclave during cooling. To ensure complete dissolution, autoclaves were soaked with acid overnight 
before an aliquot of the acidified experimental solution was taken to measure the total dissolved uranium.  
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Concentrations of U in the resulting solution were measured using inductively coupled plasma–mass 
spectrometry (ICP-MS) technique and confirmed by kinetic phosphorimetry analysis (KPA). Two sets of 
blank experiments (no UO2 holders added) were also performed to ensure that any uranium deposited on 
the autoclave walls was dissolved during the overnight acid soak. ICP-MS analysis showed that any 
residual uranium concentrations were negligible, and any uranium solids possibly precipitated during 
cooling were removed during the overnight soaking. Finally, to ensure that the measured solubility 
corresponded only to the dissolution of UO2, post experiment holders were selected randomly, and the 
collected solids were analyzed by x-ray diffraction (XRD). An example of the XRD patterns taken from 
post-experimental solids is shown in Figure 3-2, which reveals no alteration of the reference UO2 phase 
during the solubility experiments.  

 

 

Figure 3-2.  XRD pattern showing the close match between predicted diffraction peaks  
for UO2 (red) and those observed in the experiment (black) 

 

Most experiments were performed using Ni/NiO solid state redox buffers (Nimetal+0.5O2
gas = NiOsolid). 

However, a few controlled determinations were also performed at each isotherm with a Co/CoO solid 
state redox buffer. These experiments allowed verification of our assumption that the data collected at 
Ni/NiO conditions correspond to the predominance of U(IV) species in aqueous solutions, while uranyl 
complexes (U(VI)) do not contribute significantly to the mass balance of dissolved U. If dissolution of 
UO2 is mostly controlled by U(IV) aqueous species, this process is redox-independent, and the data 
collected for the same solution, but different redox conditions (Ni/NiO and Co/CoO set ~3 orders of 
magnitude different fO2) should be identical, e.g. 

 

 UO2
solid + 4H+ = U4+ + 2H2O  Equation 3-1 
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However, if uranyl species predominate in the aqueous solution, solubility of UO2 turns into a redox-
dependent process, and the data should differ significantly, e.g.  

 

 UO2
solid + 2H+ + 0.5O2

gas = UO2
2+ + H2O Equation 3-2 

 

Agreement between the data collected at Ni/NiO and Co/CoO conditions was therefore considered as a 
criterion of the predominance of U(IV) species in aqueous solution. 

In addition to the redox control series, a set of 7 experiments with identical sulfate concentration and pH 
(pH = 2.1–2.3, Na2SO4 = 0.4 mol/kg) were performed at 250°C for durations of 1 to 7 days to determine 
the time needed to reach the equilibrium (Figure 3-3). After four days at 250°C, uranium concentrations 
reached a plateau where they remained for the duration of the experiments. Since equilibrium will be 
reached faster at elevated temperatures, the reproducible, consistent uranium concentrations after four 
days suggest that the concentrations measured for the experiments exceeding four days correspond to 
those of isothermal solubility. Hence, all experiments reported in this study were performed for a 
minimum of six days.  

 

 
NOTE: Equilibrium was reached after approximately three days. 

Figure 3-3.  Series of kinetic experiments performed at 250°C 

 

3.3 Results and Preliminary Data Treatment 
The results of the solubility experiments are summarized in Table 3-1. The table also lists the 
concentrations of total sulfate set in experimental solutions prior to heating (Na2SO4 initial) and those 
determined in the solutions after the experiments (Na2SO4 HPLC). As it can be seen from the table, the 
concentrations of total sulfate determined in post-experimental solutions are effectively indistinguishable 
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from initial concentrations (within the experimental error). The latter effect does not reflect equilibrium 
state, and rather corresponds to the steady state conditions. Indeed, redox conditions employed in the 
experiments correspond to the predominance fields of H2S and HS− species (Figure 3-4(a)), and, if 
equilibrium is established, sulfate must represent a very minor proportion of dissolved sulfur at these 
conditions. It is known however that thermochemical sulfate reduction (TSR) is the process characterized 
by extremely slow kinetics, and in many cases requiring variable intermediates, such as polysulfanes or 
polythionates, to be initiated (Goldstein and Aizenshtat 1994; Thom and Anderson 2008; Ellis et al. 2016; 
Li et al. 2017). It is evident from the table that this process has not been initiated (or has been initiated at 
undetectable extent) in our experiments. In the following derivations we assumed the “frozen” redox 
equilibria of sulfur in experimental solutions and that the determined concentrations of sulfate (not sulfide 
or hydrosulfide) fully control speciation of uranium. 

Notably, uranium concentrations experimentally determined at elevated temperatures (250°C, 300°C, and 
350°C) are unexpectedly high. In some experiments, they reach values of up to 3.5 ppm, which is seven 
to eight orders of magnitude greater than concentrations predicted in a system without sulfate or chloride 
complexes, based on the data reported in Shock et al. (1997a). The table also lists the values of pH25°C and 
pHT, which were calculated for experimental temperatures using the measured pH25°C and post-
experiment solution composition.  

All calculations reported here employed the extended Debye-Huckel model modified by Helgeson et al. 
(1981), Oelkers and Helgeson (1990), and Oelkers and Helgeson (1991) for NaCl-dominated solutions: 

 

 log 𝛾" = −	
𝐴 ∙ [𝑍"]# ∙ √𝐼
1 + 𝐵 ∙ 	 �̊� ⋅ √𝐼

+ 	Γ + 𝑏$𝐼 Equation 3-3 

 

where A and B are the Debye–Huckel parameters, Zi, Γ and �̇� ̊ are the individual molal activity coefficient, 
the charge, a molarity to molality conversion factor and the distance of closest approach of an ion i, 
respectively. The effective ionic strength calculated using the molal scale is I and bγ is the extended-term 
parameter for NaCl dominated solutions. The initial model used for preliminary calculation of pH and 
activity of sulfate species included: H2O, H+, OH−, O2, H2, Na+, NaOH, NaSO4

−, NaClº, SO4
2−, HSO4

−, 
Cl−, and HClº. Thermodynamic data for these calculations were taken from Johnson et al. (1992), 
Sverjensky et al. (1997), and Tagirov et al. (1997). Although the pH values initially set in experimental 
solutions and measured after the experiments (pH25°C) are all appreciably acidic, those calculated for 
experimental temperatures (pHT), especially at 300°C and 350°C, are shifted to near-neutral range. This 
effect is due to two inter-related factors: 1) sulfuric acid strength significantly decreases with temperature 
(pK of the dissociation reaction HSO4

− = H++ SO4
2− changes from 1.97 at 25°C, swp, to 7.40 at 350°C, 

swp; Figure 3-4(b)), and 2) pHT of experimental solutions is largely controlled by weak acid and strong 
base due to sulfate concentration in experimental solutions set using Na2SO4.  

In the experiments performed at higher temperatures without Teflon lining (300°C and 350°C), pH25°C 
shifts more strongly toward alkalinity from the initial values. This effect can be explained by partial 
(minor) interaction of intrinsic acid with the walls of the autoclaves and neutralization of the acidity of the 
experimental solutions. Although this shift never exceeds 0.1–0.5 pH25°C units, it leads to significant 
variability of pHT and adds additional variability to the controls of UO2 solubility: experimental series 
initially expected to be performed at constant pHT do not reflect this condition. Thus, reduction of UO2 
solubility data must assume dependence on both pHT and sulfate concentration.  
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NOTE: Dashed line in (a) corresponds to the conditions of Ni/Ni and Co/CoO solid state redox buffers. 

Figure 3-4.  (a) Example of Predominance field diagram for sulfur aqueous species  
at 300°C and Saturated pressure of water, and (b) dissociation constant of sulfuric acid  

(pK HSO4− = H+ + SO4−) and range of pHT Investigated as a function of temperature 

 

Stoichiometry of the Predominant Species—Figure 3-5(a),(b), and (c) illustrates the dependencies 
of the logarithms of measured uranium concentration in the experimental solutions as a function 
of the logarithms of activity of HSO4

− (the predominant sulfate species at experimental 
conditions; see Figure 3-4) calculated for each data point using the above-mentioned model. 
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Figure 3-5.  Logarithms of uranium molality plotted as a function of  

increasing HSO4− activity at three isotherms: (a) 250°C, (b) 300°C, (c) 350°C 

 

As seen in Figure 3-5, the log m U – log a(HSO4
−) trends obtained have slopes ranging from 0.78 to 1.76. 

However, it should be noted that these slopes likely do not reflect the stoichiometric ratio of the 
predominant aqueous species, as these dependencies are the function of two variables: activity of 
hydrosulfate ion and pH. Changes of pH in experimental series are greatest at 350°C and smaller at 250°C 
and 300°C, and therefore we assumed to the first approximation that the latter two isotherms closely 
approximate the stoichiometric ratio of the predominant species (U:HSO4

− = 1:1). Employing this 
assumption as a working hypothesis, the data were normalized assuming U:HSO4

− stoichiometric ratio of 
1:1, and then plotted as a function of pHT to evaluate the contribution of pH to the changes in the UO2 
solubility in experimental solutions (Figure 3-6). As can be seen, all isotherms in Figure 3-6 show 
negative correlation of saturation concentrations of U with pH, which is close to the U:H+ stoichiometric 
ratio of 1:1. 
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NOTE: Normalization is used to standardize experimental values to a fixed HSO4

− activity so that proper stoichiometric slopes 
can be observed when plotted against pH. 

Figure 3-6.  Logarithms of uranium molality normalized to log HSO4− activity of −2.5  

 

This finding permitted to account for the changing pH in experimental solutions and to validate 
our initial hypothesis that the species controlling solubility of UO2 in our experiments are 
characterized by the stoichiometric ratio U:HSO4

− = 1:1. As can be seen from Figure 3-7, the data 
plotted accounting for the pH dependence, demonstrate a close approximation to the slope of 1.  

Along with experiments performed with Ni/NiO solid state buffers, Figure 3-5, Figure 3-6, and 
Figure 3-7 also plot the data from the experiments performed with Co/CoO buffers. The data 
collected for Co/CoO-buffered systems are in excellent agreement with those collected using 
Ni/NiO-buffered systems. This finding validates the assumption that our experimental 
dissolution of UO2 occurred via redox-independent process and the aqueous species controlling 
this process are those of U(IV). Based on this finding and the pH and HSO4

− dependencies 
discussed above, we conclude that, at all temperatures investigated, the solubility of UO2 
determined in experimental solutions is controlled by the following reaction: 

 

 UO2
cryst + HSO4

− + H+ = U(OH)2SO4
º Equation 3-4 
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NOTE: Normalization is used to standardize experimental values to a fixed pH so that proper stoichiometric slopes can be 
observed when plotted against activity of HSO4

−. 

Figure 3-7.  Logarithms of uranium molality normalized to pH of 5  

 

3.3.1 Data Reduction 
In order to take into account all possible complexities in our system, we used the code OptimA (part of 
the HCh software package) to determine formation constants for each isotherm (Shvarov 2010). The code 
minimizes the sum of the squared deviations of measured, experimental concentrations of U from those 
theoretically calculated at equilibrium (Shvarov 2015) by adjusting Gibbs free energy of the species of 
interest (U(OH)2SO4). The calculation of the equilibrium state of the chemical system was performed 
using the HCh package by minimizing its free energy. In addition to the species used for pHT calculations 
noted above, chemical description of the system also involved: uraninite, nickel, bunsenite, U4+, UOH2+, 
UO+, HUO2, UO2

−, UOH3+, UO2+, UO2, HUO2
+, HUO3

−, UO2
+, UO2OH, UO2

2+, UO3
−, UO2OH+, UO3, 

UO4
2−, HUO4

−, UO2SO4, UO2(SO4)2
2−, UO2Cl+, UO2Cl2, and UCl4. Thermodynamic properties of these 

components were taken from Shock et al. (1997b); Shock et al. (1997a); Guillaumont et al. (2003); 
Timofeev et al. (2018), and Migdisov et al. (2018). Thermodynamic properties of water and its 
dissociation constant used in these calculations are from the Haar-Gallagher-Kell model (Kestin et al. 
1984) and the Marshall and Franck (1981) model, respectively. Activity coefficients of charged species 
were calculated using the extended Debye-Huckel equation (Equation 3-3), while activity coefficients of 
neutral aqueous species were calculated from the simplified version of the extended Debye-Huckel 
equation:  
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 log 𝛾" = Γ +	𝑏$𝐼 Equation 3-5 

 

Using the data available for uraninite (Guillaumont et al. 2003), U4+ (Shock et al. 1997c), HSO4
− and 

SO4
2− (Johnson et al. 1992; Shock et al. 1997c), the optimized values of the Gibbs free energies were 

recalculated to the logarithms of the constants (log K = −ΔrG/(2.303·RT)) for the reaction (Equation 3-4): 

 

 ΔrG°T = ΔG°T (U(OH)2SO4
º)  − ΔrG°T (UO2

cryst)  − ΔrG°T (HSO4
−) Equation 3-6 

 

 ΔG°T (H+) = 0 Equation 3-7 
 

and for the formation reaction: 

 

 U4+ + SO4
2- + 2OH− = U(OH)2SO4 Equation 3-8 

 

 ΔrG°T = ΔG°T (U(OH)2SO4
º) − ΔrG°T (U4+) − ΔrG°T (SO4

2-) − 2 ΔrG°T (OH-) Equation 3-9 

 

The derived formation constants are reported in Table 3-2, along with uncertainties calculated based on 
the confidence intervals returned by the OptimA code for ΔG°T (U(OH)2SO4

º). The trend of the obtained 
log K (log B) values as a function of temperature (−1000/TK) is also illustrated in Figure 3-8.  

 

Table 3-2.  Logarithms of formation constants for species U(OH)2SO4o determined in this study 

  250°C 300°C 350°C 

UO2cryst + HSO4− + H+ = 
U(OH)2SO4º 

log K 1.18±0.09 1.65±0.27 1.65±0.32 

U4+ + SO42− + 2OH− = 
U(OH)2SO4 

log B 30.18 32.16 36.31 
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Figure 3-8.  Logarithms of formation constant for U(OH)2SO4  

as function of temperature (−1000/TK). 

 

In order to extrapolate/interpolate these values to the temperatures beyond those investigated 
experimentally, the values of formation constants (log B) have been fitted to the Ryzhenko–Bryzgalin 
(MRB) model (Ryzhenko et al. 1985) modified by Shvarov and Bastrakov (1999). The latter is a model 
that was developed to fit the temperature and pressure dependence of dissociation constants for ion pairs: 

 

 𝑙𝑜𝑔𝐾(&,() =	
𝑇*
𝑇
𝑙𝑜𝑔𝐾(&!,(!) 	+ 	𝐵(&,() ∗ (	𝐴++ ,⁄ +

𝐵++ ,⁄
𝑇

	) Equation 3-10 

 

where K is the dissociation constant of the ion pair, Tr and Pr are the reference temperature and pressure, 
respectively, and Azz/a and Bzz/a are fitting parameters. The term B(T,P) accounts for the properties of 
water at a given T and P, and is computed from the data of Marshall and Franck (1981). Parameters of the 
MRB model for U(OH)2SO4º are reported in Table 3-3. 

 

Table 3-3.  MRB model parameters for U(OH)2SO4 aqueous complex  
derived based on experimental results in this study 

 pK(298) Azz/a Bzz/a 

U(OH)2SO4 9.774 −4.876 6595.72 
 

3.4 Discussion 
The data listed in Table 3 and illustrated in Figure 3-7 suggest that the stability of U(OH)2SO4

º decreases 
drastically with decreasing temperature. Thus, it is not surprising that this aqueous species has not been 
identified at ambient and near-ambient conditions and is not included in the summarizing dataset reported 
by Guillamont et al. (2003), which is mostly based on experimental data obtained at T < 100°C. Two 
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exceptions, though, are the data of Parks and Pohl (1988) and Tremaine et al. (1981), which provide 
information on the speciation of U(IV) at temperatures up to 300°C. However, these studies focus 
exclusively on the formation of hydroxyl complexes of U(IV) and, thus, cannot be used for comparison 
with the results reported here. The dataset of Guillamont et al. (2003) does account for sulfate 
complexation of U(IV), but suggests that ambient conditions are predominated by simple U(IV)-sulfate 
complexes, such as U(SO4)2 and USO4

2+. Identification of U(OH)2SO4
º as the predominant sulfate species 

at elevated temperatures suggests changes in the speciation scheme and replaces simple sulfate species 
with mixed hydroxyl-sulfate complexes. 

It should be noted that this effect, though relatively uncommon, has been described for a few hard bases, 
such as Zr, Nb, Ta and Sn (e.g., Aja et al. 1995; Migdisov et al. 2011; Timofeev et al. 2015; Timofeev et 
al. 2017). For example, speciation of Zr in fluoride-bearing solutions has been shown to be predominated 
by simple fluoride complexes at near-ambient conditions (Aja et al. 1995), whereas at elevated 
temperatures it is predominated by hydroxyl-fluoride species (Migdisov et al. 2011). Similar effects were 
found for Nb and Ta fluoride complexes (Timofeev et al. 2015; Timofeev et al. 2017). In addition, 
hydroxy-fluoride and hydroxyl-chloride complexes have been described for high-T speciation of Sn(IV) 
(Ryzhenko et al. 1997). It is notable that most of the species described in the previous studies are 
neutrally charged, as is U(OH)2SO4

º. This is in good agreement with the general trend for high-T 
speciation in aqueous solutions: heating tends to result in alteration of the positional and orientational 
constraints of water molecules, partial disruption of their three dimensional (3D) hydrogen bonding 
network which stabilizes highly charged species, and, thus, promotion of ion pairing/association and 
metal complex formation (Seward et al. 2013).  

Besides its neutrality, another characteristic feature of U(OH)2SO4
º is its unexpectedly high stability at 

elevated temperatures. Tetravalent uranium is traditionally assumed to be immobile under reducing 
conditions (e.g., Allard, 1982; Sani et al. 2004; Carbol et al. 2005; Opel et al. 2007). This paradigm was 
recently challenged by Timofeev et al. (2018), who demonstrated that at temperatures above 200°C, 
uranium can be appreciably mobile at high temperatures, even under reducing conditions, if appropriate 
ligands (Cl in the case of Timofeev’s study) are available for complexation. However, the experiments of 
Timofeev et al. (2018) were performed at appreciably acidic conditions (pHT < 2.5-3.0). Moreover, they 
have shown that the ability of chloride-bearing fluid to carry uranium decreases with a power factor of 4 
when pH increases. As conditions move toward weakly acidic and near neutral, this ability become 
insignificant.  

Data presented in this study, however, suggest sulfate-bearing solutions, in contrast to chloride-bearing 
solutions, can develop U concentrations of several ppm when in equilibrium with UO2 at pHT as high 
as 5. An example of aqueous species distribution as a function of the activity of sulfate is shown in 
Figure 3-9 for 300°C and at pHT of 2 and 5. The calculations were performed for the system saturated 
with respect to UO2; in order to illustrate competition between chloride and sulfate complexes of U(IV), 
calculations were performed for solutions containing 1m NaCl. As it can be seen from Figure 3-9(a), and 
consistently with the findings of Timofeev et al. (2018), acidic conditions combined with elevated 
temperatures greatly promote the ability of aqueous solutions to carry uranium at reducing conditions. It 
is evident from this figure that at low concentrations of sulfate, in the field of UCl4 predominance, 
uranium concentrations predicted for such systems can reach the level of hundreds of ppb, whereas at 
higher concentrations of sulfate, in the field of predominance of U(OH)2SO4º (log a(HSO4

−) > −6.4), 
concentrations of dissolved U steadily increase, reaching and exceeding ppm levels. Such extreme 
conditions are, however, relatively rare (primarily due to very high acidity), and Figure 3-9(b) illustrates a 
more realistic scenario. This diagram models dissolution of uraninite in a solution of the same chemistry, 
but at pH(T) of 5. As is shown, at this near neutral pH (at 350°C, pH of neutral solutions is 6.145 due to 
pKw changing with temperature) chloride complexes do not contribute significantly to the mass balance 
of dissolved uranium. However, the concentrations of U developed due to the contribution of 
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U(OH)2SO4º are high enough to make this species predominant in aqueous solutions and to develop 
uranium concentrations exceeding ppm level at log a(U(OH)2SO4º) > −3. Most notably, for both acidic 
and near-neutral conditions, it is the U(IV) species that limits the total U solubility. 

 

 

Figure 3-9.  Distribution of predominant species at (a) pH of 2 and (b) pH of 5  
at 300°C and conditions corresponding to Ni/NiO buffers 

 

These findings have important implications for both mobilization of U in natural hydrothermal 
systems and assessment of potential impacts of breaching engineered barriers in nuclear waste 
disposal sites. Many natural systems tend to fall in the more neutral pH range, such as Cigar 
Lake, Canada (Sunder et al. 1996), Jachymov, Czech Republic (Casas et al. 1998), and the Oklo 
natural reactor (Brookins 1990), all of which are naturally reducing systems and analogous to 
potential granitic disposal sites. Thus, the scenario of chloride-based transport of reduced U is 
applicable to only a few specific cases of highly acidic solutions, whereas sulfate-based 
complexes are likely to be more abundant (upon availability of the ligand in the solution). We 
foresee that the findings reported in this contribution may lead to re-evaluation of several genetic 
models proposed for high-T uranium-bearing ore-forming systems. 
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In the case of nuclear waste disposal sites, a typical solution, which can interact with used fuel in 
the scenario of an engineered barrier breaching event, is also very different from acidic fluid 
investigated by Timofeev et al. (2018), and its composition is much closer to the solutions we 
studied here. As has been shown by a set of studies on high-T interaction of ground water with a 
variety of clay backfills (250°C to 300°C; Cheshire et al. 2014; Caporuscio et al. 2017; Cheshire 
et al. 2018), the solution that could potentially penetrate into a canister containing spent fuel or 
waste form (Engelhard et al. 2016; Guo et al. 2016) can contain up to hundreds of ppm of sulfate 
(due to high-T decomposition of clay’s sulfides), and is at the pH range of 5 to 7. It should be 
noted that the values of pH reported in the above studies are those determined at 25°C, and it is 
likely that these values do not correspond to pH(T) developed in solutions at experimental 
conditions. Thus, evaluating the ability of these fluids to transport U, similar to the diagram 
illustrated in Figure 3-9(b), we performed thermodynamic calculations assuming near-neutral 
acidity of the solutions at a pH(T) of 5. Models of uranium species distribution in solutions of the 
above compositions (in equilibrium with UO2) are illustrated in Figure 3-10. As is shown, the 
U(OH)2SO4 species still controls the total uranium solubility. It can also be seen that, in contrast 
to the models not accounting for sulfate speciation of U(IV) (which predict vanishingly small 
solubility of U), the contribution of sulfate complexes results in concentrations of dissolved 
uranium ranging from tens to hundreds of ppb. The highest levels of U solubility were predicted 
for 300°C. Temperature decrease has a dramatic effect on solubility levels, and at temperatures 
lower than 200°C to 220°C, the concentrations of dissolved U in such solutions are predicted to 
decrease below 1 ppt.  
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NOTE: Concentrations are calculated for solutions saturated with respect to solid UO2. Logarithms of uranium molality of each 

species are plotted against logarithms of hydrosulfate activity over the range of 50 – 300 ppm Na2SO4. 

Figure 3-10.  Distribution of predominant species at pH of 5 at 250°C and 300°C  
and conditions similar to nuclear waste disposal sites  

 

3.5 Conclusion 
The experimental results obtained in this study indicate the unexpectedly high stability of U(IV)-sulfate 
aqueous complexes in the temperature range of 250°C to 350°C. The predominant sulfate complex of 
U(IV) was identified as the neutral aqueous species, U(OH)2SO4

º. The previously described chloride 
complex of U(IV), such as UCl4

º (Timofeev et al. 2018), has a stability that has a strong negative 
correlation with pH and as such plays an important role only in acidic solutions. In contrast, the species 
identified in this study contributes appreciably to the mass balance of dissolved uranium even in more 
realistic solutions of near-neutral acidity. It has been demonstrated that, in sulfate-bearing solutions, the 
U(OH)2SO4

º species controls the solubility of U at reducing conditions. Within realistic ranges of sulfate 
compositions, uranium concentrations in solutions can develop ranging from hundreds of ppb to hundreds 
of ppm and even more when in equilibrium with uraninite, a mineral phase commonly encountered in 
both natural and engineered systems. 
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4. MODELING OF HIGH TEMPERATURE THMC PROCESSES 
4.1 Introduction 
In the underground EBS, bentonite is typically used as a buffer material to isolate the disposed 
underground nuclear waste from the surrounding environment. These materials are characterized by high 
swelling properties, absorption capabilities, and low permeability, as well as a nonlinear response of 
sorption.  The interaction between the sorption and the environment makes it complex and difficult to 
predict sorption behavior. To incorporate the effects of new phenomena (at differing chemical and 
mechanical conditions), numerous experiments are necessary to improve the understanding of sorption 
performance during different processes underground, and in particular, mechanical constitutive models 
are required for clays when simulated numerically.  

The goal of this section is to develop a coupled THMC model to evaluate mechanical changes induced by 
the chemical alteration in EBS bentonite and the natural system clay formation under various processes, 
attempting to provide necessary information for decisions on repository temperature limits.  

In a multiyear effort of studying the effect of chemical changes on mechanical under high temperature, 
we have conducted exploratory simulations for various chemical, hydrological conditions, different types 
of bentonite and host rocks. We have also developed and tested several constitutive relationships for 
mechanical-chemical (MC) coupling, which is the key part of THMC model that allows us to evaluate the 
direct impact of chemical changes on mechanical behavior. In a previous THMC model (e.g., Zheng et al. 
2015), the coupling between chemical and mechanical processes was carried out via an Extended Linear 
Swelling Model (ELSM). However, such model does not accurately describe the transient state of 
swelling, neglects the history of mechanical change, and is unable to account for the impact of cations 
exchange on the swelling. Since then, the double structure BExM (Sánchez et al. 2005) has been 
implemented to link mechanical process with chemistry. As a result, the model can simultaneously 
incorporate the effects of exchangeable cations, ionic strength of pore water and abundance of swelling 
clay on the swelling stress of bentonite.  

This section contains updates from the milestone report (Zheng et al. 2019) submitted on May 31, 2019. 
The first part of the section contains the status of the dual structure model, BExM, implemented in the 
simulator TOUGHREACT-FLAC. It includes an introduction on the MC coupling through BExM. The 
second part of this section presents results of two modeling scenarios: new temperature simulations at the 
bentonite-container interface—“high T” and “low T” cases—as a function of the stress path evolution. 
The third part of the section describes a new simulator, TReactMech. TReactMech is a coupled THMC 
code, recently developed at LBNL, to simulate coupled THMC processes using surrogate models, which 
can be incorporated into the Generic Disposal System Analysis (GDSA) model. Preliminary test cases 
were run with TReactMech on a Linux platform. The first case is a benchmark example to test the code 
against the analytical solution, and to compare the results with TOUGH-FLAC simulations. The second 
case describes an ongoing generic modeling of a clay repository with bentonite EBS with peak 
temperature of 200°C at the canister/bentonite interface. 

4.2 Double Structure Model 
4.2.1 Introduction on BExM 
In this section, we introduce a dual structure model, BExM. The Barcelona Basic Model (BBM) was 
developed for simulations of unsaturated soils, considering only the soil macrostructure in a constitutive 
model. The microstructure is incorporated to extend the BBM to a dual structure model such as BExM to 
enable simulating the behavior of expansive soils, taking into account the dependency of swelling strains 
and swelling pressures on the initial stress state and on the stress path, strain accumulation upon suction 
cycles and secondary swelling. In the dual structure model, the total volume (𝑉), the total void ratio (𝑒), 
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and porosity (𝜙), of the material are divided into two components: microstructural and macrostructural. 
The microstructure can swell to invade the macroporosity, depending on the mechanical confinement and 
load level, and thus make permeability changes during soil swelling not proportional to the total strain 
and deformation of the expansive clay. Equations to describe the mechanical behavior of microstructural 
and macrostructural levels and the interaction between structural levels are not expressed here for the sake 
of simplicity.  

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

The original BExM predicts the microstrains induced by the effective stress for the whole microstructure, 
ignoring the effects of the evolution of volume fraction of smectite. When the material is hydrated, only 
the smectite in the microstructures interacts with the water invaded and swells. The swelling capacity of 
the material should be proportional to the volume fraction of smectite 𝑓.,. Thus, the elastic microstructural 
volumetric strains are assumed to depend on the change in the microstructural effective stress as follows: 

 d𝜀/01 =
𝑓.
𝐾0

d�̂� Equation 4-1 

where �̂� = 𝑝 + 𝑠0, �̂� is the effective mean stress, 𝑝 is the net mean stress, which is the total mean stress 𝜎P 
minus gas pressure 𝑝2, and 𝑠0 is the microstructural suction. The total suction, 𝑠0, contains two 
components, matric suction, 𝑠, and osmotic suction, 𝑠3, i.e., 𝑠0 = 𝑠 + 𝑠3. Apparently, there is a 
relationship between the liquid saturation and the the matric suction, 𝑠. The effect of ionic strength of the 
pore water on microstructural strain is computed as: 

 𝑠3 = −1045
𝑅𝑇
𝑉6
ln 𝑎6	 Equation 4-2 

where 𝑉6 is the molar volume of water (in m3/mol), 𝑅 is the ideal gas constant, 𝑇 is the temperature 
(in K), and 𝑎6 is the activity of water. 𝑎6 is calculated in TOUGHREACT (Xu et al. 2011) as follows: 

 ln 𝑎6 = −Φ𝑚∗ 1
55.51

 Equation 4-3 

where Φ is the osmotic coefficient of the solution, and 𝑚∗ is the sum of the molarities of all species in the 
solution. 

In Equation 4-4, 𝐾0 is calculated as 

 𝐾0 =
𝑒8"!9

𝛽0
 Equation 4-4 

where 𝛼0 is the material parameter. The effect of exchangeable cations is linked to mechanics through 
the dependence of 𝛽0 (Equation 4-5) on exchangeable cation concentration as shown in the following 
equation (Gens 2010): 
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 𝛽0 =Z𝛽0" 𝑥"
"

 Equation 4-5 

Gens (2010) and Guimarães et al. (2013) proposed that 𝛽0"  is proportional to the ionic hydrated radius, 
and inversely proportional to its valence. 𝛽0 is the sum over ionic species. We calibrated the values of 𝛽0"  
for different cations against laboratory experiments. 

We launched a series of simulations to investigate the swelling capacity of bentonite and to calibrate the 
parameters of BExM for Full-scale Engineered Barrier EXperiment (FEBEX) bentonite against 
experiments conducted by Castellanos et al. (2008). Based on simulations of swelling pressure 
experiments, parameters of BExM are calibrated, and the optimal parameters are listed in Table 4-1. The 
void ratios of e_micro and e_macro are recalculated based on the experimental data reported by Lloret 
et al. (2003). The simulation results of the swelling pressure test are displayed in Figure 2-4. 

 

Table 4-1.  Parameters of BExM for FEBEX bentonite 

Parameters defining the BBM for macrostructural behavior 
𝜅 = 0.030 𝜅# = 0.006 𝜆(0) = 0.08 𝑝$ = 0.5 MPa 𝑟 = 0.90 𝜁 = 1 MPa−1 𝑝%∗ = 6.5 MPa 

𝛼' = 0.5 𝛼% = 1 × 10()°C 𝛽*+' = 2.574 × 10(, MPa−1 𝛽*- = 0.257 × 10(, MPa−1  

𝛽*
./ = 3.346 × 10(, MPa−1 𝛽*0' = 2.574 × 10(, MPa−1    

 
Parameters defining the law for microstructural behavior 
𝛼* = 2.1 × 10(1 MPa−1 𝜒 = 1                          
       

Interaction functions      

𝑓2$ = 1 + 0.9	tanh	 A20 B
𝑝3
𝑝%
− 0.25DE 𝑓2# = 0.8 − 1.1	tanh A20 B

𝑝3
𝑝%
− 0.25DE   

     

Initial conditions      

𝑒*'$34 = 0.21 𝑒*2$34 = 0.48 𝑓# = 0.5428 𝑠4 = 0.777 MPa   
      

NOTE: BBM = Barcelona Basic Model 
  BExM = Barcelona Expansive Model 
  FEBEX = Full-scale Engineered Barrier EXperiment  

 

 

4.3 Generic Model Development 
The model used in this report is similar to that given in previous publications (Liu et al. 2013; Zheng et al. 
2014; Zheng et al. 2015; Zheng et al. 2016; Zheng et al. 2017a). We briefly describe below each element 
of the THMC model, focusing on the updates since June 2019 after the submission of Zheng et al. (2019).  
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4.3.1 Simulator 
Zheng et al. (2016) reviewed an application of several THMC simulators, and concluded it is difficult to 
apply these simulators to real problems. The numerical simulations in this study are conducted with 
TOUGHREACT-FLAC3D, which sequentially couples the multiphase fluid flow and reactive transport 
simulators, TOUGHREACT (Xu et al. 2011) and the finite-difference geomechanical code FLAC3D 
(Itasca 2009). The coupling of TOUGHREACT and FLAC3D was initially developed in the work by 
Zheng et al. (2012) to provide the necessary numerical framework for modeling fully coupled THMC 
processes. Recently, the model was upgraded using multiple constitutive models, such as the dual 
structural BExM and ELSM, which will be discussed in more detail below. 

4.3.2 Modeling Scenarios 
The model is applied to a hypothetical bentonite-backfilled nuclear waste repository, comprising a 
horizontal nuclear waste emplacement tunnel at a 500-m depth in Opalinus clay (Figure 4-1). The case is 
a pseudo two dimensional (2D) model with Y-axis aligned parallel to the tunnel, with 1-m thickness along 
the y-axis. The z-axis is vertical, while the horizontal x-axis is perpendicular to the tunnel. While the 
canister is modeled as a heat source with mechanical properties of steel, the THC changes in the canister 
and its interactions with EBS bentonite are not considered for the sake of simplicity. 

An initial stress field is imposed by the self-weight of the rock mass. Zero normal displacements are 
prescribed on the lateral boundaries of the model. Zero stress is applied to the top, and vertical 
displacements are zero at the bottom of the model domain. An open boundary condition is applied to 
assign the liquid pressure at top and bottom, and initially the model domain is in a hydrostatic state. The 
initial temperature at the top is 11°C and 38°C at the bottom, with a thermal gradient of 27°C/km. The 
nonisothermal model simulations were conducted with a time-dependent heat power input. The power 
curve in Figure 4-1 was adopted from representative heating data obtained from the U.S. DOE's Used 
Fuel Disposition Campaign for PWR used fuel. This heat load is then scaled in the 2D model to represent 
an equivalent line load, which depends on the assumed spacing between individual waste packages along 
an emplacement tunnel. The heat load for the “low T” case corresponds to an initial thermal power of 
3144 W (total power, equal to about 220 W/m along the length of the heater) for a 4-PWR-element waste 
package after aging for 60 years, a 50-m spacing between emplacement tunnels, and 3-m spacing between 
the 5-m long packages. The input power is estimated to increase the temperature to 100°C at peak inside 
bentonite buffer. The heat load for the “high T” case represents similar waste package and spacing, except 
with only 20 years of aging, and will induce 200°C at peak in the buffer. Initially the EBS bentonite has a 
water saturation of 65% and the clay formation is fully saturated. From time zero, the EBS bentonite 
undergoes simultaneously re-saturation, heating, chemical alteration, and stress changes.  
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NOTE: Modeling monitoring points: A—inside the bentonite near the canister, B—inside the bentonite and near the EBS-natural 

system interface, C—inside the clay rock formation and near the EBS-natural system interface, D—inside the clay rock 
formation at a distance of 10 m from the canister. Power curves in simulations: “high T” is for the 200°C peak temperature 
in the buffer); and “low T” is for the 100°C peak temperature in the buffer. 

Source: Rutqvist et al. 2014. 

Figure 4-1.  Modeling domain for test example of a bentonite, back-filled,  
horizontal emplacement drift at a depth of 500 m  

 

4.4 Modeling Results 
To study bentonite alteration using a coupled THMC model, the simulator was upgraded, more 
constitutive relationships were tested, and more scenarios were analyzed. While the previous work 
focused only on the mechanical behavior, we now employed the dual structure model BExM for the same 
scenarios under the same geological formation. As described in Section 4.2.1, the MC coupling method 
through the dual-structure model takes account for the effects of the volume fraction of smectite, 
exchangeable cations and ionic strength on swelling capacity. Two scenarios of generic repository cases 
as described in Section 4.3.2 were simulated with each model to illustrate the swelling behavior of the 
bentonite. We first present high temperature (“high T”) cases in this section. The coupling is 
approximated as one-way, i.e., the mechanical behavior does not affect the fluid, thermal transports or 
chemical reactions. Thus, it neglects poro-elastic changes in host rock pore space. The evolution of 
temperature, liquid saturation and pore pressure is the same for all cases, which helps distinguish the 
effect on stress by different models.  
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4.4.1 Results of the High Temperature Case 
Figure 4-2 presents the stress paths in the 3D 𝑞-𝑝-𝑠0 space and the corresponding projection on the  
𝑝-𝑠0 plane. We present the stress paths at Points A and B with BExM to show the evolution of both 
macro- and micro-structures. Figure 4-3(a) and (b) display the 2D stress paths together with the evolution 
of 𝑝: in terms of suction. Figure 4-3(c) and (d) present the changes of void ratio (macro, micro, and total) 
in terms of suction. Figure 4-3(e) and (f) depict the evolution of the values of the interaction functions 
movement in the various stages of the analysis. 

At Point A, which is close to the heater, at the beginning of the test, since the temperature is not high, the 
bentonite undergoes the wetting process, and it swells initially, so that the interaction function 𝑓". is 
triggered as shown in Figure 4-3(e). When temperature increases rapidly to over 100°C, the bentonite is 
drying. Simulations show that the suction increases and the liquid saturation decreases, activating MC 
mechanism at microscale. The interaction function 𝑓"; 	is positive and induces small compressive plastic 
macrostructural deformation. Moreover, the bentonite at Point A undergoes confinement accumulation 
from the external zones of the buffer and host rocks, so the macrostructure also contracts due to the 
increase of the mean net stress. Both processes compact the macrostructure, resulting in growth of 𝑝:, and 
reduction of the total void ratio. After about 1 year, the bentonite at Point A undergoes hydration again: 
the liquid saturation grows and suction reduces, resulting in swelling of the bentonite and activating the 
interaction function 𝑓".. The function 𝑓". is positive and induces tensile plastic macrostructural strain, but 
then it becomes negative, and, consequently, induces the compressive plastic strain. The mean net stress 
still increases during this stage, resulting in the macrostructure contraction. However, later in this stage, 
the temperature is close to 180°C, inducing a significant thermal expansion at macroscale and causing a 
macrovoid ratio increase. The total void ratio increases during this phase, while 𝑝:	follows a complicated 
increase/decrease path until it becomes steady when the material is fully saturated. Postsaturation, all state 
variables at Point A remain practically unchanged, expect the interaction function changes between 𝑓"; 
and 𝑓". paths. The final loading-collapse (LC) curve on Figure 4-3(a) is to the right of the initial one, 
indicating the increment of the elastic domain, and the hardening of the material. 

A different behavior is taken place at Point B that is close to the host rock and is affected by the hydration 
boundary (Figure 4-3(b), (d), and (f)). Bentonite at Point B is initially under compression due to the high 
confinement from the host rock. The simulations show a slight contraction at macroscale and the total and 
macrovoid ratio decrease. The microstructure is also under compression, which is implied by the 
interaction function, which follows 𝑓"; path triggered by the MC mechanism. Then, the bentonite at 
point B undergoes the hydration process, with the increase in the liquid saturation and a decrease in 
suction, resulting in bentonite swelling and activation of the MC mechanism. The evolution of 𝑓".	at 
point B is similar to that at Point A during the wetting phase. Firstly, 𝑓".	is positive, indicating the tensile 
plastic macrostructural strain, then it becomes negative, indicating the compressive plastic strain. Later, 
thermal expansion at macroscale also occurs, when the bentonite reaches full saturation, causing a slight 
increase in the macrovoid ratio. The total void ratio increases during this phase, mainly due to the 
contribution of microstructural swelling. During this phase, also some suction increases happens, so the 
interaction function changes to the MC mechanism with 𝑓"; 	> 	0 for a short period, then it goes back to 
the MS path. This implies a large microstructural swelling due to the strong reduction of microstructural 
effective stress. After the saturation, macrostructure contracts again, mainly, due to accumulation of 
effective stress at macroscale, when liquid pressure dissipates, resulting in the reduction of the macro and 
total void ratio. The final LC curve moves left slightly, which is due to the reduction of the elastic 
domain, and softening of the material. 
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Figure 4-2.  Stress paths at Points A and B in 3D 𝒒-𝒑-𝒔𝒎 space for the “high T” case 

 

  

(a) Stress path of Point A on p-sm plane (b) Stress path of Point B on p-sm plane 
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(c) Void ratio evolution at Point A (d) Void ratio evolution at Point B 

  

(e) Interaction function at Point A (f) Interaction function at Point B 

NOTE: In (a) and (b), LC = loading-collapse. 

Figure 4-3.  Simulation results of bentonite behavior at Points A and B  
with FEBEX bentonite for the high T case 
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In the “low T” case, since the temperature is below 100°C in the buffer, the desaturation process is 
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on the 𝑝-𝑠0 plane, showing similar saturation paths at both Points A and B on the 𝑝-𝑠0plane. 
Figure 4-5(a) and (b) display the stress paths together with the evolution of p0 with suction changes (𝑝: is 
an apparent pre-consolidation stress for the current value of suction). Figure 4-5(c) and (d) present the 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.01 0.1 1 10 100 1000

Vo
id

Ra
tio

Suction (MPa)

emacro
emicro
etotal
Initial state
Final state

Point A

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.01 0.1 1 10 100 1000

Vo
id

Ra
tio

Suction (MPa)

emacro
emicro
etotal
Initial state
Final state

Point B

-0.5

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

f i
sc

pr/p0

Path, A
fic
fis
Initial state
Final state

-0.5

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

f i
sc

pr/p0

Path, B
fic
fis
Initial state
Final state



Evaluation of Engineered Barrier System FY19 Report 
42  January 31, 2020 
 
relationship between the void ratio (macro, micro and total) and the suction. Figure 4-5(e) and (f) 
illustrate the evolution of the values of the interaction function as a function of pr/po. 

The stress path on 𝑝-𝑠0 plane for the “low T” case is different from that simulated for the “high T” case. 
Since Points A and B in “low T” case are characterized by similar saturation processes, they both exhibit 
similar behavior in “high T” case. However, for “low T” case, the different location of the final LC curve 
implies that the shrinkage of the elastic domain. 

 

Figure 4-4.  Stress paths at Points A and B in 3D 𝒒-𝒑-𝒔𝒎 space for the “low T” case 
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(a) Stress path of Point A on p-sm plane (b) Stress path of Point B on p-sm plane 

  

(c) Void ratio evolution at Point A (d) Void ratio evolution at Point B 
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(e) Interaction function at Point A (f) Interaction function at Point B 

Figure 4-5.  Simulation results of bentonite behavior at Points A and B  
with FEBEX bentonite for the “low T” case 

 

 

It is not clear how to interpret the pattern of the swelling stress from the results of simulations using the 
dual-structure model, because the microswelling strain is calculated directly in the framework of the 
model. Moreover, because of the non-linear behavior of the elasto-plasticity in both macro- and micro-
structures, it is difficult to distinguish the swelling stress from the total stress. Therefore, in Figure 4-6, 
we present the mean net stress for unsaturated bentonite and the mean effective stress for fully saturated 
bentonite during the simulation to illustrate the accumulation of stress in the solid skeleton of bentonite. 
At Point A, the mean effective/net stress for the “high T” case is about 6.7 MPa at peak, which is higher 
than the peak stress of 5.3 MPa for the “low T” case. This difference can be explained by the effect of a 
more significant drying of bentonite in “high T” case. Figure 4-6 illustrates that after reaching the peak 
points, stresses in both cases are reduced as the effective stresses are plotted instead of net stresses when 
bentonite changes from unsaturated condition to fully saturated. After 100 years, pore pressure drops after 
its peak value, and the effective stress starts to increase for the “high T” case, which can be explain by the 
chemical effect and declining of the osmotic suction. Later, the effective stress in the “high T” case 
increases higher than that in the “low T” case due to combined effects of the swelling capacity increase 
and the large pore pressure reduction. Also, no volumetric collapse occurs since the material state does 
not reach the LC curve. The key variables affecting the LC curve is the net mean yield stress at full 
saturation, 𝑝:∗, and macrostructural stiffness parameters, 𝜆(𝑠0) and 𝜅, which are obtained in laboratory 
experiments, but quite dependent on the compaction status of samples. At Point B, both “high T” and 
“low T” cases exhibit similar stress evolutions, but the stress in “high T” case is 0.4 MPa lower than that 
for the other case due to the fast saturation process and strong confinement induced by the higher thermal 
stress in the “high T” case. However, later, around 40,000 years, the stress recovers to the same level as 
for the “low T” case. 
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Figure 4-6.  Simulation results of stress at Points A and B with  
FEBEX bentonite for the “low T” and “high T” cases 

 

4.5 New TReactMech Simulator and Linux Platform 
4.5.1 Introduction on TReactMech 
In FY19, as a part of an effort for integrating the coupled THMC model into the GDSA framework, we 
started to transition numerical simulations the Linux platform using a new numerical simulator 
TReactMech, recently developed at LBNL. TReactMech introduces a parallel coupled continuum 
geomechanics capability into the thermal-hydrological-mechanical-chemical-biogeo (THMCB) parallel 
simulator TOUGHREACT V3.X-OMP (Sonnenthal and Spycher 2014; Xu et al. 2011; 2006), with 
improvements to the TOUGH2 multiphase flow core (Pruess et al. 1999). The geomechanical formulation 
is based on a 3D continuum finite-element model with full 3D stress calculations, plastic deformation via 
shear and tensile failure (Kim et al. 2012; 2015; Smith et al. 2015).  

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

In TReactMech, heat and fluid flow, stress, and reactive transport equations are solved using the 
sequential non-iterative approach, as shown schematically in Figure 4-7. A system of fluid flow and heat 
transport equations are solved simultaneously as in TOUGH2 (Pruess et al. 1999) with modifications to 
consider multiple coupled geochemical and geomechanical effects on porosity and permeability, as well 
as taking into account new capabilities, such as temperature-dependent thermal properties. TReactMech 
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uses a hybrid parallel computation approach, in which the geomechanics are solved using Petsc/MPI and 
the reactive chemistry with OpenMP. Geomechanics (3D stress equations, strain and failure strain) 
simulations are performed after fluid and heat flow, followed by simulations of transport of aqueous and 
gaseous species, mineral-water-gas reactions, and finally permeability-porosity-capillary pressure changes 
owing to geomechanical and geochemical changes to porosity or fracture aperture. 

 

 
Source: Sonnenthal et al. 2018. 

Figure 4-7.  TReactMech flowchart  

 

4.5.2 3D THM Modeling Benchmark 
The goal of this section of the report is to present the results of TReactMech modeling of a basic 
benchmark 3D test case, considering thermal-hydrologic-mechanical (THM) processes to validate the 
code implementation against the analytical solution. The case study includes simulations of the 
consolidation of an infinite homogeneous saturated porous medium around a constant point of the heat 
input power. The analytical solution for this problem was provided by Booker and Savvidou (1985) and 
Smith and Booker (1993), considering that the pore water and the solid skeleton of clays are 
incompressible. The 3D model domain is a cube of 15×15×15 m. Considering symmetry planes at x = 0, y 
= 0, and z = 0, only an eighth of the model is simulated. The domain near the heat source is refined with a 
smaller mesh for better accuracy. The heat source is a cube with 2.5-cm radius (Figure 4-8(a)). In order to 
simulate the THM problem, we also modified the simulator to match all theoretical assumptions used in 
the derivation of the Booker and Savvidou (1985) analytical solution. 

The initial temperature and pore pressure are set to 0°C and 0 Pa, respectively. Regarding thermal and 
hydraulic conditions and considering symmetry conditions, the three symmetry planes are impermeable 
and adiabatic. At far field, the temperature and pore pressure are set to 0°C and 0 Pa, respectively. At the 
heat source, a constant heat power of Q=150 W is instantaneously applied at t = 0. Regarding mechanical 
conditions, all model domain boundaries are free except the symmetry planes, where null displacement 
conditions are applied normal to the boundaries. A homogenous and isotropic material is considered. The 
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model parameters in the benchmark test are listed in Table 4-2. The modeling outputs are temperature, 
pressure, stresses and displacements up to 365 days at the monitoring points, as listed in Table 4-3. 

Table 4-2.  Model parameters of the benchmark example  

Parameters Values 
Porosity 𝜙 = 0.15 
Equivalent thermal conductivity [W/(m∙K)] 𝜆 = 1.7 
Equivalent density [kg/m3] 𝜌 = 2445 
Equivalent heat capacity [J/(kg∙K)] 𝐶" = 1000 

Permeability [m2] 𝑘 = 4.5 × 10#$% 
Young modulus [MPa] 𝐸 = 4500 
Poisson's ratio 𝜈 = 0.3 
Density of solid grains [kg/m3] 𝜌& = 2700 
Heat capacity of solid grains [J/(kg∙K)] 𝐶"& = 773 

Volumetric coefficient of thermal expansion of solid grains 
[1/K] 

𝛼& = 4.2 × 10#' 

Density of water [kg/m3] 𝜌( = 1000 
Compressibility of water [1/Pa] 𝑐( = 5 × 10#)% (a) 

Heat capacity of water [J/(kg∙K)] 𝐶"( = 4180 

Dynamic viscosity of water [Pa×s] 𝜇( = 1 × 10#* 
Volumetric coefficient of thermal expansion of water [1/K] 𝛼( = 4 × 10#+ 

NOTE: (a) The analytical solution in Booker and Savvidou (1985) assumes the water is incompressible, 
indicating 𝑐! ≈ 0. 

 

  

(a) (b) 

Heater 
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Figure 4-8.  (a) Modeling domain of the benchmark modeling test, and (b) result of  
simulations of the temperature distribution in the modeling domain after 1 year 

 

Table 4-3.  Points for numerical results for 3D THM benchmark 

Points (𝒙, 𝒚, 𝒛) 
Coordinates 

Quantity 

P1 (0.35, 0, 0) Temperature, pressure 
P2 (1.375, 0, 0) Temperature, pressure 
P3 (0.35, 0.45, 0.625) Temperature, pressure, stress 

 

Simulation and analytical results of temperature at points P1, P2, and P3 are plotted in Figure 4-9. The 
calculated temperature at point P1 is slightly higher than the analytical solution in Figure 4-9(a), which is 
likely due to the size effect of the heat source. Except this difference at point P1, an overall good 
prediction of temperature between numerical and analytical solutions is obtained. Also, a good agreement 
on pore pressure is achieved (Figure 4-9(b)). The peak of the pore pressure from the modeling at the point 
P1 is higher by 0.1 MPa of the analytical solution, which is consistent with the higher temperature 
simulated at P1. 

As temperature increases, the pore pressure at all points grows, reaching the peak pressure, and then it 
dissipates to the zero during a long period. Figure 4-9(c) displays the normal stress evolution at point P3, 
showing that the numerical results match the analytical solution well, except the peak value for each 
stress is slightly lower, and later the stress reduces more than the analytical solutions, which could be 
caused by the boundary effects. The numerical results of shear stress evolution at P3 match the analytical 
solution as well. 
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(c) (d) 

NOTE: P1 is at (0.35, 0, 0), P2 is at (1.375, 0, 0), and P3 is at (0.35, 0.45, 0.625). 

Figure 4-9.  Simulation results of 3D THM modeling: (a) temperature evolution  
at P1, P2, and P3; (b) pore pressure evolution at P1, P2, and P3;  

(c) normal stress changes at P3; and (d) shear stress changes at P3 

 

In general, a good agreement between numerical simulations and analytical solutions is obtained, which 
verifies the correctness of the THM models' computation using the new simulator. Figure 4-9 also shows 
that the results of TReactMech simulations match well with the TOUGH-FLAC simulations of the same 
benchmark case. 

4.5.3 THMC Modeling of Bentonite in the Nuclear Waste Disposal 
After the benchmark test, TReactMech was used to simulate the generic case described in Section 4.3.2. 
We generated a similar model following the same geological formation, and used the same EBS 
material—steel cell at the center surrounded by FEBEX bentonite and Opalinus clay shown in 
Figure 4-10. In the first attempt at simulating the generic case, TReactMech did not converge. Recently 
the simulation domain was reduced to 20 × 20 m with uniform 0.1 × 0.1 m elements, attempting to 
overcome the convergence issue. Only half of the domain is simulated to reduce the number of elements. 
During the heating period, the unsaturated bentonite is placed in the tunnel, and the surrounding clay is 
assumed as fully saturated. Since the domain is much smaller than the initial simulation, it is difficult 
represent the pore pressure and stress conditions. More work to improve the simulation is undergoing. 
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Figure 4-10.  Modeling domain 

 

We simulated the excavation process to obtain the initial flow status before the bentonite is refilled in the 
tunnel. Due to the implicit modeling of the excavation in TReactMech, the grid is presented in the 
simulation domain as shown in Figure 4-10. The method to simulate the excavation process is by 
reducing the stiffness and density of the material inside the tunnel. Based on it, we can obtain the initial 
hydraulic status before the heating starts. 

Figure 4-11 through Figure 4-14 demonstrate the results of simulations of temperature, pore pressure, 
stress, and liquid saturation at Points A and B in “high T” case. The pore pressure distribution in the 
heating phase shows that the pore pressure increases to 5 MPa then it remains constant. This result occurs 
because the hydraulic pressure and the stress are not well simulated in the small modeling domain 
(Figure 4-13). The stresses at Points A and B increase to 4.5 MPa and then remain constant. This issue 
will be investigated later with larger domain with the entire geological information. The liquid saturation 
is well captured in the current model shown in Figure 4-14.  
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Figure 4-11.  Simulation results of temperature at Points A and B in “high T” case 

 

Figure 4-12.  Simulation results of pore pressure at Points A and B in “high T” case 
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Figure 4-13.  Simulation results of mean total mean stress at Points A and B in “high T” case 

 

Figure 4-14.  Simulation results of liquid saturation at Points A and B in “high T” case 
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chemical alteration and associated mechanical changes in a generic repository, and to consider the 
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200°C, and a “low T” case, in which the temperature can reach about 100°C. The coupling between 
chemical and mechanical processes is the key part of THMC model needed to evaluate the impact of 
chemical changes on the mechanical behavior. In FY19, we started to use a new simulator TReactMech to 
work on the Linux platform, which is more suitable for large-scale computation and better able to 
incorporate other mathematical and physical tools for modeling of THMC processes. The milestones that 
have been reached are as follows:  

• We added the dual structure model, BExM, to link mechanical process with chemistry in 
TOUGHREACT-FLAC to allow us to simultaneously incorporate the effects of exchangeable 
cations, ionic strength of pore water and abundance of swelling clay on the swelling stress of 
bentonite. 

• We ran new high T and low T simulations. The ultimate goal is to investigate the thermal limit of 
clay repository. Reliable evaluation of the impact of long-term geochemical effect on mechanical 
behavior will help determine whether a clay repository can sustain higher temperature. 

• We introduced the new simulator TReactMech on a Linux platform. Based on simulations of an 
initial 3D THM benchmark test, we obtained good agreement between numerical simulations by 
TReactMech and TOUGHREACT-FLAC and an analytical solution, which verifies the correctness 
of the new simulator. 

4.6.2 Future Work 
To improve the simulator for modeling coupled THMC processes, in the remaining time of FY20, we are 
planning: 

• To investigate chemically induced deformation in solid skeleton related to the change of solution 
compositions, and to derive an improved constitutional model for simulations of the swelling 
pressure in compacted clays. We are going to develop a stricter MC coupled model in the 
framework of poromechanics. A better quantitative understanding of how chemical change controls 
the material structure is required. Studies will be focused on developing and verifying such a 
relationship and searching data for parameter calibration.  

• To derive a reduced order model that can be integrated into the PA model in GDSA. The importance 
of bentonite alteration and its impact on mechanical behavior needs to be integrated into the PA 
model to assess their relevance to the safety of a repository. Specifically, we will first implement 
bentonite swelling models, such as linear swelling, state surface, BBM, and BExM into a parallel 
THMC simulator TReactMech, and then a reduced order model will be developed based on a large 
number of THMC simulations.  
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5. INTEGRATION OF COUPLED THC MODEL WITH GDSA USING 

REDUCED-ORDER MODEL 
5.1 Introduction 
In parallel with the development of mechanistic models describing various impacts of THMC processes 
on the EBS (e.g., Rutqvist et al. 2014; Zheng et al. 2017b), within the SFWST Campaign, Sandia has 
been developing generic PA models by simulating thermal and hydrological processes at the repository 
scale (Mariner et al. 2017). The PA methodology for nuclear waste disposal has been developed and 
improved over the past several decades to compute the radiological risk to public health (e.g., Rechard et 
al. 2014). The current PA model includes the repository structure (i.e., canister arrays and tunnels) as well 
as the multiple components along the radionuclide transport pathway, from waste packages to EBSs, to 
the natural geological environment, and finally to the biosphere.  

However, there remains the challenge of integrating THMC/THC complex processes within EBS into the 
overall PA, on account of model complexity and computational cost. This creates two problems for both 
planning/designing disposal systems and developing comprehensive PA models. First, the uncertainty 
associated with these processes is not accounted for in the overall PA. Although conservative assumptions 
could be developed, it is often difficult to justify such assumptions for complex systems involving 
formidably intricate parameter interactions and feedbacks. Second, without having all the processes 
integrated, it is impossible to identify which parameters are important for reducing the overall uncertainty, 
or what kind of measurements/datasets need to be collected during the performance-confirmation process. 

Over the past several decades, ROMs have been developed for nuclear waste disposal and general 
subsurface system applications in order to integrate complex processes into PA models. These initial 
efforts were made to simplify physical/mechanistic models of disposal systems and to incorporate flow 
and radionuclide transport models into multiple canister configurations—for example, through 
compartment-model representation (Ahn et al. 2002; Murakami and Ahn 2011). Although such ROMs 
can provide intuitive representation, their applicability is often limited, since they are site or system-
specific and not scalable to other types of environments and repository configurations. Recent ROM 
developments have been focused on mathematical and statistical methods, such as polynomial chaos 
expansion (PCE) or Gaussian process regression, which use an ensemble of Monte Carlo simulation 
results from high-fidelity model runs (e.g., Pau et al. 2014; Swiler et al. 2019). The effective uncertainty 
quantification has been demonstrated based on ROMs (Pau et al. 2014; Wainwright et al. 2014). These 
statistical methods provide a flexible way to reduce the complexity of models that can be applied to any 
system or under any condition, although their performance has to be tested and validated, particularly for 
highly nonlinear systems.  

The ultimate goal of this study is to develop a ROM-based methodology and toolsets for integrating 
complex, coupled models (such as THMC or THC) into the overall PA of nuclear waste disposal. The 
particular focus is to compute the spatial/process-integrated adsorption partition coefficient (Kd) in the PA 
models. The single-canister THMC/THC models, for example, include a complex geochemical model 
resolving each clay mineral type, surface/aqueous complexation as well as fine domain discretization. The 
PA model, on the other hand, may have only one grid block for a container and buffer in the EBS to 
describe the transport of radionuclides using the Kd. Using ROM, we aim to compute the buffer-averaged 
Kd as a function of time and various parameters. The ROM is used to construct probabilistic distributions 
to take into account the uncertainty associated with those parameters as well as the processes not 
included/resolved in the PA model. The PA model can take the determined Kd values according to those 
parameters in the uncertainty quantification (UQ).  

In this report, as the first step, we evaluate the spatial temporal evolution of Kd with the buffer-host rock 
system. The host rock (argillite) is assumed to have the properties of Opalinus Clay (Bossart 2011; 
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Lauber et al. 2000). We then perform a GSA using the THC model developed in a bentonite-argillite 
system. The GSA is used to evaluate the impact of each parameter on the performance measure (Kd in our 
case) over the full range of multidimensional parameters (Wainwright et al. 2014). GSA can investigate 
the nonlinearity and interactions among parameters needed to improve our system understanding. It is 
particularly important to select the parameters to be included in the ROM. We have set up the pipeline 
between the simulation optimization and the calibration code iTOUGH2 and the THC code 
TOUGHREACT for GSA. This set-up can further be used for the ROM development.  

5.2 Model Setup 
5.2.1 THC Model 
While the detailed THC model is described in Chapter 3 of the FY19 report (Zheng et al. 2019), the 
model is described here for completeness. The model domain includes two material zones for the 
bentonite and argillite host rock. Bentonite is located within the interval from 0.45 m to 1.135 m from the 
heat source, with the remaining domain up to 50 m used to simulate the host rock. The initial conditions 
in the model domain were: temperature of 12°C, EBS bentonite water saturation of 59%, and a suction of 
1.11×105 kPa. The host rock was fully saturated. The model simulation was conducted in a nonisothermal 
mode with a time-dependent heat power input (Rutqvist et al. 2014). Two-phase flow models were used 
to simulate the unsaturated stage in the bentonite barrier. The bentonite becomes fully saturated before the 
assumed canister failure time of 1000 years.  

To describe the U transport, the model use a two-site protolysis nonelectrostatic surface complexation and 
cation exchange sorption model—2 SPNE SC/CE (Bradbury and Baeyens 2011). In this model, surface 
protonation reactions that involve a strong site and two weak sites are used to describe acid-base titration 
measurements, whereas surface complexation reactions with the one strong site and two weak sites are 
needed to describe the sorption edge and isotherm measurements for the sorption of U(VI) on smectite 
(montmorillonite) and illite. In addition, the model includes aqueous complexation (particularly, 
carbonate species), and cation exchange reactions. A numerical model was developed using 
TOUGHREACT. After the simulation, we computed the “apparent” Kd value at each grid point based on 
the ratio of the concentrations between the aqueous phase and solid phase.  

 

 
NOTE: Not to scale. Points A and B are located within the bentonite at r=0.479 m and r=1.13 m, respectively, and Points C and D 

are within the host rock at r=1.285 m and r=11.07 m, respectively. 

Source: Zheng et al. 2019. 

Figure 5-1.  Mesh used for the THC model  
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5.2.2 Global Sensitivity Analysis using THC-iTOUGH2  
In general, a sensitivity analysis examines the relation between a parameter that is an input to the 
numerical model, and an observable variable that is an output of the numerical model. Sensitivity 
analyses have been used to (1) build parsimonious data-driven models, (2) identify key processes in 
diagnostic models, (3) determine influential factors in prognostic models, and (4) defend the robustness of 
a particular model. More specifically, sensitivity analyses can help to (5) identify which (uncertain) 
parameters have the greatest effect on model predictions and prediction uncertainties, and consequently 
(6) which properties need to be estimated with high accuracy. In contrast to the derivative-based, local 
sensitivity method (Cacuci 2003), GSA methods, such as the Morris and Sobol’ methods (Morris 1991; 
Sobol 2001; Saltelli et al. 2008), explore the parameter space so that they provide robust sensitivity 
measures in the presence of nonlinearity and interactions among parameters. The Morris one-at-a-time 
(OAT) method is a computationally frugal method that changes one parameter at a time from randomly 
generated reference parameter sets, and computes the difference in outputs.  

In this work, we coupled iTOUGH2 (Finsterle 2010) with TOUGHREACT through the PEST protocol. 
iTOUGH2 has been developed as an inverse modeling and parameter estimation tool for various modules 
of the nonisothermal multiphase flow and transport simulator TOUGH2 (e.g, Pruess et al. 2012). As 
analysis capabilities have been added, iTOUGH2 has become an integrated framework for 
hydrogeological modeling under uncertainty—from test design to site characterization to prediction—
including parameter estimation, uncertainty analysis, sensitivity analysis and ROM (Pau et al. 2013). 
Moreover, all iTOUGH2 analysis tools can be applied to any stand-alone, text input/output (I/O)-based 
simulator through the use of the PEST interface (Finsterle 2010; Finsterle and Zhang 2011).  

The ranges of the chemistry parameters used for the sensitivity analysis are tabulated in Table 5-1.  

 

Table 5-1. List of parameters and their range that are varied within GSA  

Parameters Range 

Site density (cm2/g): ill_sOH 10−6 − 10−4 

Site density (cm2/g): ill_w1OH 10−6 − 10−4 

Site density (cm2/g): ill_w2OH 10−6 − 10−4 

Site density (cm2/g): sme_sOH 10−6 − 10−4 

Site density (cm2/g): sme_w1OH 10−6 − 10−4 

Site density (cm2/g): sme_w2OH 10−6 − 10−4 

Initial pore water composition: Ca+2   10−3 − 10−1 

Initial pore water composition: H+ 10−9 − 10−7 

Volume fraction: smectite  0.3 − 0.95 

Volume fraction: illite  0.01 − 0.2 
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5.3 Results of Simulations of Kd 
5.3.1 Kd in Reference Case  
Figure 5-2 shows the temporal evolution of pH and U(VI), calcium and carbonate aqueous concentrations 
at the four points within the buffer and host rock. In Figure 5-2(a), the pH is stable within the bentonite 
for the first 10,000 years due to the buffer created by surface protonation reactions, and then increases 
from 10,000 to 30,000 years, and eventually plateaus until 100,000 years. The increase in pH is attributed 
to the processes of dissolution of smectite and precipitation of illite (i.e., illitization), which consume 
protons. The calcium and carbonate concentrations (Figure 5-2(b) and (c)) decrease, as the pH increases 
after 30,000 years.  

The U(VI) concentration increases near the canister (Figure 5-2(d), Point A), but not significantly at the 
rock/buffer interface (Points B and C). The bentonite barrier is effectively retarding the migration of 
U(VI) released from the waste package. U(VI) concentration at Points B and C is not significantly above 
the background U(VI) concentration, and decreases below the background after 10,000 years when pH 
increases. This is because the decrease in HCO3

− concentration leads to stronger strong adsorption of 
U(VI).  

 

  

(a) (b) 
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(c) (d) 

Figure 5-2.  Simulated (a) temporal evolution of pH, and (b) concentration of calcium, 
(c) concentration of carbonate, and (d) concentration of U(VI) at Points A–D.  

 

Based on the simulated U(VI) concentrations in the aqueous and solid phases, we computed the Kd values 
at each grid block (Figure 5-3). The Kd values vary with time and space within the same material. The Kd 
has a one-order-of-magnitude difference within the bentonite buffer, and more than two-orders within the 
host rock. The Kd values increase at all the locations around 30,000 years, as the pH increases and 
carbonate concentration decreases, which is shown in Figure 5-3. Although the variability is large, the 
temporal evolution is “spatially consistent” since the lines are approximately parallel within the EBS and 
the buffer/host-rock interface.  

 

Figure 5-3.  Simulated Kd at Points A–D as a function of time 
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(a) (b) 

  

(c) (d) 

Figure 5-4.  Simulated (a) temporal evolution of pH, (b) carbonate concentration, (c) U(VI 
concentration, and (d) Kd as a function of space and time (1000, 50,000 and 100,000 years)  

 

 

The radial distribution of Kd shown in Figure 5-4 indicates that Kd is higher near the canister, and 
gradually decreases toward the buffer/rock interface. The Kd profile is similar to the pH profile at these 
three time points. The carbonate concentration, on the other hand, increases with the distance from the 
canister toward the buffer/rock interface, and it decreases in the host rock. The dependency of Kd on the 
pH and carbonate concentration is shown in Figure 5-5. The Kd-pH relationships are approximately linear 
over time with the positive correlations at the three points (A, B, and C; except for the point within the 
host rock) with a similar slope (i.e., parallel lines). However, the Kd vs. pH relationship obtained in this 
study is different from that determined by Dong et al. (2012), Bea et al. (2013), and Tournassat et al. 
(2018), who evaluated the Kd decrease in the pH range from 7 to 9, assuming that carbonate concentration 
remained constant. The increase of the Kd with the increase of pH, determined in the current study, can be 
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explained by the fact that the carbonate concentration decreases as the pH increases, hence decreasing the 
concentration of carbonate complexes with U(VI).  

 

  
(a) (b) 

NOTE: The lines represent the four points. The time stamps are placed to represent the temporal changes. 

Figure 5-5.  Simulated (a) Kd versus pH and  
(b) Kd versus carbonate concentration at Points A–D 

 

We also evaluated the application of different statistical methods for spatial averaging of Kd in the buffer, 
since the PA model typically includes only a single grid block to represent the buffer. Figure 5-6 shows 
that simple (arithmetic) averaging (green line in Figure 5-6) gives higher Kd values, since Kd values vary 
over one-order of magnitude across the buffer, and the higher Kd values increase the averaged value. The 
geometric mean – which is often used for spatial averaging of permeability – still over estimates Kd. It is 
apparent that the uncertainty in calculations of Kd could also be caused by calculations of Kd as the ratio 
of the total concentration in the solid over the aqueous phase concentration using different numerical 
block volumes, which increase with the radial distance in the cylindrical coordinate model domain.   
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NOTE: “Geometric mean S/ Geometric mean Aq” is the geometric mean (or averaging) of solid concentrations at all the grid blocks 

divided by the one of aqueous concentrations, “mean S/mean Aq” is the simple mean of solid concentration divided by the 
one of the aqueous concentrations, “Geomean Kd” is the geometric mean of Kd at all the grid blocks, and “mean Kd” is a 
arithmetic mean of Kd.    

Figure 5-6.  Comparison of different Kd values spatially averaged over the buffer  

 

5.4 Summary and Future Work 
In this study, we are developing a methodology to couple the detailed THC model with the PA model. 
The particular focus is on using the THC model for computing the Kd as a function of time and space and 
an averaged across EBS, which can be plugged into the PA model. As the first step, we simulated the 
THC process within a buffer-argillite system using TOUGHREACT, and computed Kd at each grid block 
over time.  

The results show that although the Kd varies for more than one order of magnitude over the space and 
time, the temporal evolution is spatially consistent, indicating similar trends of the Kd values at all the 
grid blocks. This would make it possible to develop the statistical representation of the Kd evolution 
across the space in a relatively straightforward manner. In addition, the dependency of Kd on pH is fairly 
linear, which could also be used to create the ROM, although the dependency has to be evaluated for 
different geochemical conditions and parameters in the UQ study. The spatial averaging was applied to 
determine the Kd value representing the entire buffer as a single grid block in the PA model. The Kd value 
averaged over the buffer overestimated the overall adsorbed mass, compared to the apparent Kd over the 
buffer (calculated based on the buffer-averaged adsorbed and aqueous concentrations). Validation of the 
results of numerical studies is needed based on a comparison with experimental data.     

 

  



Evaluation of Engineered Barrier System FY19 Report 
62  January 31, 2020 
 
6. STUDYING CHEMICAL CONTROLS ON MONTMORILLONITE 

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

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

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

Second, we constructed complementary experimental systems to interrogate the dynamic structural 
rearrangement of swelling clays under conditions relevant to EBS operation. As described in Section 4.4 
of Zheng et al. (2019), we constructed a specialized oedometer for measuring the swelling pressure of 
compacted clay and simultaneously measuring key aspects of the clay microstructure using synchrotron 
x-ray methods. This system was constructed by collaborators at the BRGM, France, and testing and 
calibration have been completed. The system was scheduled to be delivered to LBNL by October 16, 
2019 for laboratory experiments. An in-situ small-angle x-ray scattering (SAXS) experiment to obtain 
quantitative distributions of pore sizes during interlayer ion exchange was scheduled for November 20–
22, 2019. In a further approach described below in Section 7, x-ray nanotomography will be developed to 
imaging swelling structural transformations with ~40-nm resolution.  

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

6.2.1 Modeling the Cis-vacant Clay Layer 
While several atomistic models have simulated the diffusion (Bourg and Sposito 2011), exchange kinetics 
(Tournassat et al. 2016) and swelling (Hsiao and Hedström 2017; Teich-McGoldrick et al. 2015) in MMT 
clays, an assumption of centrosymmetry is imposed by considering clay sheets with trans-octahedral 
vacancy positions. This assumption yields a pyrophyllite-like structure (which is trans-vacant) whereas 
available data indicate that most MMT have cis-vacant structure (Zheng et al. 2019, Figure 4-1; Drits and 
Zviagina 2009).  

The key product of this activity is the first atomistic model for 2:1 cis-vacant clay that is directly 
comparable to experimental data, and we use this clay layer model henceforth in all our simulations.  

6.2.1.1 Simulation Configuration 
Interatomic interaction terms through van der Waals forces and electrostatics are obtained from ClayFF, 
which is a robust classical force field for a range of mineral interface simulations. The interaction 
parameters for the water molecule are obtained from the extended simple point charge (SPC/E) water 
model (Mark and Nilsson 2001). The Lennard-Jones interaction terms between unsimilar atom types are 
calculated via Lorentz-Berthelot mixing rules. We employ periodic boundary conditions in our 
simulations, a cutoff distance of 15 Å for short-range interactions, and Ewald’s summation method with 
an accuracy of 99.99% for long range electrostatics. A grand canonical Monte Carlo (GCMC) approach 
with a target chemical potential, μ, that of an imaginary reservoir, in combination with molecular 
dynamics (MD) simulation in the grand canonical ensemble (μVT) was employed to determine the 
amount of water adsorbed in the interlayers for a given basal spacing. The temperature and pressure of the 
reservoir were fixed at 300 K and 1 atm, respectively, with a bulk density of 0.998 g/cm3. We obtained 
the target chemical potential from a GCMC simulation of pure water at 300 K in a box of size 40 × 40 
× 40 Å? resulting in ~2100 molecules. Using this target chemical potential of −49.0 kJ/mol (Boţan et al. 
2011), insertions and deletions of water molecules occur in the clay interlayer in combination with Monte 
Carlo moves such as translation and rotation of molecules to yield the hydrate of MMT in pure water. The 
system was subsequently equilibrated in the canonical (NVT; T = 300 K) ensemble for 1 ns and 
subsequently, in the isothermal-isobaric systems (NPT; P = 1 atm, T = 300 K) for 5 ns to allow for the 
diffusion of water and ions. 

6.2.1.2 Interlayer Structure of Cis-Vacant MMT 
The resulting hydrate contained 5 water molecules per unit cell per layer for Na-MMT and 4.95 water 
molecules per unit cell per layer for K-MMT. Bourg and Sposito (2011) reported an average of 5.1 water 
molecules per unit cell for the water layer bound to tv MMT, and we infer that the difference in water 
content in the adsorbed layers is due to the slightly more hydrophilic nature of tv MMT (Minisini and 
Tsobnang 2005). Atomic density profiles for equilibrium one-layer (1W) and two-layer (2W) hydrates for 
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Na-MMT and K-MMT are presented in Figure 6-1. In addition to atomic radii being a factor, the more 
negative hydration enthalpy of sodium resulted in a 1W Na-MMT hydrate with higher water content than 
its K-MMT equivalent. For the 2W states with a basal spacing of ~15.5Å, the difference in water content 
was less significant. While the arrangement of interlayer water perpendicular to c was notably similar in 
the sodium and potassium cases, the preferential residence of the cations was different. In the 1W and 2W 
cases for Na-MMT (Figure 6-1(a) and (c)), the sodium cations tend to reside in the interlayer midplane. 
Studies have confirmed that sodium ions prefer tightly bound hydration shells and therefore, are likely to 
be in the middle surrounded by interlayer water (Teich-McGoldrick et al. 2015; Honorio et al. 2017).  

The equilibrium structure for K-MMT, on the other hand, revealed that potassium ions preferred residing 
in the interlayer midplane in the 1W case (Figure 6-1(b)), and close to the basal surfaces in the 2W case 
(Figure 6-1(d)). Existing reports for potassium hydrates present conflicting data, particularly for the 1W 
configuration. Liu and Lu (2006) performed MD simulations on an Arizona-MMT model wherein the 
potassium ions form inner sphere complexes with the ditrigonal cavities of the clay layer and 
consequently, exist close to the clay layer. Similarly, Tambach et al. (2004) inferred through molecular 
simulations that potassium ions, with their relatively small hydration energy, favored less hydration and 
screened the negatively charged clay platelets more effectively than sodium and therefore, would likely 
exist on the clay surface. It should be noted that both these molecular models were of trans-vacant 
configurations of MMT. However, Vao-soongnern et al. (2015) presented x-ray adsorption spectroscopy 
data that indicate the residence of potassium above the ditrigonal cavities on the a-b plane but in the 
midplane for the 1W structure, and bound to the basal surfaces in the 2W structure along c. The results of 
our study agree with this observation and are also confirmed by TEM data (Whittaker et al. 2019) for the 
2W case. The favorable local charge compensation mechanism in cv MMT alluded to in the introduction 
section leads to a reduction in the surface basal charge of the clay layer. This could explain the weaker 
adsorption of potassium ions in the 1W structure. Its large atomic radius combined with a poor tendency 
to hydrate could cause it to migrate to towards the basal surfaces as the water activity increases when 
more water is squeezed into the interlayers. 

 

 

(a) (b) 
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(c) (d) 

Figure 6-1.  Interlayer atomic density profiles of water ions for cis-vacant MMT for (a) 1 water 
layer Na-MMT, (b) 1 water layer K-MMT, (c) 2 water layer Na-MMT, and (d) 2 water layer K-MMT 

 

 

In addition to the interlayer structure perpendicular to the plane of clay layers, we also studied the 
adsorption of water in the interlayer parallel to the clay surface. Figure 6-2 presents the density map of 
interlayer water in a 2W hydrate, acquired from snapshots every 100 ps over the duration of 10 ns 
equilibration. The water density map correlated strongly with the position of the hydroxyl group in both tv 
and cv clay, whereas the presence of adjacent hydroxyl groups seemed to induce more structure to the 
water in cv clay. As a result, the near-surface water profile on cv clay is more ‘ice-like’ and a larger 
proportion of water molecules in the first monolayer is tightly bound to the clay surface.  

 

  

(a) (b) 
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(c) (d) 

Figure 6-2.  Density map of interlayer water: on the x-y plane (a) trans-vacant surface and (b) 
cis-vacant surface, and on the x-z plane (c) trans-vacant surface and (d) cis-vacant surface 

 

6.2.2 Rotation Energetics for Clay Stacking 
We investigated the stacking behavior by performing MD simulations of MMT in bulk water for 
energetically favorable rotational configurations. We report here the final results of the study that was 
partially described in Section 4.2.2 of Zheng et al. (2019).  

6.2.2.1 Simulation Configuration 
Two layers of MMT—a large square layer containing 180 unit cells, and a hexagonal MMT layer on top 
containing ~ 45 unit cells—are stacked with monovalent ions in the interlayer (Zheng et al. 2019, 
Figure 4-2). We employed OH, and OH2 terminations to the edges of the hexagonal top layer to obtain a 
neutral edge charge. Periodic boundary conditions ensure that the bottom square layer is infinitely large 
and does not require edge terminations. The top layer is far enough (> 1.5 nm) from the edges of the 
simulation volume in order to avoid cross-boundary interactions with its image. Four configurations are 
chosen to study energetically favorable stacking preferences with relative misalignments of 0° (perfectly 
aligned), 30°, 60°, and 120° between the two MMT layers. These configurations also ensure that the 
distances across the boundary between the periodic images of the top layer stay consistent for comparison 
of energy landscapes. The system was first equilibrated in the NVT (T = 298 K) ensemble for 1 ns and 
subsequently, in the NPT (P = 1 atm, T = 298 K) for 5 ns. 

We identified two approaches to studying energetics corresponding to relative orientation: (1) the two 
layers were held at a predefined misalignment and equilibrated, thus, yielding an average potential energy 
measure; (2) the two layers were actively rotated relative to each other yielding instantaneous potential 
energy variations Myshakin et al. (2014). The equilibration of the four configurations (0°, 30°, 60°, and 
120°) provided the average potential energy measure. The energy units were normalized to kJ/mol of 
O20(OH)4.  

In order to explore clay particle reorientation at near-crystallographic orientations, the second approach 
was implemented. Upon rotation of the layers about their relative centers-of-mass, potential energy 
variations were monitored, and the positions of interlayer species were calculated as a function of the 
misalignment angle between adjacent clay layers relative to their original positions. Rotation rates ranging 
from 1°/ps to 0.0005°/ps were explored to avoid energy overshoots during active relative rotation of the 
layers and found convergence at 0.001°/ps. The density distribution of water and ions remain fairly 
undisturbed along the direction perpendicular to the plane of clay during active rotation at this rate.  
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6.2.2.2 Simulation Results 
The contributions from pair interactions and electrostatics were calculated relative to the energy state of 
the 0° orientation; in both homoionic clays, the near-crystallographic orientations (0°, 60°, and 120°) 
exhibited very similar free energies. Based on Figure 6-3 from approach (1) described above in 
Section 6.2.2.1, the electrostatic interactions were more favorable when the misalignment was 30° 
between the two layers; however, this configuration resulted in an energy maximum and suggested the 
presence of an energy barrier to a set of clay layers from rotating freely between 0° and 30°. This energy 
barrier was nearly 1.5 kT per mol of clay in the Na-MMT and 1.8 kT per mol of clay in the K-MMT case. 
The relative free energy differences among the 0°, 60°, and 120° cases were slightly lower in the K-MMT 
compared to the Na-MMT system. This finding is consistent with our TEM images that suggest a higher 
likelihood for K-MMT to exhibit preferential alignment than Na-MMT (Whittaker et al. 2019). 

 

  

(a) (b) 

NOTE: Energy profiles determined from static simulations of favorable (0, 60, 120°) and unfavorable (30°) crystallographic 
orientations. 

Figure 6-3.  Equilibrium potential energy and energy breakdown for  
(a) Na-MMT and (b) K-MMT in bulk aqueous solution 

 

 

The potential energy variations (with the average equilibrated potential energy of zero) for the 1W and 
2W hydrates of Na-MMT using approach (2) are illustrated in Figure 6-4. Results indicate that the 
potential energy wells during rotation are freely accessible up to relative misalignment angles of 6-8°, 
which is consistent with observed turbostratic stacking in Na-MMT. While the largest energy well for the 
1W hydrate has a magnitude of ~1.5 kT, the 2W hydrates have lower energy barriers to rotations. The 
addition of water and the subsequent rearrangement of cationic species in the interlayer seem to induce 
rotational plasticity to the layers in the crystalline swelling regime, i.e., the imposed crystallographic 
misalignment is irreversible.  
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TEM data of homoionic montmorillonite (Na-MMT and K-MMT) showed that while turbostratic disorder 
exists in both cases, the effect is less pronounced in the case of K-MMT. Figure 6-4 presents the energy 
landscape for K-MMT in the 1W hydrated state. However, our data indicates that the energy barriers of 
the 1W K-MMT hydrate are in the same order of magnitude as the Na-MMT case. This implies that 
rotational plasticity of clay crystals does not significantly change for the two cationic species included in 
the study. We deduce that the energy variations during active rotation are higher than the mean thermal 
fluctuations observed during equilibration. Although the potential energy ranges appear to be freely 
accessible, we do not observe large rotational plasticity in these clay crystals (Whittaker et al. 2019).  

 

  

(a) (b) 

 

(c) 

Figure 6-4.  Potential energy during active rotation for  
(a) 1W Na-MMT, (b) 2W Na-MMT, and (c) 1W K-MMT 
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6.2.3 Summary of Results from Atomistic Simulations 
The key findings from the atomistic simulations reinforce the notion that the energy landscape for 
hydrated montmorillonites favor misalignments between layers yielding turbostratic structure. More 
layers of water molecules in the interlayer reduce the energy barrier to rotation and perhaps overcome 
layer-layer interactions that prefer rotational rigidity. Knowledge of the fundamental forces among clay 
layers and with the interlayer species that contribute to rotational disordering is important for the 
development of models for swelling and dynamic exchange processes.  

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

Our approach explicitly represents the crystalline hydrates as thermodynamic species in the system and is 
distinct from existing models in that it determines the equilibrium distribution of swelling states as a 
function of water and aqueous cation activities. This approach allows us to calculate, for example, 
changes in bulk volume and bulk distribution coefficient associated with chemical perturbations in 
solution. A predominance diagram of equilibrium swelling pressures as a function of electrolyte 
composition for pure Wy-MMT is plotted in Figure 6-5. The swelling pressure is defined following the 
macroscopic experimental definition as pressure changes required to obtain a definite water content, 
corresponding to the 1 water layer hydrate, and is given by 

 

 𝑃.(𝑚) = 𝑃 − 𝑃: Equation 6-1 
 

where P0 and P are the pressures of a clay paste before and after volumetric compression, respectively, at 
water content m after compression (Sposito 1972), with P0 defined as 1 bar.  
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Figure 6-5.  Calculated swelling pressure (in bars) for Wy-MMT  
as a function of aqueous electrolyte concentrations of Na+ and K+ 

 

While the preliminary version of this thermodynamic model makes the simplifying assumption that both 
ion exchange and water adsorption reactions within the clays are thermodynamically ideal, accounting for 
non-ideal solid solution thermodynamics is required to reproduce key aspects of the experimental data. 
For homoionic clays, a positive excess free energy of mixing between the 2- and 3-water layer crystalline 
hydrates explains the lack of phase coexistence. We employ MD simulations of clay swelling for 
homoionic and mixed ion clays to determine the physiochemical basis for observed phase mixing 
thermodynamics. 

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

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

6.3.2.2 Simulation Configuration 
Figure 6-6 illustrates a molecular model of a pure 2W hydrate in 1M NaCl solution ([K+] = 0). Each clay 
layer consists of 37 unit cells with a structural charge of −0.57 per O20(OH)4; the edges of the clay layer 
along the y-dimension are periodically replicated (therefore, requiring no termination) and the edges along 
the x-dimension are terminated with H, OH, OH2. The size of the simulation volume ensures that layers 
do not interact across edges. The initial basal spacings are set to be near-optimal values based on reported 
values in literature for tv clays.  

 
NOTE: Green atoms = clay oxygens, yellow = clay hydrogens, dark red = clay aluminum, pink = water oxygens,  

blue = sodium ions, cyan = chloride ions. 

Figure 6-6.  Simulation system with 4 MMT layers in 1M NaCl solution  

 

The system is subsequently equilibrated in the NVT (T = 300 K) ensemble for 1 ns and subsequently, in 
the NPT (P = 1 atm, T = 300 K) for 5 ns to allow for the relaxation of the clay hydrate and the diffusion 
of water and ions. This also allows the clay hydrates to interact with the surrounding bulk fluid and 
establish equilibrium basal spacings corresponding to the activity of water. We use these simulations, first 
in the homoionic electrolyte configuration to study swelling free energies and excess free energy of 
mixing of mixed 2W/3W phases. The swelling reaction in homoionic electrolyte is characterized by 

 

 𝑀𝑀𝑇3	 ⟺ 𝑀𝑀𝑇2 + 𝑛𝐻#𝑂	(𝑙) Equation 6-2 
 

where n corresponds to the number of water molecules per unit-cell for a given electrolyte type and 
composition. We find in Section 6.2.1.2 that this number is 5 for NaMMT and 4.95 for KMMT. The per 
molar swelling energy for this phase transformation can be written in terms of the per molar free energy 
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of the end-members and the chemical potential of water, as shown in Equation 6-3. The chemical 
potential of water is obtained from NPT (300 K, 1 atm) simulations of pure water. At a density of 
1.01 g/cc, consistent with our bulk solution density in Figure 6-6, we calculate the chemical potential of 
water to be −48.9 kJ/mol.  

 

 	Δ�̅�.61@@"A2 = �̅�B,CC&# − �̅�B,CC&? + 5𝜇6 Equation 6-3 

 

Obtaining the per molar free energies of the clay end-members (�̅�B,CC&# and �̅�B,CC&?) requires the 
separation of energy contributions from the clay and the solution phase. Since the concentration and 
density of the bulk solution are kept constant for various pure and mixed hydrate phases (single 
electrolyte case), we confirm that the per molar free energy of the solution (�̅�.3@A) remains the same (see 
Table 6-1). The number of clay layers also stay consistent (𝑛CC& 	is constant), however, the variation in 
the overall size of the system leads to differences in 𝑛.3@A in Equation 6-4. We also calculate the average 
basal spacings of the hydrates over the course of the equilibration. 

 

 𝐺.D.E10 = 𝑛.3@A�̅�.3@A + 𝑛CC&�̅�CC&   

 �̅�CC& =
𝐺.D.E10 − 𝑛.3@A�̅�.3@A

𝑛CC&
 Equation 6-4 

 

 

Table 6-1.  Calculated basal spacings of hydrates, concentration, and  
per molar free energy of bulk solution from simulations 

Hydrate Bulk NaCl 
Concentration 

(mol/dm3) 

𝑮=𝒔𝒐𝒍𝒏 (kJ/mol) 𝒅𝟎𝟎𝟏	(𝑴𝑴𝑻𝟐,𝑴𝑴𝑻𝟑)	(Å) 

MMT2 0.97 −62.82 ± 0.55 	(15.95	 ± 	0.06, 𝑁/𝐴)	 

75% MMT2 – 25% MMT3 1.06 −60.96	 ± 0.11 	(15.99	 ± 	0.02, 19.00	 ± 	0.02)	 

50% MMT2 – 50% MMT3 0.96 −61.71	 ± 0.12 	(16.26	 ± 	0.03, 18.84	 ± 	0.02)	 

25% MMT2 – 75% MMT3 0.96 −60.40 ± 	0.53 (16.34	 ± 	0.06; 	18.98	 ± 	0.04) 

MMT3 0.98 −60.75 ± 0.33 (𝑁/𝐴, 18.94	 ± 	0.03) 
 

The change in equilibrium basal spacings between the pure and mixed states indicate the presence of 
strains when hydrates exist in mixed states. MMT2 hydrate exhibits tensile strain (tendency to swell) as 
its composition decreases in the mixed phases, whereas MMT3 exhibits a slighter tendency towards 
compression in the basal spacing in its mixed states. This implies a higher energy penalty for the 2W 
hydrate to exist in its mixed state compared to the 3W hydrate.  
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6.3.3 Future Work 
To complement this hypothesis, we will also study the free energy of mixing associated with these states 
using Equation 6-5, where N corresponds to the mole fraction of the 2W and 3W states in the mixed 
hydrate and �̅�0"F1G is the per-molar free energy of the mixed hydrate obtained from simulations. 

 

 Δ�̅�0"F"A2 = �̅�0"F1G − (𝑁CC&#�̅�CC&# +𝑁CC&?�̅�CC&?) Equation 6-5 

 

Based on preliminary results, we observe non-ideal mixing between the 2W and 3W phases, with 
asymmetry in the excess free energy of mixing that indicates sub-regular solid solution behavior. We will 
determine the suitability sub-regular solution fit to be integrated into our thermodynamic model described 
above, and use these results to refine our thermodynamic model for clay microstructure and swelling 
pressure. 
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7. TRANSMISSION X-RAY MICROSCOPE FOR IN-SITU 

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

TXMs use specialized x-ray optics including a zone plate (ZP) lens to achieve higher resolution imaging, 
currently approaching ~40 nm for samples less than 200 µm. Initially, TXMs were applied to the static 
imaging of polymers, Earth and biological samples at soft-x-ray energies (< 1 keV), but later studies 
showed the potential of higher-energy x-ray TXM for the study of dynamic processes in composite 
engineered and natural materials (Meirer et al. 2011; Nelson et al. 2012). TXMs at US synchrotrons 
(Andrews et al. 2010; Yin et al. 2006) have become popular imaging tools for materials and 
environmental sciences but such facilities cannot provide access over timescales (e.g., from hourly to 
monthly) required to track the long-term evolution of barriers and rocks under conditions relevant to 
subsurface storage of nuclear waste. Recently, the experimental program at ALS beamline 11.3.1 was 
relocated, providing an opportunity to develop—in partnership with the ALS—a TXM at a fraction of the 
cost of a completely new beamline or a commercial nanotomography instrument.  

The goals of this project are to construct a new TXM at the ALS that will be primarily dedicated to 
energy geoscience studies for a 2-year period, and to use the imaging capabilities to study clay-rich 
barriers and rocks that are under consideration for underground storage of spent fuel and nuclear waste.  

Descriptions of the ALS beamline and the TXM design are given in Sections 5.2 – 5.4 of Zheng et al. 
(2019). A conceptual model of the uniaxial stress-strain cell is given in Section 5.5 of Zheng et al. (2019). 
Here we provide progress reports and a revised project schedule.  

7.2 Progress Report on TXM Commissioning 
The construction of the TXM has proceeded rapidly following the hire of postdoctoral scholar Dr. 
Michael Nichols, co-funded by the ALS and Prof. Mike Czabaj (University of Utah). Working under the 
supervision of ALS Senior Engineer Alastair MacDowell, and co-supervised by Drs. Czabaj and Gilbert, 
Dr. Nichols has achieved the key commissioning goals on the agreed schedule. Delays totaling about two 
weeks have arisen due to late delivery of key components and due to challenges in scheduling ALS 
engineering work.  
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7.2.1 Microscope Design and Construction 
The optomechanical components of the microscope have been designed, purchased or machined and fully 
assembled inside the hutch (Figure 7-1), with the exception of the Zone Plate that is anticipated to be 
received from Applied Nanotools by October 4th. Hardware integration with LabView control software 
has been completed for all plug and play components and the camera/detector system. Cable termination 
and software integration for stage and objective control is outstanding. A separate data analysis computer 
with 512 GB of central processing unit (CPU) memory and 24 GB of graphics processing unit (GPU) 
memory for the reconstruction, visualization and analysis of large 3D data sets has been ordered.  

 

 

Figure 7-1.  Photograph of the TXM components assembled in the  
experimental hutch of beamline 11.3.1 of the ALS  

 

7.2.2 Beamline Operations and X-ray Safety 
X-ray safety is a priority and we have collaborated with the ALS on all the reviews necessary to open the 
beamline shutter and receive x-ray beam in the hutch. All operational 11.3.1 beamline controls behind the 
shield wall have been tested. Relevant radiation safety compliance procedures are expected to be 
completed by the publication date of this report, which is required before the final beamline review can be 
scheduled. The x-ray can be used only after a successful review.  
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Seismic safety is essential aspect of research in a tectonically active region. The zanite vibration damping 
block and custom breadboard have been secured in the hutch and all compliance procedures have been 
completed including anchorage, pull tests, etc.  

7.2.3 Additional Work and Revised Schedule 
The major activities for microscope analysis and commissioning are as follows:  

• Activities required for x-ray operations 

- Complete and present the abbreviated ALS Beamline Design Review 
- Schedule and perform ALS Beamtime Design Walk-Through  

• Activities required for TXM commissioning 

- Receive and install Zone Plate 
- Vibrational analysis of zanite table and microscope 
- Optical analysis of the beam at each individual microscope component 

X-ray operations were scheduled to commence in early FY20 with TXM commissioning was to proceed 
over the next 4 weeks. The experimental emphasis was expected to rapidly transition from characterizing 
the imaging performance of the instrument using calibration standards to performing initial studies of clay 
and shale samples under ambient conditions. The first in-situ studies were expected at 6 weeks following 
x-ray operation.  

7.3 Progress Report on Uniaxial Stress-Strain Cell 
Postdoctoral scholar Dr. Harrison Lisabeth has led the design and construction of the novel miniature 
stress-strain cell that will be used for in-situ nanotomography studies of the mechanical deformation of 
bentonite and shale samples. The goal of this sub-project is to construct a cylindrical sample cell 
compatible with the TXM that allows pore-, grain- and smectite particle-resolved imaging of the swelling 
and restructuring of bentonite and the deformation and re-sealing of shale.  

7.3.1 Uniaxial Stress-Strain Cell Construction 
The designs for the stress-strain cell system have been finalized and all components ordered. Most 
components have been delivered and the system is being assembled. As described in the conceptual 
diagram in Figure 5.6 of Zheng et al. (2019), samples will be contained within an x-ray transparent 
Kapton cylinder and mechanically compressed between two opposed stainless-steel pistons. Strain will be 
measured by strain gages on the piezo stack and force will be measured by a custom load cell affixed to 
the stage. The control system can use either stress or strain as a feedback for constant stress or constant 
strain rate experiments. A unique feature of the miniature stress-strain cell is the creation of a sub-
millimeter flow channel within both of the needle-shaped pistons that compress the sample.  

Due to size constraints, we opted for a Physique Instrumente (PI) miniature piezo stage with 20-micron 
travel in the x-, y- and z-directions and with a nominal 0.2-nm resolution. The stage will be controlled by 
a PI E-727 controller with 100-kHz sampling rate and 20-kHz servo-control rate (Figure 7-2(a) and (b)). 
A crucial objective for the planned experiments is the ability to flow aqueous solutions of known 
composition through the sample. We successfully manufactured the uniaxial compression pistons with an 
off-axis flow conduit in FY19 (Figure 7-2(c)).  
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Figure 7-2.  Photographs of key components of the uniaxial stress-strain cell: (a) the x,y,z stage, 
(b) the controller, and (c) a compression piston with fluid flow hole  

 

7.3.2 Uniaxial Stress-Strain Cell Testing 
Initial experiments are under development that will use an optical benchtop set up comprised of the 
loading system and a long working distance microscope coupled with a charge coupled device (CCD) 
camera (Figure 7-3). Initial experiments will involve compressing single mineral grains and grain-grain 
contacts to record stress-strain curves while imaging optically. These will be used to assess repeatability 
of data as well as to streamline sample selection and preparation techniques before the nanotomography 
system is functional. 

 

 

Figure 7-3.  Benchtop experiment set-up with display showing a single quartz grain,  
~200 microns in diameter, on top of the sample holder 
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8. IN-SITU ELECTORCHEMICAL TESTING OF URANIUM DIOXIDE 

UNDER ANOXIC CONDITIONS 
8.1 Introduction 
In a reducing or anoxic environment, the oxidation of uranium dioxide (UO2) SNF can only occur from 
the production of oxidants from the radiolysis of contacting water in the EBS of the geologic repository. 
Within the SFWST program, a model that captures the role of oxidant production is termed the Radiolysis 
Model (RM). The EBS environment, however, is expected to limit oxidation through the production of H2 
gas from anoxic corrosion of iron. These processes have been described in a Mixed Potential Model 
(MPM) or Fuel Matrix Dissolution Model (FMDM) by modeling the corrosion rate of spent fuel 
combining the RM submodel with an electrochemical corrosion model (Buck and Wittman 2014; Jerden 
et al. 2015). Other components contained in the EBS may result in the occurrence of more complex 
processes (Caporuscio et al. 2017).  

Previously, experimental techniques for validation of the corrosion model under oxidizing conditions 
have used flow through experiments but these would be inadequate to describe the processes that might 
occur under anoxic conditions. To validate the FMDM, it is necessary to obtain measurements of the 
values predicted by the model, namely, the electrochemical corrosion potential. Besides using macroscale 
approaches to study the multiphase chemistry, it is important to probe the interfacial phenomena at the 
solid-liquid interface directly using novel chemical imaging approaches. Of particular relevance to the 
new approach presented in this report, a commercial in-situ liquid cell was recently used to study the 
electron beam induced radiolysis of UO2 particles in solution (Buck et al. 2018) and the dissolution of 
boehmite (Conroy et al. 2017). A vacuum compatible and transferrable microfluidic reactor, namely the 
SALVI device, was invented at the PNNL and it has enabled in-situ liquid SEM (Yang et al. 2011a; Yang 
et al. 2014) and in-situ liquid ToF-SIMS (Yang et al. 2011a; Yu et al. 2017). Compared to the existing 
wet cell SEM approaches, (Thiberge et al. 2004; Nishiyama et al. 2010), the liquid surface is probed 
directly by the primary electron beam, because the microfluidic cell is partially open to vacuum with 
micrometer-sized apertures. In addition, the beam effect and memory effect can be minimized by flowing 
the liquid (Yang et al. 2011a; Yang et al. 2014). This technique has provided an unique in-situ chemical 
mapping approach for investigating challenging solid-liquid, air-liquid, and liquid-liquid interfaces, as 
illustrated by Ding et al. (2016), Sui et al. (2017), and Yu et al. (2018). This multimodal imaging tool 
could also be used to study materials relevant to geological disposal where we are interested in several 
complex interfacial processes. We started studies with two model systems, UO2 and iron oxide (Fe3O4) in 
water to demonstrate feasibility and to develop the capabilities to perform this for spent fuel. These two 
systems also represent the major chemical components described in the FMDM for the EBS. 

8.1.1 The SALVI Cell 
The vacuum-compatible, microfluidic device, termed SALVI was developed at PNNL by Yu and co-
workers (Yang et al. 2011b; Yu et al. 2011; Yu et al. 2013). The design details have been provided in 
many other papers and a version of SALVI is now available commercially as the Wet Cell II Liquid Probe 
System marketed by Structure Probe, Inc. (West Chester, PA). A polydimethylsiloxane (PDMS) block 
with a 100–500 µm wide by 300 µm deep channel was bonded with a 50 nm thick silicon nitride (SiN) 
membrane after oxygen plasma treatment. Approximately 10 µL of the analyte liquid mixture was 
injected into SALVI via its polytetrafluoroethylene tubing and sealed by polyether ether ketone union 
afterwards. A photo of a SALVI device is shown in Figure 8-1(a). Figure 8-1(b) shows the SALVI device 
installed in the SEM stage prior to in-situ liquid SEM analysis. Figure 8-1(c) shows the port on the SEM 
instrument where the electrochemical workstation feedthrough is installed. Figure 8-1(d) depicts the 
SALVI device mounted on the ToF-SIMS stage prior to shuttling into the main chamber. Figure 8-1(e) 
depicts the relative location of the main chamber and where the SALVI is located during analysis (Yu et 
al. 2019b).   
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Figure 8-1.  (a) Vacuum-compatible SALVI device, (b) SALVI installed on SEM stage in Quanta SEM 
(c) Quanta SEM, (d) SALVI installed on ToF-SIMS stage before loading to the loadlock in the 

IONTOF ToF-SIMS V instrument, and (e) IONTOF ToF-SIMS V instrument 

 

8.2 Experimental Setup 
This section describes the experimental setup for the in-situ testing.  We describe the effort in the 
micrometer scale UO2 electrode fabrication first. Then we follow with more details concerning in-situ 
liquid ToF-SIMS and in-situ liquid SEM setups.  

8.2.1 Adapting UO2 as a Working Electrode in the SALVI E-cell 
This section describes the development of the electrode and the next steps needed for the fabrication of 
the micrometer gold electrode. 
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8.2.1.1 Development of the Electrode 
One of the key developments required to study UO2 electrochemistry in-operando is to integrate UO2 as 
the working electrode (WE) in the SALVI E-cell. We started by using gold (Au) WE sputter coated on a 
SiN membrane as a conductive layer and substrate for the UO2 to attach to. The source of UO2 is from the 
environmental barrier. The dimension of the source UO2 material is rather large for microanalysis using 
the microfluidic cell. The microfluidic cell requires that the WE be in the tens of micrometer scale. The 
maximal size of UO2 is estimated to be approximately 10 to 20 µm. We selected microfabrication 
processes based on following three principles: (1) the footprint dimension should be around a 1:1 ratio of 
the target UO2 WE which is ~ 10 × 10 µm and no more than 20 × 20 µm; (2) microfabrication methods 
are required for the precision required by the UO2 electrode size in tens of micrometers; and (3) the 
performance of the UO2 WE should be verified and compared against bulk experiments. The reference 
electrode (RE) and counter electrode (CE) is the same as our existing E-cell devices using other materials. 
Platinum (Pt) is used for both the RE and CE. A slight potential shift is expected when using Pt as RE 
compared to bulk experiments as demonstrated in previous experiments. However, this slight device 
performance difference does not affect the investigation of the electrochemistry (Liu et al. 2014; Yu et al. 
2016).  

The dimensions of the UO2 WE are estimated to be approximately 10 × 10 µm and less than 20 × 20 µm. 
In order to minimize interference from the Au substrate that can also function as a WE when potential is 
applied, the Au substrate should be just slightly bigger or almost the same size as the UO2 lift-out. The Au 
substrate film is fabricated on the SiN membrane (Figure 8-2). The Au substrate is designed to be in the 
center of the SiN membrane with a dimension of 0.5 × 0.5 mm, and the electric connection structure with 
a dimension of ~ 500 × 2 mm is placed on the edge of the SiN window (Figure 8-2) for the external wire 
connection.  

 

 

Figure 8-2.  Schematic of gold substrate on SiN membrane window 

Since the Au substrate requires micrometer-level precision, we utilized microfabrication processes 
including shadow masking and photolithography. To test feasibility, we first made several Cr structure 
prototypes by shadow masking to mimic the effect prior to using Au. The shadow mask was fabricated by 
photolithography dry etching (deep reactive ion etching (DRIE), Oxford-100) and wet etching (KOH). A 
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fabricated shadow mask had several electrode-shape holes. Individual SiN chips could be attached to one 
side of the shadow mask before sputtering the metal layer (Denton sputter coater) resulting in an electric 
conductive substrate layer with the desired features once the mask was removed.  

We first tested 400 × 400 µm and 500 ×500 µm features with the shadow mask method. With the 
combination of photolithography dry etching and wet etching, we successfully fabricated a shadow mask 
containing 400 × 400 µm and 500 ×500 µm features. Several tested Cr features were sputter coated on the 
SiN chips shown in Figure 8-3. Completed Cr test features showed improved features, yielding a more 
than 75% size reduction of the footprint (i.e., from 2 × 2 mm to ~ 450 × 450 µm). This shows the 
possibility of improvement for making smaller gold electrode substrates. 

 

 

Figure 8-3.  Microelectrode features using shadow masking:  
(a) ~400 × 400 µm and (b) ~500 × 500 µm 

We then attempted to achieve a 15 × 15 µm feature with the shadow masking technique. However, 
because the actual etching aspect ratio was not close to 1:10 throughout the whole feature, it was 
challenging to obtain fine features using wafer DRIE at the micrometer level within the 300-µm thick 
wafer. The etched depth of 15 × 15 µm was shallower than the 500 µm × 2 mm feature used for wire 
connection, which was caused by the uneven etching rate. Therefore, we were not able to achieve the 
15 ×15 µm feature goal using the shadow mask.  

8.2.1.2 Next Step for the Fabrication of the Micrometer Gold Electrode 
Since the shadow mask method was not successful for making ~15 × 15 µm features, we plan to apply 
other microfabrication approaches. Specifically, we will use photolithography to make features directly 
on premade SiN chips. Figure 8-4 gives a simple illustration of the etching steps to achieve the finer 
micrometer scale features needed to incorporate the UO2 WE in the microfluidic E-cell. A layer of 
platinum will be sputtered as an adhesive layer for the gold layer of ~20-nm thick. Afterwards, the gold 
layer will be sputtered on the top the Ti layer for ~40 nm. After sputtering, both metal layers will be 

(a) (b) 
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etched by a wet etching process as depicted in Figure 8-4. In order to protect the SiN membrane, a layer 
of photoresist can be used as a protective layer during wet etching of the Au and Ti layers. After 
completion of the fabrication process, the microlevel electrode will be tested by assembling it as the WE 
using the existing E-cell design.  

 

 

Figure 8-4.  Schematic showing electrode fabrication  
using wet etching on a SiN membrane window 

 

8.2.2 In-situ Liquid ToF-SIMS 
A TOF-SIMS V spectrometer (IONTOF GmbH, Münster, Germany) was used in this work. The pressure 
in the main vacuum chamber was maintained below 4×10−7 Torr (Yang et al. 2011b). The SiN window 
was cleaned by a 1 keV O2

+ beam to remove surface contamination with a scanning area of 500×500 μm2 
prior to analysis. An electron flood gun was used to compensate surface charging during analysis. A 
pulsed 25 keV Bi3

+ primary ion beam was used with a current of ~0.36 pA. The focus spot was about 0.45 
μm in diameter and the scan area was 2 μm in diameter. A pulse width of 150 ns was used to punch 
through the SiN membrane (Yu et al. 2016). The pulse width was changed to 50 ns to obtain a relatively 
higher mass resolution in the latter portion of the depth profile. More experimental details have been 
reported elsewhere (Zhou et al. 2016; Yu et al. 2017).  

Figure 8-5 provides a close view of the SALVI mounted on the ToF-SIMS’s sample holder 
(Figure 8-1(a)) and its microchannel being punched through by the Bi3

+ion beam (Figure 8-1(b)). The 
microscope imaging was utilized to facilitate locating the analysis area on the SiN window that seals the 
microchannel. Five holes were drilled through on the SiN window, exposing the liquid sample beneath to 
the analysis beam. Subsequently, the secondary ions that carry the signature information of the sample 
were produced. Two samples were measured including 250-ppm uranium in uranium nitrate form 
dissolved in HNO3 and laminin solution and a control sample containing HNO3 and laminin only. SALVI 
is the critical component of in-situ liquid SIMS techniques, which enables the liquid samples to be 
measured directly at microscale. SALVI only requires a very minimal liquid sample volume, 
approximately 30 µL. 
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Figure 8-5.  (a) Vacuum-compatible SALVI device mounted on sample holder before ToF-SIMS 
analysis, (b) secondary ion image of SALVI’s microchannel being punched through by Bi3+ ion 

beam, and (c) SALVI’s microchannel viewed under microscope for locating analysis area 

8.2.3 In-situ Liquid SEM using the Existing SALVI E-cell 
Of particular interest to study the oxidation and reduction of UO2, the electrochemical version or the E-
cell (Liu et al. 2014; Yu et al. 2016) was used and adapted in this work. The feasibility of using SALVI 
for in-situ characterization of particles in liquid was demonstrated in our previous work (Yao et al. 2017; 
Yu et al. 2019a). This paper shows initial results of in-operando study of spent fuel relevant systems using 
the SALVI E-cell. Two FEI Quanta 3D focused ion beam-scanning electron microcope (FIB-SEM) 
instruments were used. Both low and high vacuum modes SEM were employed. The radiological material 
was analyzed in the Quanta 250 field emission gun (FEG) SEM housed in the Radiological Processing 
Laboratory (RPL) at PNNL. Non-radiological materials were analyzed to optimize imaging conditions. 
The iron oxide (Fe3O4) in deionized water mixture was analyzed in the Quanta SEM RPL. A standard 
operation procedure of in-situ liquid SEM was described previously (Yao et al. 2017; Yu et al. 2019a).  

The goal of this work is to conduct in-operando SEM of UO2, simulating spent fuel conditions. 
Figure 8-6(a) depicts the experimental setup including an electrochemical station connected with a 
SALVI E-cell. Figure 8-6(b) shows a series of cyclic voltammograms obtained with this setup using a 
standard solution consisting of 2 mM K3Fe(CN)6 and 1 M KNO3 in deionized water. Reagents were 
acquired from Sigma-Aldrich. This initial result demonstrates the performance of the approach prior to 
using radiological materials. In-operando results and the application of in-situ SEM imaging in studying 
nuclear materials are presented. 
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Figure 8-6.  (a) In-operando SEM setup showing the SALVI E-cell (insert) connected with an 
electrochemical station, and (b) cyclic voltammograms acquired using this setup  

8.2.4 Electrochemistry Analysis of Liquid Sample containing Uranium 
Next, we performed electrochemistry experiments using a uranium containing electrolyte in the SALVI 
E-cell. An EHI 660 E (CH Instruments, Inc., Austin, TX) electrochemical workstation was used. The E-
cell was mounted on the sample stage of the Quanta 250 FEG SEM and was tested in the ambient 
condition. The three electrodes were connected to the electrochemical workstation via corresponding 
wires as shown in Figure 8-7. More results are shown in Section 8.3, which presents and discusses the 
experimental results.  
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Figure 8-7.  SALVI E-cell with uranium containing electrolyte in an ambient environment 

 

8.2.5 Multimodal analysis on Los Alamos National Laboratory’s Corrosion 
Sample 

A stainless-steel metal coupon was received from LANL and used to examine the unprocessed Wyoming 
bentonite and the clay-stainless-steel metal interface. Multiple analytical techniques including ToF-SIMS, 
scanning transmission electron microscopy–x-ray energy dispersive spectroscopy (STEM-EDS), 
transmission electron microscopy-electron energy loss spectrocopy (TEM-EELS), and scanning electron 
microscopy–x-ray energy dispersive spectroscopy (SEM-EDS) were used to examine the top surface and 
cross-sectional interface of the coupon.  

In ToF-SIMS analysis, three analysis modes were conducted including high mass resolution mass 
spectrum, high spatial resolution imaging, and depth profiling. Data were acquired in both positive and 
negative ion modes. In the mass spectrum mode, 25-KeV Bi3

+ was sputtered on the 100 × 100-m area, 
collecting the high mass resolution spectra for 60 scans with 128 × 128-pixel resolution. In the imaging 
mode, the same areas were analyzed for 200 scans with 256 × 256-pixel resolution. In the depth profiling 
mode, 25-KeV Bi+ was applied as the primary analysis beam, coupled with 2-KeV O2 as the sputter beam 
to analyze the sample surface layer by layer. 

A cross-sectional mount of the metal sample was prepared by polishing to a 0.25-μm finish. The sample 
was then introduced into a FEI Helios 660 NanoLab™ FEG dual beam FIB-SEM equipped with an 
EDAX (EDAX Inc., Mahwah, NJ) compositional analysis system. The current and accelerating voltage of 
the ion beam used for prep was between 9 pA to 9 nA and 2–30 kV, respectively, depending on the 
progress of the thinning operation. The thinned specimens were attached to Cu-Omniprobe grids.  
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Lift-out specimens for STEM were characterized on a JEOL (Japan) ARM300F (GrandARM) probe-
corrected microscope equipped with high angle annular dark field (HAADF) and bright field (BF) 
detectors, dual Bruker EDS, and Gatan (Gatan Inc., Pleasanton, California) Quantum Image Filter for 
electron energy-loss spectroscopy (EELS) and imaging. Diffraction patterns were collected on a Gatan 4D 
STEM system, and EELS data, and electron micrographs were analyzed with Gatan DigitalMicrograph™ 
3.0.  

8.2.6 Sample Preparation 
Two types of sample preparation were described below. One was for liquid SIMS and liquid SEM and the 
other was for the stainless-steel coupon from LANL. 

8.2.6.1 Liquid Samples Analyzed using In-Situ Liquid SIMS 
A liquid solution containing uranium was prepared from U1010- uranyl nitrate (Crystal, ACS grade) and 
hexahydrate (Spectrum Chemical Mfg. Corp.). 250-ppm uranyl nitrate was dissolved in ~0.09-M HNO3 
and 1-mg/ml laminin (Sigma L2020-1MG) was added to make the testing mixture.  

8.2.6.2 Liquid Samples Analyzed using the Electrochemistry Workstation 
Two liquid samples loaded in SALVI E-cells were analyzed using the electrochemistry workstation, 
including 1-mM uranyl nitrate in 0.1-M HNO3 and 0.1-M HNO3 only as the control sample.  

8.2.6.3 LANL Metal Coupon Preparation 
The metal coupon received from LANL was unprocessed and non-radioactive. It was cut into smaller 
pieces for multimodal analysis using various analytical tools. One piece was fixed in epoxy with the 
cross-sectional interface exposed for analysis after polishing. This interface piece was analyzed using 
ToF-SIMS.  

Figure 8-8(a) shows photos of the LANL metal coupon as received. Figure 8-8(b) gives pictures of the 
cross-sectional interface fixed in epoxy resin and one of the small pieces from various analyses. 
Figure 8-8(c) shows how the metal piece was loaded onto the ToF-SIMS stage prior to analysis.  
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Figure 8-8.  (a) Complete metal coupon as received, (b) trimmed smaller pieces and a piece 
polished and fixed in the epoxy, and (c) sample coupons mounted in the ToF-SIMS sample holder 

8.3 Results and Discussions 
In this section, we report results from three types of experiments. The first results are from in-situ liquid 
SIMS analysis of UO2 containing liquid. The second results are from the in-situ liquid SEM experiment 
of uranium containing electrolyte. Lastly, the third results are from the multimodal imaging and analysis 
of the LANL metal coupon.  

8.3.1 In-situ Liquid SIMS of UO2 
We conducted in-situ liquid SIMS analysis of a liquid mixture containing UO2, HNO3, and laminin. 
Although not directly related to the UO2 spent fuel chemistry, laminin is added to demonstrate the ToF-
SIMS capability to identify both organic components and uranium containing compounds. Besides this 
mixture, we analyzed UO2 dissolved in nitric acid and nitric acid solution as the control.  

The mass spectra acquired from these three liquid samples were normalized to the intensity of NO2
+ 

before comparison as seen in Figure 8-9. The third sample, 3.5% HNO3, was presented previously in our 
last report. The mass spectrum and 2D image from this sample were used for comparison purposes. The 
high intensities of laminin fragment peaks such as C4H5N2

+, C5H10N+, and C5H12N+ were detected from 
both samples containing laminin (250 ppm U w/laminin and HNO3 w/ laminin) but not from the HNO3 
sample as expected. Furthermore, 238UO2

+ was only detected from the uranyl sample, even with the 
interference of organic species. The normalized 2D image comparisons are presented in Figure 8-10, 
confirming the detection of uranium species and organic molecules in the mixture consisting of 250 ppm 
U and laminin.  

Our in-situ liquid SIMS results illustrate that we can use it to detect the changes of the UO2 electrode 
before and after applying potentials to the electrode and examine the corrosion process of UO2. It is 
envisioned that in-situ and in operando approaches will provide new insights into spent fuel chemistry of 
importance, simulating depository conditions and enhance our ability to manage and control nuclear 
materials at microscale. 
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Figure 8-9.  Mass spectra comparison of liquid samples analyzed using liquid SIMS 

 

Figure 8-10.  Comparison of normalized 2D images of UO2+ and C4H5N2+  
among three liquid samples 
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8.3.2 Electrochemical Analysis of Uranyl Nitrate for In-situ SEM 
The electrochemistry of U (VI) was conducted using a three-electrode SALVI E-cell, with gold film 
(~1 mm2) as WE, Pt wires as CE and RE, respectively. The cyclic voltammagram of U (VI) nitrate 
dissolved in 0.1 M HNO3 showed reduction and possible oxidation processes that were not existing in the 
control blank sample. The potential process at 0.22 V is assigned to UO+àU4+ reduction. The potential 
process at -0.21 V indicates possible reduction of U4+àU3+, while the process at -0.1V possible oxidation 
of a low valence of U changing to a higher valence. (Figure 8-11). Since WE is gold, the potential of the 
reduction and oxidation of U may differ slightly from other published reports or databases using other 
WE materials (Liu et al. 2014; Yu et al. 2016). In addition, the reduction and oxidation processes that 
appear in both blank and uranyl nitrate solutions may be caused by the Au film, because the effective Au 
film area is much larger than the UO2 WE. This result suggests that we use a wider range of potentials in 
future experiments. In addition, a smaller Au film conductive substrate is needed to reduce the 
interference of H and Au. Future testing will include the scanning rate dependency of the uranyl nitrate 
using this three-electrode cell with improved UO2 WE design. 

 

Figure 8-11.  (a) Cyclic voltammagram of 0.1 M HNO3 and (b) 1mM uranyl nitrate in 0.1 M HNO3 

8.3.3 Multimodal Imaging of the LANL Metal Coupon 
We received a sample of corroded metal from F. Caporuscio of LANL. This specimen was cut into 
sections for further testing and analysis. Extensive characterization by SEM and XRD has been reported 
by LANL on this specimen (Caporuscio et al. 2014). More details of specimen preparation were provided 
previously. 

Figure 8-12 presents the positive mass spectrum detected from the interface of the metal coupon using the 
high mass resolution mode of ToF-SIMS. The possible identification of the detected peaks is listed in 
Table 8-1. Combined with 2D images (Figure 8-13) of the elemental and molecular information of the 
interface, our results show the main chemical components of clay, the clay-metal interface, and stainless 
steel. Elemental components such as K+, Ca+, and Na+ from the water that treated the coupon were 
observed (Figure 8-10). The observation of Si+ and SiO+ (Figure 8-12) on the clay layer confirms silica 
(SiO2) formation, which was observed using SEM in the earlier LANL report (Caporuscio et. al. 2014). It 
is interesting that Fe+ and Fe(OH)+ are present in both the stainless steel and clay layer, and the intensity 
of Cr+ at the interface is stronger than that in the bulk stainless steel (Figure 8-13). This observation 
provides visualized evidence that Fe-saponite forms at the bentonite – steel interface via oxidative 
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leaching of Fe and Ni, producing a chromite (Cr1.04Fe0.96)(Fe0.69,Ni0.31)O4 passivation layer on the outer 
surface of the 316 stainless steel plates (Caporuscio et al. 2014). The ToF-SIMS spectral results 
demonstrate that SIMS has sufficient surface sensitivity to provide useful elemental information as SEM. 
More importantly, SIMS can provide high resolution 2D chemical maps showing the interfacial elemental 
and molecular distribution, offering mechanistic insights into the bentonite–steel interfacial processes.  

 

Figure 8-12.  Positive ions detected from coupon interface fixed in epoxy 

 

Table 8-1.  Peak identification of species detected from the corrosion interface 

No. Center Mass (u) Possible Assignment  No. Center Mass (u) Possible Assignment 

1 22.99 Na+  8 57.94 Ni+ 

2 23.98 Mg+  9 67.94 CrO+ 

3 26.98 Al+  10 68.94 CrOH+ 

4 27.98 Si+  11 69.95 CrH2O+ 

5 39.96 Ca+  12 111.88 Fe2+ 

6 51.94 Cr+  13 128.87 Fe2OH+ 

7 55.94 Fe+  14 144.86 Fe2O2H+ 
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Figure 8-13.  2D images resulting from SIMS imaging technique capture the distribution of the 
dominant elements and molecules on the clay, clay-interface, and stainless-steel surface 

 
In addition, we used the SIMS depth profiling capability to reveal the distribution of chemical species in 
3D. SIMS depth profiling was applied to the top surface of one of the small pieces. The depth analysis is 
approximately ~ 800 nm. The chemical species detected are mainly from the clay layer (Figure 8-14).  

Figure 8-15 gives two examples of the 3D SIMS analysis from the top surface region of the corroded 
metal, comparing the black and gray areas. Figure 8-15(a) shows superimposed 3D images of Al+ and Fe+ 
from the black area. Ion signals from metal are dominant in the black area. Figure 8-15(b) shows 3D 
images Al+ and Fe+ from the gray area. Charging causes lower ion intensities compared to the black area. 
We suspect that iron oxidization was formed on the surface in the gray area.  

The 3D SIMS analysis demonstrates the capability of dynamic ToF-SIMS in providing the elemental and 
molecular information as a function of depth. The 3D visualization can be utilized to reveal the species 
present around the clay-metal interface, providing insights into the corrosion process at the bentonite–
steel interface. 
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Figure 8-14.  Depth profiling analysis of clay surface of the metal coupon 

 

Figure 8-15.  3D visualization of Al+ and Fe+ distributions from  
(a) black area and (b) gray area in the stainless-steel coupon 
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Extensive characterization by SEM and XRD has been reported by LANL on this specimen. STEM-EDS 
and -EELS work was used to understand the mechanism of metal corrosion. The EDS elemental maps 
show the distribution of elements and the separation of the clay layer from the corroded metal. This is 
also clearly visible in the STEM image. The clay consists of Na, Al, O, and Si as major components. 
Other minor elements are also identified but not shown in the figure.  

 

 
NOTE: The oxide layer contains particles of Ni-sulfide. Both Fe and Cu are present in the oxide layer, but at lower levels than in 

the metal. In contrast, Cr was uniform throughout the corrosion rind. The clay was a sodium alumino-silicate. 

Figure 8-16.  Image and diffraction patterns of the corrosion rind  
with an EDS line profile and elemental maps 

 

Iron is enriched in the metal and present at lower levels in the oxide, as expected. Ni and S have formed 
sulfides throughout the oxide zone. Diffraction data was also collected from the different regions in the 
specimen.  
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NOTE: A shift in the Fe-L2,3 edge indicates oxidation of Fe in the clay relative to the other phase. 

Figure 8-17.  (a) Image of the corrosion rind, (b) EELS elemental maps  
of the major elements, and (c) EELS spectra of three major regions  

noted in (a), including a Fe-Ni particle in the clay, most likely a sulfide 

 

8.4 Conclusions for In-situ Electrochemical Testing 
We are developing the tools that will enable us to conduct in-situ liquid SEM analyses of UO2 to validate 
the electrochemical model for long-term disposal of nuclear fuel. Furthermore, in-situ ToF-SIMS analysis 
could complement the in-situ SEM imaging and provide information on the U species forming in solution 
during the corrosion processes. 

The following list summarizes key findings pertinent to the three types of experiments conducted: 

• In-situ Liquid SIMS of UO2—Our in-situ liquid SIMS results illustrate that we can use it to 
detect the changes of the UO2 electrode before and after applying potentials to the electrode and 
examine the corrosion process of UO2. It is envisioned that in-situ and in operando approaches 
will provide new insights into spent fuel chemistry of importance, simulating repository 
conditions and enhance our ability to manage and control nuclear materials at microscale. 

• Electrochemical Analysis of Uranyl Nitrate for In-situ SEM—The cyclic voltammagram of 
U (VI) nitrate dissolved in 0.1 M HNO3 showed reduction and possible oxidation processes that 
were not existing in the control blank sample. In addition, experimental results suggest that we 
use a wider range of potentials in future experiments. Moreover, a smaller Au film conductive 
substrate is needed to reduce the interference of H and Au. Future testing will include the 
scanning rate dependency of the uranyl nitrate using this three-electrode cell with improved UO2 
WE design. 

• Multimodal Imaging of the LANL Metal Coupon—The 3D SIMS analysis demonstrates the 
capability of dynamic ToF-SIMS in providing the elemental and molecular information as a 
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function of depth. The 3D visualization can be utilized to reveal the species present around the 
clay-metal interface, providing insights into the corrosion process at the bentonite–steel 
interface. 
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9. CONCLUSIONS 
This report documents progress made during FY19 on the EBS R&D Work Package in the SFWST 
Campaign. The R&D activities were designed to improve the understanding of EBS component evolution 
and interactions, as well as interactions between the host media and the EBS. A primary goal of this work 
is to advance the development of process models that include certain distinct processes that can be 
incorporated into a PA or can provide critical information for implementing better contraints on barrier 
performance. The plan is to either directly implement the models within the GDSA platform or use the 
models for confidence building and/or to provide insight into the underlying processes. The R&D team 
consisted of individuals from Sandia, LBNL, LANL, PNNL, BRGM, the University of California 
Berkeley, and Mississippi State University. 

The FY19 EBS activities involved modeling and analysis work as well as experimental work. The 
following subsections summarize the progress made in the different research areas.  

9.1 Thermal Analysis for the Disposal of Dual Purpose Canisters in 
Sedimentary Host Rjock using the Semi-analytical Method 
(Section 2) 

Semi-analytical, thermal calculations were conducted regarding the direct disposal of DPCs in a generic 
closed-mode, sedimentary repository setting. Conducted to support GDSA PFLOTRAN simulations, the 
calculations investigate parameters that could influence management of the high thermal loads expected 
with DPCs due to the large number of PWR assemblies per waste package. The analysis examined the 
effects of drift spacing, waste package spacing, backfill thermal conductivity, number of PWR assemblies 
per waste package, and surface storage period. The predicted results show that a combination of a larger 
repository foot print, a longer surface storage time and an engineered buffer would be required to control 
peak temperatures. Alternative disposal concepts were also shown as part of sensitivity analysis. The 
results are in line with previous analyses. 

9.2 Tetravalent Uranium Solubility and Speciation (Section 3) 
Experiments were conducted to investigate the solubility of UO2 and speciation of U in SO4-bearing, 1-m 
NaCl solutions at 250°C, 300°C, and 350°C and saturated water vapor pressure. The predominant sulfate 
complex of U(IV) was identified as the neutral aqueous species, U(OH)2SO4

º. Earlier work on chloride 
complex of U(IV), such as UCl4

º (Timofeev et al. 2018), showed that its stability has a strong negative 
correlation with pH and thus it plays an important role only in acidic solutions. In contrast, the species 
identified in this study contribute appreciably to the mass balance of dissolved uranium even in more 
realistic solutions of near-neutral acidity. In the sulfate-bearing solutions ranging from 0.01 to 0.35 
mol/kg of total dissolved sulfate, the U(OH)2SO4º species controls the solubility of uranium at reducing 
conditions. However, even within more modest sulfate concentration ranges, uranium concentrations can 
develop ranging from hundreds of ppb to tens of ppm and even more when in equilibrium with uraninite, 
a mineral phase commonly encountered in both natural and engineered systems. Logarithms of the 
formation constant (U4

+ + SO4
2− + 2OH− = U(OH)2SO4) for this species are 30.18, 32.16, and 36.31, 

respectively, at 250°C, 300°C, and 350°C. 

9.3 THMC Modeling of Impact of High Temperature on EBS 
Bentonite (Section 4) 

In the past few years, we have dedicated our effort to developing a coupled THMC model to evaluate the 
chemical alteration and associated mechanical changes in a generic repository and to consider the 
interaction between EBS bentonite and the natural system clay formation. Two main scenarios were 
developed for comparison: a “high T” case, in which the temperature near the waste package can reach 
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about 200°C, and a “low T” case, in which the temperature peaks at about 100°C. THMC modeling of 
coupling of chemical and mechanical processes is the key part of the evaluation of the impact of chemical 
changes on the mechanical behavior of bentonite. In FY19, we started to use a new simulator 
TReactMech to work on Linux platform, which is more suitable for large-scale computations and better 
able to incorporate other mathematical or physical tools for coupled modeling. The milestones reached 
are as follows:  

• We added the dual structure model, BExM, to link mechanical process with chemistry in 
TOUGHREACT-FLAC to allow us to simultaneously incorporate the effects of exchangeable 
cations, ionic strength of pore water and abundance of swelling clay on the swelling stress of 
bentonite. 

• We ran new high T and low T simulations. The ultimate goal is to investigate the thermal limit 
of clay repository. Reliable evaluation of the impact of a long-term geochemical effect on 
mechanical behavior will help determine whether a clay repository can sustain higher 
temperature. 

• We introduced the new simulator TReactMech on a Linux platform. An initial 3D THM 
benchmark test was studied. The application of a numerical code TReactMech was validated by 
means of a comparison with analytical solutions. 

The current coupled THMC model on a Windows platform greatly improves our understanding of the 
coupled processes contributing to chemical and mechanical alteration in EBS bentonites and natural 
system argillite formations and answers questions regarding the thermal limit of EBS bentonite in clay 
repository. However, for solving large problems and better modeling efficiency, the simulator for 
conducting coupled THMC modeling needs to be improved. In the remaining time of FY20, we are 
planning: 

• To investigate chemical induced deformation in a solid skeleton related to changes of solution 
compositions, and to derive an improved constitutional model for swelling pressure in 
compacted clays. In that way, we can develop a stricter MC coupled model in the framework of 
poromechancis. A better quantitative understanding of how chemical change controls the 
material structure is required. Studies will be focused on developing and verifying such 
relationships and searching data for parameter calibration  

• To derive a reduced order model (ROM) that can be integrated into the PA model in GDSA. The 
importance of bentonite alteration and its impact on mechanical behavior needs to be integrated 
to PA model to assess their relevance to the safety of a repository. Specifically, we will first 
implement of bentonite swelling models such as linear swelling, state surface, BBM, and BExM 
into a parallel THMC simulator TReactMech and a ROM will be developed based on a large 
number of THMC simulations.  

 

9.4 Integration of Coupled THC Model with GDSA using Reduced-
order Model (Section 5) 

The THC model was used to develop a ROM to compute an apparent Kd as a function of time and space 
(or averaged across EBS), which can be plugged into the PA model. As the first step, we simulated the 
THC process within a buffer-argillite system using TOUGHREACT, and computed Kd at each grid block 
over time. The results show that although the Kd values vary over one order of magnitude in space and 
time in parallel lines, the temporal evolution is spatially consistent. This would make it possible to 
develop the statistical representation of the Kd evolution across the space in a relatively straightforward 
manner. In addition, the dependency of Kd on pH is fairly linear, which could also be used to create 
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ROM, although the dependency has to be evaluated at different geochemical conditions and parameters 
based on the application of the UQ. A spatial averaging strategy was considered to determine the Kd value 
representing the entire buffer as a single grid block in the PA model. Simple averaging of Kd over the 
buffer overestimated the overall adsorbed mass, compared to the apparent Kd over the buffer based on the 
buffer-averaged adsorbed and aqueous concentrations. Comparison of numerical and experimental results 
is needed to substantiate the developed approach.     

9.5 Studying Chemical Controls on Montmorillonite Structure and 
Swelling Pressure (Section 6) 

9.5.1 Computational and Thermodynamic Modeling of Clay Swelling 
Modeling the evolution of compacted clay microstructure in response to chemical perturbations in 
aqueous chemistry requires a detailed understanding of the molecular-level forces that regulate water 
adsorption and ion exchange thermodynamics in the clay interlayer nanopores. We are combining 
molecular mechanics simulations (MD and GCMC) with thermodynamic modeling to predict the 
coexistence of multiple swelling states (e.g. 2-water layer hydrate coexisting with 3-water layer hydrate) 
for montmorillonite clay. Our key accomplishments include: 

• We have developed a realistic molecular model of cis-vacant montmorillonite. We equilibrated 
this structure in homoionic NaCl and KCl to determine the molecular structure of the interlayer 
water and counterions (e.g., Na+ and K+) for the 1- and 2-water layer hydrates. Stronger 
H-bonding of interlayer nanopore water molecules with the structural hydroxyl sites in the clay 
sheet causes water to be more highly structured in the cis-vacant structure compared to trans-
vacant clay.  

• We performed a series of molecular simulations to determine a physiochemical basis for 
observed rotational ordering of Na- and K-montmorillonite. Static equilibrium calculations 
indicate that crystallographically oriented layers are energetically preferred for the 1-water layer 
states, but forced rotations indicate that multiple rotational orientations are energetically 
accessible due to thermal fluctuations. 

• Crystalline hydrate phase coexistence data derived from SAXS measurements were used to 
develop a thermodynamic model for ion exchange driven swelling and collapse of 
montmorillonite. Swelling pressures for compacted clay (1600 kg/m3) are shown to vary with the 
composition of the electrolyte, with highest swelling pressures occurring in equilibrium with 
relatively low water activity Na-rich aqueous fluids.  

Our ongoing work employs our new molecular model to provide validation of and inputs for the 
thermodynamic model in mixed Na/K electrolyte. Currently, the model assumes a regular solution model 
for mixing of the 2- and 3-water layer hydrate swelling states. We are using MD results to directly 
calculate excess mixing energies and to explain the non-ideal mixing behavior. Future work will extend 
this model to include aqueous CaCl2, which is a major counterion component in bentonite employed in 
EBS. This work will involve additional SAXS studies to measure distributions of swelling states as a 
function of counterion composition as well as a complementary suite of MD simulations. 

9.5.2 Chemical Controls on Montmorillonite Swelling Pressure and Structure 
As described in Section 4.4 of Zheng et al. (2019), we collaborated with Drs. Francis Claret and Stephane 
Gaboreau, BRGM Orléans, to develop a miniaturized oedometer cell for synchrotron x-ray studies of 
dynamic changes in compacted swelling clay structure. This system will enable SAXS to measure 
distributions of interlayer distances as well as microscale x-ray computed tomography (µXCT) to measure 
interparticle pore dimensions. This system will permit us to follow changes in bentonite interlayer spacing 
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and submicron structure as a function of solution composition and to test our predictions of swelling 
pressure.  

The oedometer has been calibrated at BRGM and was scheduled to be shipped to LBNL early in FY20 for 
experiments that measure the changes in bentonite swelling pressure during ion-exchange. Laboratory 
studies of swelling and swelling hysteresis for a range of electrolyte compositions (including Na, K and 
Ca) and concentrations were planned to provide new experimental tests of our thermodynamic models for 
swelling. In addition, SAXS beamtime is scheduled at beamline 5-ID of the Advanced Photon Source 
(APS), which will provide information on the evolution of interlayer and interpore dimensions during ion 
exchange and smectite expansion and collapse.  

9.6 Transmission X-ray Microscope (TXM) for In-situ 
Nanotomography of Bentonite and Shale (Section 7) 
To deepen our understanding of relationship of clay swelling and chemical conditions, we plan to design 
and commission a new TXMs at beamline 11.3.1 and provide proof-of-principle data on (1) the structural 
evolution of hydrated compacted bentonite under changing chemical conditions or (2) the deformation 
and fracture sealing of candidate repository rocks, such as shale or halite, under stress over multiple time 
scales. We have completed the sample selection, experimental design. The TXM specifications are chosen 
to enable the imaging of the pore structure between smectite particles and the deformation of smectite 
particles and mineral inclusions in shale. The x-ray energy is chosen to be sufficiently high to pass 
through environmental sample cells in order to enable time-lapse studies of rock-fluid systems under 
controlled conditions. As part of this project, a new sample cell is designed and fabricated that can be 
used to apply uniaxial stress and allow for the flow of aqueous fluids.  

Excellent progress was made in FY19 on the construction of an x-ray microscope dedicated to in-situ 
nanotomography studies of the MC evolution of geological materials, particularly clay media and clay-
rich rocks. A novel uniaxial stress-strain cell has been designed and all components purchase or 
fabricated. An optical imaging system has been set up to enable preliminary studies of flow and 
compaction. 

X-ray operations were expected to commence in early FY20 with TXM commissioning to proceed over 
the subsequent 4 weeks. The experimental emphasis was expected to rapidly transition from 
characterizing the imaging performance of the instrument using calibration standards to performing initial 
studies of clay and shale samples under ambient conditions. The first in-situ studies were expected at 6 
weeks following x-ray operation.  

9.7 In-situ Electrochemical Testing of Uranium Dioxide under 
Anoxic Conditions (Section 8) 

Analyzing radioactive materials in liquids and slurries can be challenging using bulk approaches. As an 
alternative, the research team has developed the SALVI, a vacuum-compatible, microfluidic device, to 
enable surface analysis of liquids and liquid-solid interactions using SEM and ToF-SIMS. The goal is to 
provide real-time and in-operando monitoring of UO2 electrode stability and morphological change and to 
study the UO2 corrosion process at the microscale.  

Much of the FY19 effort involved establishing the capabilities to this new experimental approach. 
Additional staff that could provide expertise on electrochemistry and the operation of the in-situ cells 
were brought onto the project. Equipment suitable for in-situ electrochemical corrosion testing of UO2 
was purchased and/or built as needed. Initial testing of this new experimental approach demonstrates that 
multimodal analysis of UO2 materials is possible using SALVI and in-situ chemical imaging. Both in-situ 
liquid SEM and SIMS can be used as new approaches to analyze radioactive materials in liquid and slurry 
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forms of high-level nuclear wastes. In addition, stainless steel materials, like those that would be used in 
the repository setting, were analyzed using multiple surface tools including SEM, TEM, XPS, and ToF-
SIMS. The results show that material interfaces change as a result of redox chemistry in the repository 
environment. Further investigation is warranted to understand the physical and chemical processes to 
support the process model development.  

The following list summarizes key findings pertinent to the three types of experiments conducted: 

• In-situ Liquid SIMS of UO2—Our in-situ liquid SIMS results illustrate that we can use it to 
detect the changes of the UO2 electrode before and after applying potentials to the electrode and 
examine the corrosion process of UO2. It is envisioned that in-situ and in operando approaches 
will provide new insights into spent fuel chemistry of importance, simulating repository 
conditions, and enhance the ability to manage and control nuclear materials at microscale. 

• Electrochemical Analysis of Uranyl Nitrate for In-situ SEM—The cyclic voltammagram of 
U (VI) nitrate dissolved in 0.1 M HNO3 showed reduction and possible oxidation processes that 
were not existing in the control blank sample. In addition, experimental results suggest that we 
use a wider range of potentials in future experiments. Moreover, a smaller Au film conductive 
substrate is needed to reduce the interference of H and Au. Future testing will include the 
scanning rate dependency of the uranyl nitrate using this three-electrode cell with improved UO2 
WE design. 

• Multimodal Imaging of the LANL Metal Coupon—The 3D SIMS analysis demonstrates the 
capability of dynamic ToF-SIMS in providing the elemental and molecular information as a 
function of depth. The 3D visualization can be utilized to reveal the species present around the 
clay-metal interface, providing insights into the corrosion process at the bentonite–steel 
interface. 
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