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Opalinus Clay interaction (CI) is a 
long-term experiment at Mont Terri 


 Long-term experiment designed to 
supplement current knowledge on 
the influence of cement on Opalinus 
Clay (OPA) in a deep geological 
repository 


 Sample of the interface between 
OPA and ordinary Portland cement 
(OPC) was obtained by SNL and 
LANL to conduct small-angle 
neutron scattering (SANS) studies 


 UFD work not supported in this 
FY14. 


 However, utilizing reactive transport 
model: 


– To evaluate the effects of using 
different thermodynamic databases 


– To evaluate the effects of secondary 
mineral precipitation on seal 
performance 


Schematic diagram after Mader et al. 2013  
(Project Communication) 
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Cement Phase Equilibria, Reactive 
Transport, and SANS Analysis 
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PFLOTRAN 
Modeling CHNOSZ 


SANS 
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Research Motivation 


The long-term management of nuclear waste repositories requires reliable 
predictions of radionuclide transport through engineered barrier systems (EBS). 


 Compacted bentonite 
(montmorillonite) is the proposed 
backfill material in EBS. 


 
 Diffusion will be the dominant 


transport mechanism in EBS that 
contributes to radionuclide dose in 
the environment. 


 
 Gradients of chemical solution 


conditions are expected over time 
and across EBS. Ca, carbonates


Goal: Decrease the uncertainty in actinide sorption / diffusion submodels 
that are within performance assessment models for waste repositories. 
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CaBr2 diffusion experiment: Experimental setup 


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Solution conditions: 
• pH=7, I=0.1 M NaCl 
• Solute: 1 mM CaBr2 


Clay characteristics: 
• Pretreated Na-montmorillonite 
• Dry density: 0.758 g/cm3 


Diffusion cell and setup: 
• PEEK cell, stainless-steel filters 
• D=1.0 cm, L=0.5 cm  
• High and low-conc. reservoirs 
• Flow-rate: 0.7 ml/min 


Experimental steps: 
• Saturation of dry, packed clay:  


~ 4 ½ weeks 
• Through-diffusion of CaBr2: 


≥ 6 weeks 
• Through- and out-diffusion of HTO 
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CaBr2 diffusion experiment: Flux data  


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Normalized flux: 
Br < HTO < Ca 


Br 


6/5/14 


HTO 
Ca 
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CaBr2 diffusion experiment: Transport modeling  


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Simple analytical formula cannot reproduce the 
effects of the exact geometry of the system on the 
diffusion results (e.g. presence of filters, uneven 
sampling schedule, etc.) 


  Porosity value is constrained by experimental conditions 
 
 The modeling approach enables an accurate estimation of 
the sample tortuosity parameter  


The effects of system geometry and 
sampling schedule are well reproduced by 
reactive transport modeling 


HTO 
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CaBr2 diffusion experiment: Transport modeling  


Sorption and Diffusion in Clays and Compacted 
Bentonite 


  Br- does not have access to the same porosity volume that HTO does 
 
  Anion exclusion due to the electrostatic properties of clay mineral surfaces 


Br 
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CaBr2 diffusion experiment: Transport modeling  


Rock capacity factor = 
   The Ca rock capacity factor exceeds the porosity value due to Ca2+ sorption on the negatively 
charged clay surfaces. 


Ca 
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CaBr2 diffusion experiment: Transport modeling  


Modeling Ca diffusion results with a « micro/nanoscopic » 
description of the pore volume (Donnan EDL model) 


 


The solution is not unique: It is possible to reproduce these data with different coupled values 
of f and 1/G.  For more accurate modeling, we need additional constraints at the pore scale.   


Ca 
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MD Modeling of the CaBr2 Diffusion Experiment 


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Pore width of 3.15 nm 


The pore contains 
• 9000 H2O 
• 116 Na+ 
• 4 Ca2+ 
• 3 Cl- 
• 1 Br- 


9.3 × 9.0 × 4.1 nm3 simulation 
cell, 20 ns of simulation.  


0.00


0.10


0.20


0 10 20 30 40


Br
Cl


Density profile of 
Ca, Cl, and Br 


across the pore 


Na+ Ca2+ Cl- Br- 


3.471 9.460 0.376 0.382 


 Simulations based on our tested MD simulation 
methodology (Holmboe & Bourg, 2014). 


 Simulation cell designed to mimic the conditions 
of the CaBr2 diffusion experiment: 
 similar montmorillonite unit cell formula 
 similar clay-water ratio 
 interlayer chemistry selected to model a 


pore in equilibrium with ~0.1 M NaCl + 
minor amount of CaBr2. 


Cpore/Cbulk 
predicted 
by MD 
simulation 


Anion-accessible porosity ~ 40% 
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Upcoming experimental studies of the 
reactive diffusive transport of U(VI) in 


montmorillonite 


Goals: 
 Investigate chemical solution effects on U(VI) sorption and diffusion 


behavior in montmorillonite, compacted bentonite, and “cooked” bentonite. 
 Provide input parameters for U(VI) diffusion models. 
  Replace Kd modeling approach with a more robust surface complexation 


model that is predictive for variable chemical conditions 


Research approach: 
• Uranium(VI) sorption experiments: 
 Kd values as function of chemical conditions 
 Development of surface complexation model 


• Diffusion experiments: 
 Diffusion rates and coefficients 
 Development of diffusion model  
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Uranium(VI) surface complexation model: 
 new EDL approach 


Sorption and Diffusion in Clays and Compacted 
Bentonite 





		Sorption and Diffusion in Clays and Compacted Bentonite

		Research Motivation

		CaBr2 diffusion experiment: Experimental setup

		CaBr2 diffusion experiment: Flux data 

		CaBr2 diffusion experiment: Transport modeling 

		CaBr2 diffusion experiment: Transport modeling 

		Slide Number 7

		Slide Number 8

		MD Modeling of the CaBr2 Diffusion Experiment

		Upcoming experimental studies of the reactive diffusive transport of U(VI) in montmorillonite

		Uranium(VI) surface complexation model:� new EDL approach
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Flow and Transport 
 in Fractured Rock 


 For repositories sited in low permeability rock, 
interconnected networks of fractures provide the primary 
pathways for radionuclide migration to the accessible 
environment 


 The traditional approach of representing the fractured 
rock mass as an equivalent continuum misses key 
phenomena  


 New discrete fracture network (DFN) modeling capability 
is under development  


– Support assessments of potential sites  


– Address unresolved scientific issues associated with transport in 
sparsely fractured rock  


– Understand flow and transport in excavation damage zone near 
clay repository tunnels  


 FY2014 work is focusing on  
– Testing and refinement of DFN and  


particle tracking capability 


– Demonstration using site data 


SKB 2010 


http://www.clu-
in.org/contaminantfocus/default.focus/s
ec/Fractured_Rock/cat/Overview/ 
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Computational Strategy 


 Strategy  
– Finite volume method for flow (Voronoi control volumes) 
– Advective particle tracking to establish transport pathways  
– Post-process particle tracking results to account for matrix  


diffusion/sorption    
 Implementation  


– New Mathematica™ code to generate DFN 
– Los Alamos Grid Toolkit (LaGrit) for meshing  
– FEHM  (Zyvoloski, 2007) or  


PFLOTRAN (Lichtner et al. 2013) for flow  
– Reconstruct velocity on unstructured grid 


using Walkabout algorithms (Painter 2011)  
– Track particles on the dual to the Voronoi  


control volumes  
– MARFA (Painter and Mancillas, 2009) for  


transport  
– Connected through Python scripts  


J.D. Hyman, C.W. Gable, S.L. Painter, N. Makedonska. SIAM Journal on Scientific Computing. In 
press.  
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Velocity reconstruction and 
particle tracking  
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Three fracture sets  
1 km3 domain  
Fisher distribution for fracture orientation  
Truncated power-law length distribution  
 three lower cutoffs  
Fracture transmissivity correlated to length 
 


Forsmark, Sweden. www.skb.se 
 


5033 fractures. 3.8 million control volumes.  
  


Modeling flow and transport at the 
Forsmark site 
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Local variability in 
aperture has been 
shown to be 
important for single 
fractures, but effects 
have never been 
properly tested in a 
realistic network 


New Capability: Local variability in 
fracture properties 
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Capability is needed 
to include engineered 
features (tunnels and 
boreholes) in DFN 
models.  
 
Also needed to model 
experiments  


New Capability: Merging DFN and 
control volume meshes 
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Path forward  


 Status 
– New algorithm for generating high-quality DFN meshes demonstrated, tested and refined  
– Capability available for use in single-core and parallel flow codes  
– Particle tracking capability is working  
– First demonstration simulations using Forsmark site  
– Limited ability to mesh between fractures  


 FY14 and beyond 
– Journal article on new capability  
– Journal article on role of aperture variability  
– Continue demonstrations using data from underground laboratories (Aspo, KURT) 
– Incorporate into PA frameworks (e.g. upscaling)  
– Refine ability to mesh space between fractures (needed for some applications)  





		��High resolution simulations of flow and transport in fractured rock

		Flow and Transport� in Fractured Rock

		Computational Strategy

		Velocity reconstruction and particle tracking 

		Modeling flow and transport at the Forsmark site

		New Capability: Local variability in fracture properties

		New Capability: Merging DFN and control volume meshes

		Path forward 
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Ion Transport In Clays 


 Ion transport is affected by 
– Interactions in the Electrical 


Double Layer (EDL), where 
anions are partly excluded 


– Surface complexation 
potentially affected by 
overlapping  electrical 
double layers (EDL)  


 


Carl Steefel 
Tournassat & Appelo, 2011 
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Structure of Electrical Double Layer 


Carl Steefel 


Double Layers between 
Charged Surfaces 


Solid line: Overlapping double layers 
Dashed line:  No opposite wall present 


After Schoch et al, 2008 
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Mean Electrostatic Potential Approach 


expEDL B i m
i i


B


z eC C
k T
ψ −


=  
 


Concentration in diffuse layer (EDL) related to concentrations in bulk water (B) 
through the mean electrical potential,   


of the diffuse layer 


Ns
EDL EDL SL


i i k k
i k


z C Q zφ = = Γ∑ ∑
Solve for mean electrical potential of diffuse layer from charge balance of 


mineral surface charge, QSL, and the diffuse layer 


mϕ


EDL B
i iµ µ=


Carl Steefel 
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Simulating Swiss DR-A Test  in Opalinus Clay 
with Mean Electrostatic Model 


Increase in ionic strength reduces the EDL thickness, thus 
increasing the proportion of bulk water and  


out-diffusion rate of anion.  


Carl Steefel 


Steefel and Soler, in prep 
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Clay Diffusion Cell Experiments 


Carl Steefel 


Dry pack density = 0.7 g/cc 


Stock solutions:   
0.0025 M CaBr2 & 


0.005 M NaBr 


Reservoir 1 is spiked with the 
stock solution containing bromide 


Br tracer diffusion direction 


Clay Sample Reservoir 1 Reservoir 2 







Used 
Fuel  
Disposition  


Analytical Solution of the Poisson-
Boltzmann Equation 
 


Decrease of the 
absolute value of 


the potential 


CaCl2 0.05 mol/L or NaCl 0.15 mol/L CaCl2 0.005 mol/L or NaCl 0.015 mol/L 


Decrease of the 
diffuse layer 


thickness 


Tournassat & Steefel, in preparation 


Fixed Surface Charge:  
 -0.1 C/m2 
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Diffusion only 


A gradient of salinity has an influence on the pH due to the re-equilibration of the diffuse layer: 
 
 Changes in retention properties (the pH is one of the main parameters controlling sorption 
processes)  


« High » salinity (0.1 M) Low salinity (0.01 M) 


Tournassat, Steefel, & Appelo, 2014 
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Advection-Diffusion Problem with 
Chloride Gradient 


Date 10 


Effect of the diffuse layer on pH 


Effect of the diffuse layer on tracer 
concentrations 
(The tracer concentration is initially 
constant throughout the plug) 


Coupled effect of transport + diffuse layer 
equilibration on chemical parameters ! 


Tournassat, Steefel, & Appelo, 2014 
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Summary 


Fickian diffusion models cannot capture the strong 
variability in diffusion rates as a function of ionic 
strength and cation/anion composition (e.g., Ca vs Na) 


As in DR-A test in the Opalinus Clay, changes in ionic 
strength modify thickness of EDL, thus proportion of 
bulk to EDL porosity implications for diffusion rate 


Where major ion gradient  is present, tracer 
(radionuclide) diffusion possible/likely even in the 
absence of an initial gradient in its own concentration 


June 5, 2014 Nano-Continuum Modeling of Nuclear Glass Corrosion 11 
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2 


Objectives 


 Develop Methods for Parameterizing Moderately-Adsorbing 
Radionuclide Transport in Process/PA Models 


– Our intent is to develop methods that can be applied to any natural system setting 


– However, we have chosen for experimental demonstration:  Uranium transport in 
a granodiorite (Grimsel Test Site, which allows field comparisons) 


– Premise is that difficult-to-interrogate slow desorption rates could provide a great 
deal of performance for which credit is typically not taken (can’t take credit for 
what you don’t observe) 


• All natural systems (even “pure” minerals) 
   are heterogeneous 
• Heterogeneity results in distribution of  
    sorption sites with different strengths/rates 
• Some of these sites may be very “slow” 
     


 


 


 


     


 
 


Our experimental 
emphasis has been 
on small-scale column 
experiments 
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Small-Scale Column Experiments - 
Materials 


 We have done numerous column experiments, but present two of the 
most recent here 


3 6/5/2014 UFD Argillite and Crystalline Disposal Breakout 


  
Mineral 


  
Granodiorite 


Shear 
Zone 


Surface 


  
FFM 


Quartz 32 18 13 
Microcline 10 8 5 


Albite 42 44 34 
Biotite 5 11 31 


Chlorite 1 --   
Muscovite 10 19 16 


Epidote <1 -- -- 
Smectite -- -- 1 
Calcite -- <1 <1 


XRD Mineralogy 


Compound g/L 
Na2SO4 0.1440 


KCl 0.0048 
MgCO3 0.0427 
NaHCO3 0.2733 


CaCl2 0.0130 
H4SiO4 0.0341 


pH 8.8-9.1 


Bentonite Pore Water Chemistry 


Constituent pH 6.9 pH 7.9 pH 8.8 
UO2Ca(CO3) 3


2- 0.478 0.562 0.563 
UO2Mg(CO3) 3


2- 0.181 0.217 0.230 
UO2(CO3)2


2- 0.141 0.0171 0.00261 
UO2Ca2(CO3) 3


0 0.0868 0.0998 0.0900 
UO2(CO3)3


4- 0.0785 0.0943 0.105 
UO2(CO3)0 0.0180 0.00022 --- 


UO2Mg2(CO3) 3
0 0.00790 0.00935 0.00943 


UO2(OH)+ 8.5e-5 1.1e-6 2.4e-8 
UO2


2+ 2.5e-6 1.9e-9 8.8e-12 
SUM 0.9910 0.9993 0.9999 


Uranium Speciation (PHREEQC) 


Grimsel Fracture Fill Material 


   Note: 
Experiments Under 
Oxidizing Conditions 







Used 
Fuel  
Disposition  


4 


Small Scale Column Experiments - 
Results 


6/5/2014 
UFD Argillite and Crystalline Disposal Breakout 
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   Pore Volume = ~3 ml 
 Flow Rate = ~0.28 ml/hr 
Mean Res. Time = ~11 hr 


 Note:  U was conservative 
  with pH 9 injection 


All Teflon Components, 
Controls Run in Parallel 


Log-log extrapolation - 
0% retained at 14 yrs 







Used 
Fuel  
Disposition  


Next Steps 


 Model experiments using PHREEQC-like model with surface 
complexation (and cation exchange) on multiple sites with multiple 
rates 


 Can we abstract long-term behavior into a single key desorption rate? 
 Synchrotron work to evaluate whether any U reduction occurred and if 


there are strong mineral associations? 
 Other minerals, other water chemistry? 
 Publication 
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Colloid-Facilitated Transport of 
Americium in the Grimsel System 
 


Tim Dittrich and Paul Reimus 
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UFD Working Group Meeting 
June 5, 2014 
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Colloids Formation and Migration 
(CFM) Field Experiment Results – 
How Can We Upscale? 
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 1
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AGA Model


Colloids (LIBD)


Colloids (Al)


Colloids (Ni)
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Am


Colloid Model


Pu Model


Am Model


3 analytical methods (KIT) 


(conservative dye tracer) 


Hi-res ICP-MS (KIT) 


Interpretive Procedure: 
- Match Amino-G Acid (AGA) 
- Match Colloids 
- Match Colloid-Associated RNs 
 (desorption rate key parameter) 


Modeled Desorption Rates: 
 Pu = 0.01 hr-1 


 Am = 0.018 hr-1 


Lab Desorption Rates*: 
 Pu = 0.002 hr-1 


 Am = 0.009 hr-1 


*Huber, F. et al, 2011.  Appl. Geochem., 26, 2226-2237. 
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 Colloid-facilitated Am transport experiments to better understand field-
scale observations and address upscaling (especially time) 


 Am pre-sorbed onto Na-exchanged Febex Bentonite colloids in Grimsel 
shear-zone water (adjusted to pH 8) 


 Small-scale column experiments 


Addressing Upscaling in Lab 
Experiments  


Time/Volume 


C
/C


o 


conservative tracer 


colloid-facilitated nuclide 


colloid 


1st Column 2nd Column 3rd Column 
colloid mass 
    filtered 


 nuclide mass 
desorbed from 
     colloids 


Inject unanalyzed effluent from one column into a subsequent column… 


? ? 


Less colloid filtration, less RN desorption, or same? 
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- Two Identical Columns (Cs and Pu) 
- Crushed Pahute Mesa Tuff 
- NNSS Cavity Water 
- Natural Cavity Colloids 
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Results Translated into Cumulative 
Distribution of Desorption Rate 
Constants from Colloids 
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For Americium in Grimsel 
System, We See No Evidence of 
Large-Scale CFT 
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Small Columns filled with Grimsel FFM 
Synthetic Grimsel Groundwater (pH ~8) 
Febex Bentonite Colloids (Na-exchanged) 
Each Successive Injection into Fresh Column 
 


Next:  ‘Aged’ Am-Ben?;  Cs-Ben? 
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DECOVALEX Task C2 – Bedrichov 
Tunnel Tests (Czech) 


 Understand the water 
behavior in the massif – 
distribution, movement, 
quality, reactions, etc. 


 Issues to be addressed: 
– Transition from discrete 


fractures to equivalent 
continuum 


– Linking conservative 
transport model to natural 
tracer data 


– Reactive transport modeling 
laboratory granite leaching 
experiments to site data 
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Model Domain & Meshing 


June 5, 2014 UFD WG Meeting 3 


 Weathered Granite 
– k = 10-13 m2 
– ne = 0.1 


 Intact Granite 
– k = 10-22


 m2 


– ne = 0.01 
 Fracture 


– 1 m width 
– k varied to match fracture discharge 
– ne


 varied to match general residence time 
 


 Initial Conditions 
– First assumed fully saturated column at 


hydrostatic pressure 
• Set tunnel to atmospheric pressure 
• Set recharge to 200 mm across the top 
• Run model until steady state achieved for initial 


flow field 
– Assign zero tracer  concentration through out 
– These initial condition are used in transient 


tracer pulse simulation where tracer is pulsed 
in recharge with a concentration: 


• C=1 (t=0); C=0 (t>0). 
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Model Simulation Results 
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Summary 
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 Our simulations show reasonable 
mass transport through the fracture 
system to the tunnel. 


 Fracture bulk permeability is well 
controlled by the fracture discharge. 


 Fracture porosity can only be informed 
the mean age from tracers. 


 In order to match the transport 
velocities observed from the tracers a 
small porosity is needed. 


 We still have work to do in matching 
tracer transport velocities 


 Next steps 
– Add matrix block permeability as a fitting 


parameter – fit to distributed discharge 
measurements 


– Compare to the actual tracer data! 
– Use isotope observations to constrain 


recharge and formation parameters 
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DECOVALEX Task C1 – THMC Modeling 
of a Single Fracture  


Purpose of Task C1 under DECOVALEX-2015 is 
to: 
 Model the results of the two experiments 


(Yasuhara et al., 2006; Yasuhara et al., 
2011). (Novaculite, granite) 


 Investigate, develop and test robust process 
models for the representation of coupled 
THMC processes in fractured rock.  


 Understand the transition of fracture closure 
to opening (SNL) 


June 5, 2014 UFD WG Meeting 6 







Used 
Fuel  
Disposition  


KAERI Underground Research 
Tunnel (KURT) 


 SNL and KAERI have developed a 
multi-year plan for joint field testing 
and modeling crystalline disposal 
media. 


 Work currently planned includes three 
tasks:  


– Streaming potential (SP) testing 
– Sharing KURT site characterization data 
– Technique development for in-situ borehole 


characterization.  
 Status updates 


– Received site characterization data 
– Received interim report on SP testing 
– Received a draft of report on the 


development and demonstration of in-situ 
borehole measurements 


– SP setup in lab (KAERI) 
– Overview of SP testing in progress (SNL) 
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Site Characterization Data Received 
from KAERI 
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Concluding Remarks 


 Future work 
– DECOVALEX Task C2   


• Compare models with actual tracer data. 
– DECOVALEX Task C1 


• Develop a model for fracture closure-opening. 
– KURT 


• Develop a model for SP testing. 
• Start SP testing in the tunnel. 
• Select and demonstrate some key techniques for borehole characterization and in-situ measurements. 


 General observations 
– Clear objectives are the key to the success 


• KURT data for development reference cases 
• KURT data for discrete fracture network model demonstration 
• DECOVALEX data for model development and testing (discrete fracture network model vs. continuum 


models) 
– Need substantial commitment for actual technical work 


• Funding for actual technical work 
• Face-to-face meeting  


– Need stable and predictable funding 
 


June 5, 2014 UFD WG Meeting 9 





		International Collaborations: DECOVALEX and KURT

		DECOVALEX Task C2 – Bedrichov Tunnel Tests (Czech)

		Model Domain & Meshing

		Model Simulation Results

		Summary

		DECOVALEX Task C1 – THMC Modeling of a Single Fracture 

		KAERI Underground Research Tunnel (KURT)

		Site Characterization Data Received from KAERI

		Concluding Remarks



