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Fracturing in Clay Rock

B Excavation damaged zone

Fracturing around

excavations

* Mechanical stress;

ventilation

* Thermal pressure;
gas evolves

Enhanced permeability
and self-sealing

Bossart et
al., 2004
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Disposition

" ngld Body-Spring Network (RBSN)
Unstructured mesh based on Delaunay/Voronoi
discretization

— Rigid constraints connect cell nodes with a
mechanical spring set at common cell boundary

rigid constraint

rigid constraint

u Coupling TOUGH2 and RBSN
—  Sharing the same unstructured Voronoi grid
— Coupled variables are updated sequentially

tangential direction rotation

/*\
Py

Ordinary matrix nodes Additional fracture \f/
and connections nodes and connections
TOUGH2
— -
temp, porosity,
PIEESITE permeability
saturation
coupling coupling
module module
RBSN
_ ! [ matrix node @ fracture node
thermal strain, effective stress, ) )
shrinkage strain ) fracture aperture — matrix-matrix facet — fractured facet
________ matrix-matrix - ==-=---- matrix-fracture
connection connection

June 2015 UFD working group meeting, Las Vegas, NV 3
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Disposition

B Previously reported verification for fracture-damage
model; comparison with laboratory experiments for
desiccation cracking and EDZ fracture damage for
HG-A test at Mont Terri
B Verification with analytical Khristianovic-Geertsma-
de Klerk (KGD) fracture model

— Theoretical two dimensional fracture profile is a highly
eccentric ellipse 10

+  Numerical solution

B Soda-lime glass model with defects T —— Awslyi! sl
—— - . ’\“‘\'\.\_
o A , N
N 63 N . w
AT : i \ O\
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June 2015 UFD working group meeting, Las Vegas , NV 4
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B RBSN computes geomechanical equilibrium at 5 N i

H d'.'.;} IL:I /" u t = F t
each TOUGH time step S [k Ju () (t)

. ) . < -f.._'z v

B An alternative approach is a dynamic < 5

geomechanical model S 5-3

B A dynamic version of RBSN is currently being | e

developed S S

— Equilibrium exacerbates problems with artificial y “Ix.

boundary conditions "

—

ot L [mlit(t) + [d]i(t) + [k]u(t) = F(t)

Step 126 Step 127 ‘]
- 0 g 1'? 15 20
_ i i i - 2] —
Parallel processing far easier for dynamic model with ) o I

explicit time stepping than an equilibrium model

June 2015 ) ) 5
UFD working group meeting, Las Vegas , NV
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Disposition Elastic Wave Propagation and Fracture

B 1-Dincident wave Incident wave Reflected wave
. . —_— -
traveling in a bar
— free end boundary for /\ ST
! Ay . M u

reflection

Material properties:
E = 21.3 GPa, p =2018 kg/m3 .. ¢ =3248.8 m/s

f; = 2.06 MPa

— incident wave in 0.4 ms

i
i
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Disposition Elastic Wave Propagation and Fracture
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Disposition

« The TOUGH-RBSN model has been used to couple geomechanics, fracture
damage, and thermal-hydrological processes

 The model differs from traditional static fracture models where all fractures
are defined as initial conditions; instead, fractures can develop during the
simulation as a result of THM processes.

« Verification analyses for fracture damage processes have been extended
to include a comparison with an analytical model for hydraulic fracturing
and will be applied to a laboratory model of hydraulic fracturing

 Model development is focused on a dynamic approach to facilitate
treatment of boundary conditions and parallel processing

June 2015 UFD working group meeting, Las Vegas , NV
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The long-term management of nuclear waste requires reliable predictions
of radionuclide transport through engineered barrier systems (EBS).

| Cross Cutting

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

Gradients >

= Diffusion will be the dominant transport
mechanism in EBS that contributes to
radionuclide dose in the environment.

waste

= Gradients of chemical solution
conditions and temperature are
expected over time and across EBS.

Goals:
» Decrease the uncertainty in actinide sorption / diffusion sub-models
that are part of performance assessment models for waste repositories.
 Investigate effects of changing chemical conditions and temperatures
on uranium(VI) sorption and diffusion.
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Uranium(VI) can be present as cationic, anionic or neutral species in solution.

Da .. apparent diffusion coefficient
% ga,i’... diffusion-accessible porosity

dx Gi ... constructivity/(tortuosity)?
Py bulk density

J; =-D,; (ga,i + Oy Kd,i)

Fick's 1st law:

K di sorption distribution coefficient
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Relevant Parameters for Uranium(VI) Diffusion

Uranium(VI) can be present as cationic, anionic or neutral species in solution.

Fick's 1st law:

J;

-D,; "‘ Py, )d_XI
/

dc

/

Anion exclusion from interlayers

= 4.E-03 4.E-03
= Bromide

©

= 3.E-03 3.E-03
x

>

= 2EB03 1 2.E-03
e

(O]

N

T LE03 - LE-03
e o0 4 o %0%00 00, o4 , o

’6 3

Z OE+OO L L | L | L | L | L | L | L O_E+OO

0O 2 4 6 8 10 12 14 16

Time [days]

Tritiated water

Time [days]

» Decrease in diffusion-accessible

porosity

e Decrease in diffusive flux

0O 2 4 6 8 10 12 14 16

Da ... apparent diffusion coefficient
Eqi diffusion-accessible porosity

Gi ... constructivity/(tortuosity)?
Py bulk density

K di sorption distribution coefficient





Used

Fuel Relevant Parameters for Uranium(VI) Diffusion

Disposition

Uranium(VI) can be present as cationic, anionic or neutral species in solution.

Fick's 1st law:

D .. apparent diffusion coefficient

dC- & a.... diffusion-accessible porosit
l a, ’ dX Gi ... constructivity/(tortuosity)?
/

/

Anion exclusion from interlayers
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» Decrease in diffusion-accessible
porosity
e Decrease in diffusive flux

» Retardation (cation exchange/surf. complex.)
» Weak sorption: Increase in flux
« Strong sorption: No change in flux
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Uranium(VI) Diffusion experiments:

Selection of pH Conditions

Goal: Evaluate effects of anion exclusion and uranium(VI) sorption reactions.

4 ‘ T '
| 2% Co, U, =1x10°m
1 mM Ca(NO 10 mM NaNO
5 | MM CalOs), Uncharged ?
g L U0CO:° (Ca),u0,(CO,),° U0,(CO,),* |
, ~> =
Q 4 UOZOH ‘
o ‘
”‘ U0,(C0,),”
9r /
U022+
105 5 sls 7.5 — 8.5
' Cations = Anions '

5.0
4.5

40 r
35 r

[a—

S 2.0 I
15 |
10 |
05 |

0.0

230 |
25 r

B 107M UV,

[ ]
Ao

A
PRl 10°M U(VI)1,,

 Target range of log K, values: 0.7-1 [L/kg] (K4=5-10 [L/kg])
» Two parallel diffusion experiments at target pH values of pH=8.75 and pH=8.95.
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Uranium(VI) Diffusion Experiments:
Equilibration of pH Conditions

pH after each equilibration step [ ]

9.5 - Electrolyte exchange m

Electrolyte:
pH=8.95
9 J| D AR o o
Electrolyte: . x. _se-ee . 4%
pH=8.75
8.5
° !
Clay: Target pH=8.95
7.5 A
Clay: Target pH=8.75
7
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 Sufficiently stable pH conditions during diffusion experiments.

» Average pH drop less than 0.1 pH-units.
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Solution conditions/analysis:

* pH~8.70 or pH~8.87

* 1=0.1 M NaCl/NaHCO,

e Solute: 2.35 uM U(VI) (U-233, LSC anal.)
* Monitoring: Ca, Fe, Si, Al, etc. (ICP-MS)

Clay characteristics:
* Pretreated Na-montmorillonite
 Dry density: 0.77 g/cm3

Diffusion cell and setup:

* PEEK cell, stainless-steel filters

e D=1.0cm, L=0.5cm

« High and low-concentration reservoirs
e Flow-rate: ~0.7 ml/min

Experimental steps:

* pH-equilibration of clay (batch): 3 weeks

« Saturation of dry, packed clay: ~3 Y2 weeks

* Through-diffusion of HTO tracer: ~2 weeks

» Through-diffusion of U(VI): Ongoing (> 3 weeks)






Used Uranium(VI) Diffusion Experiments:

Fuel _ L.
Disposition ~ Normalized Flux Data: Tritium Tracer
2.5E-3 ¢ . .
3 2% enw e Experlme_ntally-determ|1ned
ol &2 ® % .., normalized flux (m d-1):
2.0E-3 *t e %o ® o
S ) 0 ¢%%e
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Reactive transport modeling to determine:
 Total porosity
 HTO diffusion coefficient






gjgld Uranium(VI) Diffusion Experiments:

Disposition ~ Normalized Flux Data: Uranium(VI)
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gjgld Uranium(VI) Diffusion Experiments:

Disposition ~ Normalized Flux Data: Uranium(VI)
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e ]
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0.0E+0 Www ] 00E+0
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« Uranium(VI) retardation under both pH conditions.
« Greater U(VI) retardation at pH-8.75 than pH-8.95 (larger K, value).
« Sorption mechanisms may be different from cation exchange reactions.

11
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Uranium(VI) Sorption Studies:
Goals, Materials and Setup

Goals:

= Investigate potential impacts of heat-induced mineral alterations in bentonite
on U(VI) sorption behavior.

= Provide input parameters for U(VI) diffusion models.

Solids:
= ‘Cooked’ and ‘uncooked’ bentonite (EBS-12, LANL)
= Na-montmorillonite as reference (Swy-2, pretreated)

Experimental conditions:

0.5 g/L solid

| = 0.1 M NaCl/NaHCO,

U(VI)1.: 106 mol/L (U-238)
Atmospheric CO,

Time-dependent sampling over 21 days

ICP-MS analysis for U-238 and
Ca, Fe, Si, Al, etc. (ongoing)

4 4 0 0 3 8






Used Uranium (V1) Sorption Studies:

Heat treatment leads to:

» Lower uranium(V1) sorption under circum-neutral pH conditions.

Fuel :
: o 2-Day Sorption Data
Disposition y p
100 5.0
e Na-montmor.
90 + o’ 4 Uncooked bent. 4.5 ~ .
} + e | ™Cooked bent. °
80 A 4.0 5,
.+ % ‘l - A
| | °
z 70 *a 3.5 .
S 001 S 3.0 - ‘.‘
S ~ "
S 50 - % ) = 25 - *s
8 . ; .
S 40 - } 2 20 -
= 30 - . +H 15 -
20 - +§$+ 1.0 -
#' e Na-montmorillonite
10 - g% + 0.5 4| 4 Uncooked bentonite
+, i % E ® Cooked bentonite
O T T T T T T » 0.0 T T T T T
4 5 6 7 8 9 10 4 5 6 7 10
pH pH
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Summary:
« U(VD) diffusion: Uranium(VI) retardation due to sorption reactions at alkaline pH

* U(VD) sorption: Decrease in U(VI) sorption due to heat exposure of bentonite

» CaBr, diffusion modeling: Relevance of dual porosity model
(Tinnacher et al., Geochim. Cosmochim. Acta, in review)

Outlook:
« U(VI) diffusion:
o Na-montmorillonite: Data collection until diffusive fluxes are at steady-state

o Na-montmorillonite: Modeling of uranium(VI) diffusion data to determine:
» potential influence of anion exclusion effects,
» relevance of cation exchange versus surface complexation reactions,
» diffusion coefficients for transport models

o Uranium(VI) diffusion in ‘cooked’ and ‘uncooked’ bentonite

* U(VI) sorption:

o Na-montmorillonite: Completion of surface complexation modeling - publication.
o Focus on other ‘heat-treated’ clay or bentonite samples: FEBEX heater test, Opalinus

o0 Potential effects of pyrite impurities in bentonite on reduction of U(VI) to U(IV)
14
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Additional slides

log sorbed U (mol kg)

log sorbed U (mol kg )

Data from Marques Fernandes et al., 2012
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gjgld Structural complexity of
Na-montmorillonite affects clay porosity

Disposition
-------------- Interlayer @
_ - _ Interlayer _ - -
SKXXIXIIEXX. - 104 SZEXXXYLILL
2:1 phyllosilicates . _ Interlayer _ _ _

______________ Free porewater

II‘)CI’EGSing scale > ‘ Tournassat and Appelo, 2011

= 2 types of porosities and diffusion pathways due to clay structure:

« Small (1-3 nm) interlayer spaces within clay particles
* Macropores between clay particles

—0O—

= System conditions affect diffusion-accessible porosities.

= Negative clay surface charges lead to:
« Cation sorption by ion exchange reactions
 Potential exclusion of anions from interlayer spaces

18
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Simple analytical formula
cannot directly reproduce

Fick’s 1st law of diffusion: effects of system geometry
Diff. flux at steady-state and uneven sampling
schedule.
2,10’3 T T T T T T T T -l T T T T T ) T

H'; HTO Fixed: TOt"’_‘I pOI’-OS/Ity The effects of system geometry and

& 1510° - Fitted: 1/G ) sampling schedule are well reproduced
< by reactive transport modeling.

=]

C'E) 1107 | .

5 High

= 510" f . concentration

g O Experimental reservoir

= . | — Model (B70 = 0.72; 1/Gyyro = 0.047)

0-10 : :
0 2 4 6 8 10 12 14 Filter

Time (days)

Sample

» In this case, porosity value is constrained by
experimental data (water content, bulk dry density).

» The modeling approach enables an accurate

estimation of the geometric factor (G). Low concentration

. e _ reservoir
12/9/14 Sorption and Diffusion in Clays and Compacted Bentonite 19
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Disposition

< ' ..’.‘
e tmtat el s A

P Y WY WY WY e

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

» Simulation cell designed to mimic the conditions
of the CaBr, diffusion experiment:

e 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 CaBr,.

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

A
Pore width of 3.15 nm
The pore contains
« 9000 H,0
e 116 Na*
o« 4Ca%
« 3CI
v *° 1Br

e Br

— 0-20 1 —cl
S d

S 0.10 - —Ca
S E

0.00 -
0 10 20 7 [A] 30 40
Cpore/Cbqu Na* Ca?t Cl- Br-

predicted by
MD simulation | 3471 | 9460 | 0376 | 0.382

- . ) >\ Y ]
12/9/14 Anion-accessible porosity ~ 40%
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Fuel Surf | ; ol
DiSpOSition urrace compiexation modeiing
Model: Reactions:

« EDL: Triple-layer model
(McKinley et al., 1995)

» Surface area for edge sites:
(Duc et al., 2005)

Modeling approach:

* Fitting of CO,-free system

 Prediction of 3 systems:
1. 1% CO,
2. Atmospheric CO,
3. 2 mM CacCl,, atm. CO,

5.0
45 -
40 -
35 -
3.0 -
25 -
20 -
15 -
10 -
05 -
0.0

19.2 m?/g

4.5

Log K [L/kg]

 lon exchange:
2 X-Na + UO,?* « 2 X-(UO,) + 2 Na*

» Surface complexation:

A

2 mM CacCl,
atm. CO,

6.5 7.5 8.5
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lFJjgld Focus has been on Method

Disposition Development

B Moderately-Adsorbing Radionuclide Transport

— Uranium transport in Grimsel fractured granodiorite (tie to CFM international
project)

— One paper published (JCH), another to be submitted this week (JER)

B Colloid-Facilitated Transport of Strongly-Adsorbing Radionuclides

— Am and Cs with bentonite colloids in
Grimsel system

— JER paper on Am in minor revision

— Csto be covered in July 2015
milestone (and submitted to ES&T)

6/10/2015

UFD Argillite /Crystalline Session





Used
Fuel
Disposition

Uranium Transport: Small Scale
Column Experiment Results

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

10 - .. I | [
'”:Iegtéon | oH 6.9 | pH 9 | 01M
(. JI.-
L
| e
I =
| -
o ' |l
o I =
~ -
© §e : * | :=.=
|
0.01 AR 3 5
= Il *HTO 1 gl | e
0oo1 T z: *HTO 2 < | sl =
: § S - X | Q| X
B K Ul Q | $ | in
| -U2 | S | LN
I I — | ™M
0.0001 — . . N . . .
0 200 400 600 800 1000 1200 1400
Vol Eluted (ml)
6/10/2015 3

UFD Argillite/Crystalline Session
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Interpretive Modeling of Column
Experiments

3-Site Model Needed to get Good Match to Data

10 1
09 - = UColl mUColl
0.8 - mUCol 2 - m U col 2 ‘-
07 1 . 11 - -
t = U model = U model "
0.6 [ 5
3 .
301
0.01
0.001 +—+—7—"—7—7F——"7T"—"7"—"T"7"—"T—"F"T—"T—"T—""
0 500 1000 1500 0 500 1000 1500
Vol Eluted (ml) Vol Eluted (ml)
1
N mUCol1l
" m U Col 2
Long-Term Desorption 0.1 L - kr(3)=0.00013 hrr-1
Data allows Reasonable % = kr(3) = 0.00003 hrA-1
Bounds to be Placed on S 001 i = kr(3) = 0.000003 hr"-1

Desorption Rate Constant

of Strongest/Slowest Site

6/10/2015

0.001

0.0001 -~ T T T T 1
0 500 1000 1500 2000 2500
Vol Eluted (ml)
UFD Argillite/Crystalline Session
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Implications for Performance
Assessment

Continuous Input

50-Year
Pulse Input

6/10/2015
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Used Colloid-Facilitated Transport of

Fuel . :
Disposition Am in Grimsel System

1.2
@ Total Am(1)

Observed Behavior Consistent with FFM R 2 BT Rt
Outcompeting Colloids for Am, but with Am o - ....ﬁ"t.e-:::,_. SToRny
® Colloids(2)

<& Total Am(2)
Desorbing Quite Slowly from Colloids S o W ity
~ oa - ©  1stInjectign

Small Columns filled with Grimsel FFM oa | -
Synthetic Grimsel Groundwater (pH ~8) o MM
Febex Bentonite Colloids (Na-exchanged) ° *° % vetemmea oo %%
Each Successive Injection into Fresh Column S . - «Total Am
1 e e A’RA:.:‘.‘:A -.2.. - Disso-lved Am
S os -:‘,,oo“‘.“m“ PURN
1 * 2"d |njection
o ----- - -_-__-; papg 2 . PP |
L >° Vol Eluted (mi) >0

< Total Am

e ®© ® o ® e m Dissolved Am
0.8 1 ® Colloids
> &
3 o6 PURAR 9
—
(= o
0.4 - IS 3rd I 1 1
. : njection
0.2
- -
-
o 1= - - m ™ -‘ 2 -
o 20 40 60 80
Vol Eluted (ml) 6
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Used Colloid-Facilitated Transport of Cs

Fuel _ _
Disposition In Grimsel System

Total Cs =3 x 101 M

3HHO w/o colloids

K4 on Colloids ~3700 mi/g 1
Kyg on FFM ~51 ml/g

3HHO w/colloids

A

X

® Colloids
Colloid Conc. =0.0001 g/ml 0.8 & Csw/o colloids
FFM mass/vol = 3 g/ml B Total Cs w/colloids
Regy = 154 g0°6 X Dissolved Cs w/colloids
Rcer = 112 04 - Cs w/o Col Model

== Cs w/ Col Model
R _Rrrm + KgCeoi 0.2
CFT™ 1+ KaCcol

0 100 200 300 400 500 600
Cumulative Volume (mL)

Observed Behavior Consistent with Balanced Competition between
Colloids and FFM for Cs, with Rapid Adsorption and Desorption Kinetics

6/10//2015 7
UFD Argillite/Crystalline Session





Used Cs Colloid-Facilitated Transport —

Fuel
. L 2"d Pass through Column
Disposition 9
100 -
" ]
o ]
1 A 3HHO S 80 A Start of Flush R
[ b |
] . o ] I A
Eh ® Colloids e 60 ] i AA AA )
W Total Cs 2nd Pass g 20 é A AAAAA‘ “AA
X Dissolved Cs 2nd Pass o 1 A |’m AA
o . - Ogy 3 201
30.1 ] @( )S; Tﬁt% O Total Cs 1st Pass < ] a :
: 0 l—A&—7—
i 0 100 200 300 400 500 600
1 Cumulative Volume (mL)
i 100 -
0.01 80 1
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o

0 200 400 600 800 1000

6/10/2015 Cs Concentration (CPM/ml)

UFD Argillite/Crystalline Session





Used

Cs Transport in Grimsel Field

Fuel :
. . — ?
Disposition System much Different — Why~
|
——AGA (96%)
1.E-03 - ® Colloids-LIBD (54%)
A Colloids-Al (52%)
o0 Colloids-Ni (48.6%)
A Na (66%)
< 1.E-04
- Cs (10.7%)
(®)
E X Ba(0.4%)
@)
O Pu (34.4%)
1.E-05 ] A Am (21.4%)
X Np (4.8%)
XX
1.E'06 LI B BN B B B | T T LU B B N B B |
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Used
Fuel
Disposition

Cs Behavior on Natural Colloids in
Crushed Tuff

Reinjections into Same Column

Two Identical Columns (Cs and Pu)
Crushed Pahute Mesa Tulff 0
NNSS Cavity Water os -
Natural Cavity Colloids 1st Injection S -

& H-3

——H-3Model
® Colloids
——Colloid Model

m Cesium

Cesium Model

o 200 400 600 800 1000 1200

Volume, ml
1.2
° * H-3
1.0 ——H-3 Model
® Colloids
0.8

—— Colloid Model
m Cesium

——Cesium Model

2nd |njection  See ]

o 100 200 300 400 500 600

Volume, mli
1.2
* H-3
-
1.0 ——H-3Model
® Colloids
rd . . 0.8 —— Colloid Model
3" Injection R = Cesium
Q o6 .
rs) Cesium Model
0.4
0.2 -
L
0.0 +o-o-@
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Used _ _ _ _
Fuel Motivation and objectives

Disposition

B Molecular diffusion is expected to be the main transport process.

frEETamr In this experiment:
TV e \/\/\/\/\/\/‘T 1.3,1.6,1.9 g/cm3
O = ® | & O
T AAAAAAN® (SN SINAAANANT

e ® 52 @ e ® o e
t:T)\v-’\/\/\/\/\/\/_@ @@;@ @_\/\/\/\/\/W(g
- | @ -

T AMAAAA W AVAVAYAVAVAYAY)

T : tetrahedral layer double | .
ouble layer water :
O : octahedral layer How is the U(Vl)

? diffusion through
s bentonite influenced by

Schematic structure of montmorillonite [1].

[1] Brockmann (2006). Practical report. Hochschule fir Technik und th e d ensl ty"
Wirtschaft & Forschungszentrum Rossendorf, Dresden.
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Used

Fuel Motivation and objectives
Disposition
48; 85 0.9 1.2 -2.3-1012 0.047 - 0.31 [1]
29-121 08-1.8 3.7-1012-3.1.1014 0.01-0.1 [2]
279 1.65 4.101% -1.1018 0.006 — 0.021 [3]
90- 1.9-1013 Spent UO,
2220 2.0 ~ 161014 ] 4] ©
D, ... apparent diffusion coefficient; K, ... distribution coefficient ?
x
[1] Wang et al. (2005), Radiochim. Acta 93(5), 273. Do results obtained from
[2] Idemitsu et al. (1996), Mater. Res. Soc. Symp. Proc. 412 (Sci. “ ” .
Basis Nucl. Waste Manage. 19), 683. |Ong -term” experiment
[3] Garcia-Gutierrez et al. (2004), Mater. Res. Soc. Symp. Proc. i “ _
807 (Sci. Basis Nucl. Waste Manage. 27), 603. d Iffer fro m th em Of Sh ort
[4] Ramebéck et al. (1998), Radiochim. Acta 82, 167. term” experi ments?
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Used Description of the diffusion

Fuel experiment
Disposition P
B Solid:
— MX-80 bentonite (Wyoming) Na/M 2.0-101 2.2.101 2.7-101
— Natural U: 13 ppm
K/M 3.2-1038 3.6-103 4.4-103
B Background electrolyte:
Mg/ M 1.1-102 1.2-102 1.6-10°2
— Model pore water [1], pH 8,
1=0.3M Ca/M 9.2-103 8.9-103 1.2-10°
B Tracer: Sr/M 8.6-105 8.2-105 1.1-104
_ 238U(V|) CO — 1_10_6 M Cl'/M 1.9:102 6.4-102 1.7-101
t=2457d SO, /M 1.1-10 1.1-10 6.7-102
/M 9.7-104 8.7-104 5.2-104

! cinor
Ca,U0,(CO;)5(aq) is the ’
. . . . ; 104 104 104
dominant diffusing species  F i 2.3-10 2.3-10 2.0-10
(84-90 %). Composition of the source reservoir at t = 191 d [2].

[1] Van Loon et al. (2007). NF-PRO Report, D-N°: 2.5.20, European Commission - Community Research.
[2] Joseph et al. (2015). Geochim. Cosmochim. Acta (in preparation).
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Used
Fuel
Disposition

Description of the diffusion
experiment

[1] Van Loon et al. (2004). PSI Bericht 04-03,

PSI, Villigen PSI. aerobic conditions
4—
25 °C
l ! Diffusion cell
vz Spacer > >
‘ T Peristaltic @: 25.7 mm
um
: pump L:5.3 mm ! T
— [ ]]— =
— Receiving
. reservoir
Source reservoir

<
<

ﬂ 4 cells used: 3 cells contacted with U(VI) solution,
1 blank cell (1.6 g/cm?)
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Used
Fuel
Disposition

Uranium diffusion depth profiles:
Experiment vs. Model

N

« 1.3g/lcm®
CrunchFlow model
- 1.6g/cm®

CrunchFlow model

]- - - COMSOL model

A |
- 1.3g/cm®

- 1.6g/cm®

8 1- - - COMSOL model
- 1.9g/lcm® ) y - 19g/cm®
] CrunchFlow model < |- - - COMSOL model
* Blank c * Blank
@]
IS

B Modeling with CrunchFlow [1]
and optimization with PEST [2]

M Fitting parameters:

Kd’ De1 C(U)background

B Validation of the results with
COMSOL [3]

[1] Steefel (2011). CrunchFlow. LBNL, Berkeley, CA.
[2] Doherty (2003). PEST, Watermark Numerical Computing, Brisbane.
[3] COMSOL Multiphysics® 5.0 (2014). COMSOL, Inc., Burlington.
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Used Uranium in the receiving reservoir:

Fuel
Disposition Sample vs. Blank

» Comparison with blank cell results show good agreement.
» No U(VI) diffusion through the 5-mm-sample within 6 years.

| _ 1.6 glem®
1 1 - Blank

-
Q
]
M|
1

pf reservoir solution

=]| CrunchFlow model

Profile fit
// :

Out-diffusion fit
(] Receiving
(o'oo

U(VI) concentration in
the receiving reservoir / M
H
(@]
N‘

=

Q
=
o

b500 reservoir

/
/
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Used

Long-term vs. short-term experiments:

Fuel :
Disposition Comparison of K
10”7 T This study > K, values obtained in this study
o = [1], 48, 85 days are very low due to the presence
o [2], 90 days .
of the weakly or non-sorbing
o, species Ca,UO,(CO;);(agq) and
E 10? UO,(CO,),* [3, 4] and slightly
g — decre_ase with increasing bulk
~__ density.
: f » Results are in very good
105 . | | agreement with the values

1.0 1.2 14 1.6 1.8
Bulk density / g/cm®

2.0

[1] Wang et al. (2005), Radiochim. Acta 93(5), 273.

[2] Glaus et al. (2012), Clays in Natural & Engineered Barriers for

reported by Glaus et al. (2010)
[2].

Radioactive Waste Confinement 22.-25. Oct. 2012, Montpellier;

Andra.
[3] Joseph et al. (2011), Chem. Geol. 284(3-4), 240.
[4] Joseph et al. (2013), Appl. Geochem. 36, 104.
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Used
Fuel
Disposition

Long-term vs. short-term experiments:
Comparison of D,

E —=— Profile fit
: '\_. " | —o— out-diffusion fit
10 = [1], 62 days

" | —=—[2), 29-121 days
" Bl o [3],90-2220 days
1074 ®m [4], 48, 85 days
; \EQ o [5], 90 days

D
15 | i\ ) Da - -
1075 \,\% Eetf T Kg - 0

10_16-I T T T T T T T T T T T T
08 10 12 14 16 18 20

Bulk density / g/cm®

[1] Torstenfelt et al. (1986). SKB
Technical Report 86-14. SKB,
Stockholm.

[2] Idemitsu et al. (1996), Mater. Res.
Soc. Symp. Proc. 412 (Sci. Basis
Nucl. Waste Manage. 19), 683.

[3] Ramebé&ck et al. (1998),
Radiochim. Acta 82, 167.

[4] Wang et al. (2005), Radiochim. Acta
93(5), 273.

[5] Glaus et al. (2012), Clays in Natural
& Engineered Batrriers for
Radioactive Waste Confinement
22.-25. Oct. 2012, Montpellier;
Andra 2012.

As expected, D, values decrease with increasing density.
The D, values of the depth profile fit are about two orders of magnitude

lower than any published D, value so far.

The D, values of the out-diffusion fit are in very good agreement with

literature data [2, 5].
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Used
Fuel
Disposition

Long-term vs. short-term experiments

» Reasons could be:
A.Reduction of U(VI) to U(IV)O, and precipitation inside the samples

B. U(VI) sorption/precipitation near the pore openings leads to bottle-
neck effect

C.Formation of ¢l weseporoussa porosity and pore

connectivity

» Y liffusion of U(VI).
\ |ble.

ay occur or be

Each process wo
However, the out

ion, polymerization, and

» The study shows
visible only at long

r pore channel opening.

[1] Singer et al. (2014), Chem. Geol. 390, 152.

[2] Keller et al. (2015), Appl. Clay Sci. 104, 150.
10
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Used
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Disposition
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