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Used
Fuel
Disposition

Thermodynamic Database
Development: Al-silicate Systems

B Importance of keeping (internal)
consistency Kaolinite Solubility

15

— Agreement with benchmarks and OTHERMODDEM
experimental studies 10 4 O datad ymp RS

— Consistency with key reference s| © Kaol + 6H* =2A1"** + 2S04, + 5H,0

thermodynamic data d
o | g
— Maintain consistency with aqueous &

species thermodynamic data 5 &

log K

B Relevance to barrier materials | | | | ‘ &

0 50 100 150 200 250 300 350

— Buffer materials: Clays, zeolites, T(°0)
phyllosilicates

— Seals: Cementitious phases

— Their interactions and stability
relations

6/4/2014 Thermodynamic database development 2
UFD WG Meeting, Las Vegas, NV





Used
Fuel

Disposition

Potential Database Inconsistencies:
Old vs. New: Why is this Important?

Database inconsistencies lead to shifts in kaolinite stability field

logay.

2

Updated data for Al**,
muscoyeS10,5q), @aNd kaolinite

k-feldspar
~ 1 log unit
gibbsite H
kaolinite(THDEM!)
pyrophyliite
1 bar, 25<C
3 2

6/4/2014

-5 4 - -
1

Old kaolinite data from
SUPCRT92 database

k-feldspar

gibbsite \x
IS kaolinite .
I pyrophyllite
1 bar, 25<C
6 -5 ! -4 3 ! -2
| l0gasioz 4l |

Thermodynamic database development

UFD WG Meeting, Las Vegas, NV





Used Database Inconsistencies: Effects

Fuel : .
. " on Reactive Transport Modelin
Disposition P 9
B Reactive transport
K-Feldspar Alteration at 20,000 years modeling:
0.07 ;,__;,-:::_‘:‘.:_‘:.':_'_‘_‘:_';'_::_'_‘__’:-:_“.'_'-:-:..‘_'_'.J_‘_":.'_:::_':__:_i:_'_—_-_—.':_::."_" 9 — PFLOTRAN code problem
Q Y 185 for K-feldspar weathering to
006 [ % ] for a bauxite deposit
S e 18 — Differences between
+ 0.05 . i
0 : . thermodynamic databases
(0] 1 7.5 .. .
o Larg_e dlfferen(_:e_s n can affect predictions in
© 0.04 predicted kaolinite 17 mineral volume fractions
E volume fractions T
S o003} 165
— at data0.geo: pH ——
[4y] Gbs
s Kn — 71 6
- 0.02 Mus ——— -
e data0.com.V8R6: pH -------
= Gbs 4 5.5
AT —
0.01 Thermoddem_V1.07.dat: pH —-—-= ] 5
. o Code results courtesy
! el e . Mus === .
0 > 35 = 35 o% 3035 of Dr. Peter Lichtner
6/4/2014 Thermodynamic database development 4

UFD WG Meeting, Las Vegas, NV





Used Application to Mineral-Fluid

Fuel e
Disposition Equilibria (Clay system)

B Construction of activity phase diagram
using CHNOSZ
B Most recent clay thermodynamic data
analcime(Si) aponite(SapCa-1 (Gailhanou et al., 2012, 2013; Blanc et al.,
2006)
B Consistent with aqueous Al data from
Tagirov & Schott (2001)
B Activity phase diagram:
— Fixed aqueous species activities based on

109asi02(aq)

speciation computed at high temperatures

— Analysis of multiphase equilibrium topology
- with variable solution chemistry
Cheshire et d, (2014) — Comparisons with experimental data
& B Serve as atool for evaluation of
D thermal limits
| o — “sacrificial” domain in the clay buffer
(A — Interpretation of experimental results
Corundum
50 100 150 200 250 300
T.°C
6/42014 Thermodynamic database development 5

UFD WG Meeting, Las Vegas, NV





Used
Fuel Ongoing Progress FY14

Disposition

B Selection of CHNOSZ software tool for
thermodynamic data evaluation 0

B Current Progress

Open-source (developed in R language)
Computational and graphical capabilities
HKF EoS for agueous species

EoS for water (SUPCRT92 and IAPWS-95)

Accepts standard thermodynamic parameters as inputs (A;
G°, A; H°, S°, Cp coefficient data) 5 smectite(MX80)

OBIGT thermodynamic database (organics)

analcime(Si)

aponite(SapCa-1

l0ga si0z(aq)

Evaluated and expanded thermodynamic data:

« Solids: clays, analcime, Al hydroxides, Al silicates, Al,O4
(corundum)

e Aqueous “anchor” species : Al (Tagirov & Schott, 2001),
SiO,q (Rimstidt paradigm) — Consistent with recent
work on thermodynamic database consistency (Tutolo et
al. 2014)

Evaluated consistency in key thermodynamic data
50 100 150 200 250 300

Comparisons with past and ongoing thermodynamic T.°C
database development efforts: Thermochimie(ANDRA),
Thermoddem (BRGM), Holland & Powell (2011), YMP

corundum(H&P)

6/4/2014 Thermodynamic database development 6

UFD WG Meeting, Las Vegas, NV





Used
Fuel FY15 Outlook

Disposition

B Effects of redox conditions on clay phase stability
— Smectite(MX80) and illite(IMt-2) have Fe in their bulk composition

— Need to evaluate compositional sensitivities (e.g., Mg, Fe, Ca) relative to idealized clay
stoichiometries

B Analysis and updates of thermodynamic data for phyllosilicates and other minerals
(mentored by Tom Wolery)
— “deconstructing” extrapolation methodologies to high pressures and temperatures
* Revisit Helgeson et al. 1978 work with recent data updates
— Ensure high levels of data consistency
B Make ties to the NEA thermodynamic database development and needs:
— Strong alignment with updates to NEA TDB ancillary data (not updated since 1992)
— Relevant to cementitious materials database (e.g., seals interactions)

B Development consistent with NEA TDB guidelines
— Uncertainty quantification
— Benchmarking (example from the THEREDA effort)
— Integration with other international thermodynamic database efforts (Thermochimie, Thermoddem)

— Consistent with the UFD Data Management Plan and activities (e.g., Traceability, Transparency
and Reproducibility (T?R)

6/4/2014 Thermodynamic database development 7
UFD WG Meeting, Las Vegas, NV
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Fuel Backup Slides
Disposition






Used Database Inconsistencies: Effects

Fuel : .
. " on Reactive Transport Modelin
Disposition P 9
B Reactive transport
K-Feldspar Alteration at 20,000 years modeling:
0.07 ;,__;,-:::_‘:‘.:_‘:.':_'_‘_‘:_';'_::_'_‘__’:-:_“.'_'-:-:..‘_'_'.J_‘_":.'_:::_':__:_i:_'_—_-_—.':_::."_" 9 — PFLOTRAN code problem
Q Y 185 for K-feldspar weathering to
006 [ % ] for a bauxite deposit
S e 18 — Differences between
+ 0.05 . i
0 : . thermodynamic databases
(0] 1 7.5 .. .
o Larg_e dlfferen(_:e_s n can affect predictions in
© 0.04 predicted kaolinite 17 mineral volume fractions
E volume fractions T
S o003} 165
— at data0.geo: pH ——
[4y] Gbs
s Kn — 71 6
- 0.02 Mus ——— -
e data0.com.V8R6: pH -------
= Gbs 4 5.5
AT —
0.01 Thermoddem_V1.07.dat: pH —-—-= ] 5
. o Code results courtesy
! el e . Mus === .
0 > 35 = 35 o% 3035 of Dr. Peter Lichtner
6/4/2014 Thermodynamic database development 9

UFD WG Meeting, Las Vegas, NV
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Fuel
Disposition

Al Database Comparison Gibbsite
Solubility Along LVP

Gibbsite(Al(OH)3(cr)
thermodynamic

obtained from SUPCRT92 AI(OH)3(cr) + H20 = AI(OH)4(-) + H+ (Tagirov & Schott 2001 notation.)
dprons96.dat database which AI(OH)3(cr) = AIO2(-) + H+ + H20 in Pokrovskii & Helgeson (1995) and Shock
is equivalent to that tabulated .

by Pokrovskii & Helgeson et al. (1997) notation.

(1994).

H20 and H+ thermo data are
also from SUPCRT92 dprons96 -8.00

database.

-9.00 -
-10.00 5 © o © 8
-11.00 - . .

- 4

g’ -12.00 @ > Tagirov & Schott (2001)

— -13.00 - o}
14.00 | C (O Shocketal. (1997)
-15.00 - ) [] Pokrovskii & Helgeson (1995)
-16.00 , ; ; T j T

0 50 100 150 200 250 300 350
T(C)
12/11/2001 Carlos F. Jove Colon

TSPA Group - SNL





Used
Fuel
Disposition

Al Database Comparison
Gibbsite Solubility

Gibbsite(Al(OH)3(cr)
thermodynamic

obtained from SUPCRT92
dprons96.dat database which

is equivalent to that tabulated
by Pokrovskii & Helgeson
(1994).

H20 and H+ thermo data are
also from SUPCRT92 dprons96
database.

log K

12/11/2001

Along L VP

AI(OH)3(cr) + OH- = AI(OH)4(-) (Tagirov & Schott 2001 notation.) Al(OH)3(cr) + OH- =
AlO2(-) + 2 H20 in Pokrovskii & Helgeson (1995) and Shock et al. (1997) notation.

2.50
2.00 -
150 , 80
1.00 | g °
0.50 - ©

' e > Tagirov & Schott (2001)
0.00 1 . e
-0.50 - B (O Shocketal. (1997)
-1.00 - o) © [] Pokrovskii & Helgeson (1995)
-1.50 T \ ; ; , ,

0 50 100 150 200 250 300 350

T(C)

Carlos F. Jove Colon
TSPA Group - SNL





Used
Fuel
Disposition

Al Database Comparison
Gibbsite Solubility

Gibbsite(Al(OH)3(cr)
thermodynamic

obtained from SUPCRT92
dprons96.dat database which
is equivalent to that tabulated
by Pokrovskii & Helgeson
(1994).

H20 and H+ thermo data are

Al(OH)3(cr) + OH- = Al(OH)4(-) (Tagirov & Schott 2001 notation.)

AlI(OH)3(cr) + OH- = AlO2(-) + 2 H20 in Pokrovskii & Helgeson (1995) and Shock

et al. (1997) notation.

also from SUPCRT92 dprons96  1.50

database. Q
1.00 1 @] > Tagirov & Schott (2001)
0.50 &
0.00 - Q Q (O Shocketal. (1997)

é 050 - & & [] Pokrovskii & Helgeson (1995)
-1.00 - pK is the negative value of the @ @
co_mputed log K._ It’s plott_ed like 8
-1.50 | by Tagirovs Schott 2000 g @
-2.00 -
-2.50 ' | | | ; ‘
0 50 100 150 200 250 300 350
T(C)
12/11/2001 Carlos F. Jove Colon

TSPA Group - SNL





Used

Fuel AlO, and AI(OH),

Disposition
Al(+++) + 4 H20 = AI(OH)4(-) + 4 H+ (Tagirov & Schott 2001 notation.)
Al(+++) + 2 H20 = AIO2(-) + 4 H+ in Pokrovskii & Helgeson (1995) and Shock et al.
(1997) notation.
-5.00 A
The log K’s are calculated along @
LVP. ~
-10.00 s © K
Y o ©
< -15.00 1 &
o 8 2} > Tagirov & Schott (2001)
-20.00 3}
(O Shocketal. (1997)
-25.00 y
[] Pokrovskii & Helgeson (1995)
-30.00 , ‘ f ; ' :
0 50 100 150 200 250 300 350
T(C)
12/11/2001 Carlos F. Jove Colon

TSPA Group - SNL





Used

Fuel Al + H,0 = AI(OH)™ + H*
Disposition
Al(+++) + H20 = AIOH(++) + H+
6.00
5.00 Q [?/T:fog s are caloulated along {> Tagirov & Schott (2001)
4.00 - 8
(O Shocketal. (1997)
. s
3.00 _ [] Pokrovskii & Helgeson (1995)
g 2.00 8 5
8 o
L0t 0
0.00 - ?55;5?&%2@? :[E]:gt;(;hl?ke 0 g
100 by Tagirov & Schott 2001,
-2.00 \ T T T ; \
0 50 100 150 200 250 300 350
T(C)
12/11/2001 Carlos F. Jove Colon

TSPA Group - SNL





Used

Fuel Quick Remarks
Disposition
B In general, log K's seem to overlap closely and consistently (within

the apparent uncertainty of the reported solubility data) at a
temperature range of 25 to 150 °C. Sometimes the close overlap
can extend to even higher T's for gibbsite solubility (see figures 1 -
3).

Overall, the log K’s seems to spread at high T's (> 200-250 ° C).

There is a strong overlap between Tagirov & Schott (2001) and
Pokrovskii & Helgeson (1995) in speciation reactions for the
equivalent species AlO, and Al(OH),- (see figure 4). However,
there is some spread in the data (~0.6 log units) for AlO,” by Shock
et al. (1997) at low T's (we already discusses this).

Note: The gibbsite thermo data in the YMPO database is from
Helgeson et al, 1978. The most recent update by Pokrovskii &
Helgeson (1995), which is in the dprons96 SUPCRT92 database,
should be considered for solubility calculations using recent Al
data. Visually, the log K’s for the reaction Gibbsite + 3 H+ = Al3+ +
3H20 look different between YMPO database and that calculated by

12711/%8Krovskii & Helgeson (1393) £ jove colon

TSPA Group - SNL
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Used Objective:
Fuel

Disposition Mixed Potential Model (MPM)

B Develop model to calculate the dissolution rate of used fuel (g/m?/years)
based on the corrosion potential established at the fuel/solution interface

— Accounts for interfacial redox reaction kinetics, radiolytic oxidants (H,0O,),
catalysis on noble metal particles (NMP), key solution reactions, and diffusion

— Accounts for burnup, evolution of waste package T, in-package chemistry
— Defines fractional fuel degradation rate for PA Source Term

Corroding Steel Fe Fe(l)

\ /

Solution






Used

Fuel Status and Future Work
Disposition

m MPM V.2 (FY14):

Added [H,] Effect - catalysis of redox reactions on noble metal particles (NMP)
Added analytical description of Radiolysis Model: conditional G,,q,, [H,], [O,]
Translated MPM to Fortran 2003 (ongoing)

Completed a series of sensitivity runs to determine relative impact of effects
Started a literature review for argillite, crystalline environment parameters
Milestones: M4 Argillite (July 14), M4 Crystalline (August 15)

® MPM V.3 (FY15):

Issue Fortran 2003 version of MPM to link with PA

Add [H,] source kinetics: corrosion of steel canister shell and internal structure
In collaboration with canister corrosion work package

Measure and model processes that counter [H,] effect: poisoning NMP, effects
of halides, SO,% (Requires experimental data)

Replace estimated parameter values with experimentally determined values
(H, effect, T dependence) — quantify uncertainties(Requires experimental data)





Summary of FY2014 MPM V.2 Sensitivity Runs

Dose Rate Effect (500 — 1 Rad/s) fuel characteristic
10.0 7 Temp. Effect (200°C - 25°C), reference case
- 3 H (4 — 9.5), environmental (argillite, crystalline)
@ [
g{ 1.0 ¢ COB] Complexation (0 - 0.001 Molar)
~ ' nwronmental (argillite, crystalline)
E\ED '<_Basellne [25°C] [1 Rad/s] [1 Gy0.] [N CO,] [nm 02] [pH 9]
O 01 7
v I ——— =
T Radiolytic H, S =
x 0.01 2 . - [s
= S : g 2
o 3 o = S
S T 4+ a O - o
£ 0.001 ¢ $ 3 S $E O
—_ - 17y = 9 > |
O - B w5 89 o
e B RS To 25 o
- : m 7 Efg &
[ - ¥a - 32 =
S 1.0E-5 . s & T
LL LL
-F 100 bar H, (carbon steel
1 0.6 Jec=-Sanister at 500m depth) ¥ Chemical dissolution of fuel





Used ) ..
Fuel FY-2015 Priorities

Disposition

B Link MPM with PA

— Argillite and crystalline specific parameters: pH, complexation
(carbonate, sulfate, halides)

® Couple MPM with H, source kinetics: corrosion of waste
package steel shell and internal structures

B Measure and model processes that counter H, effect on fuel
dissolution (poisoning of surfaces, NMP alteration)

B Replace parameter placeholders with experimentally
determined values (H, effect, T dependence) — Quantify
uncertainties





gseld Fuel Degradation Model
ue .
Disposition Interfaces with PA
Performance Parameter v_alu_es glatabgse

« Steel corrosion kinetics (new in FY 2015)
Assessment: /

Argillite & Crystalline

Fuel corrosion kinetics
Interfacial redox chemistry at fuel surface
Heterogeneous catalysis on NMP including

Solution Chemistry:
pH [H,] [O,] [CO4*] [SO4]....
Fuel inventory and dose rate
Temperature

Radionuclide release rates
(yr)

poisoning of catalyst
Complexation effects
Temperature dependences

Appropriate corrosion product phases
(saturation)

Radiolytic effects
Solution diffusion coefficients

/

Mixed Potential Model
for matrix degradation

(with radiolysis, catalysis, and container corrosion modules)
+ Instant Release Fraction Model






Used i i ]
Fuel Discussion Slides

Disposition






Used
Fuel
Disposition

Electrochemical Experiments:

Pot

argillite and crystalline solutions

HPot
St. 2 '?

S st.1
0,
rod

U
elect e

C— >

NMP
electrolyte |electrode
(20mL cell) o

[H,]in

H,0, 20H

Potentiostat

Potentiostat

Experim

ental set-up

Measure:

« Uranium in solution
(dissolution rate)

» Corrosion potentials

 Corrosion currents

» Characterization of surface
alteration (UO, and NMP)
for relevant solutions

» Poisoning of NMP surface
(change in electrochemical
properties in the presence
of halides, etc.)

Model:

* Fuel dissolution rate

» Corrosion Potential

 Corrosion currents

» Corrosion layer thickness

» Diffusive transport of key
species near interface






LFJSSd Key Processes Quantified in MPM

Disposition

Corroding Steel

Solution






Fuel Rods
(cladding
shown as
yellow)

Drift wall
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Carbon Steel
Structures
(fuel basket tubes,
structural guides)
Neutron
Absorbing Steel
interlocking plates)
Stainless Steel
Structures

Disposition Simplified Cross Section Through Generic Canister
(borated steel

Used
Fuel






Used Mixed Potential Module:

Fuel

Disposition Initial settings
B Parameters m Variables
— Alpha-particle penetration depth — Dose rate
— Gpopo (mMoles/d) — Temperature

— Rate constants (fT)

— Charge transfer coefficients

— Standard potentials (fT)

— Diffusion coefficients (fT)

— Saturation concentrations U(VI) (fT)
— Activation energies for T dep.

— Porosity of U(VI) layer

— Tortuosity of U(VI) layer

— Resistance between NMP - UO,

B Constant (not explicit in model)
— pH
— Pressure

[O,], [CO37], [H,], [Fe#]

B User determined inputs

Length of diffusion cell
Number of calc. points in cell
Duration of simulation
Surface coverage of NMP

Calculated by model (output)

Corrosion potential

Surf. reaction current densities
Surface fluxes

Con. all species at each calc. point
Corrosion layer thickness





Used

Fuel MPM Parameter Database
Disposition
| T dependence| . . | Activation
MasSs-eBCqLaSnce Con: C; (mol/cm?®) Sca;talf_r(antqi?/;n?%' of Cs24: AHS?,; Dﬁfg_sg:;;/;;eff. energy for Dj:
pecl | (3/mol) | AHD; (J/mol)
uo,* MPM Output 3.20E-08 6.E+04 5.00E-06 15000
UO2(CO3),* MPM Output | 5.12[CO,]*34 6.E+04 5.00E-06 15000
U(1Vv) MPM Output
2. Environmental )
CO; Input (link to IPC) 1.70E-05 15000
Environmental
©: Input (link to IPC) LSS LS
Radiolysis Model ] )
H,0, (PNNL) 1.70E-05 15000
o4 Environmental ] ]
Fe Input (link to IPC) 1.00E-08 6.E+04 5.00E-06 15000
Environmental . .
H, Input (link to IPC) Literature Literature
UO3-2H,0 MPM Output See Sat. Con.






Used

MPM Parameter Database:

Fuel
Disposition Argillite and Crystalline Environments
L Charge
: : Rate Constant Activation Standard
Anodic reactions on fuel surface Transfer )
at 25°C energy (J/mol) Coefficient Potential
] pH dependence 6.0E+04
2+
JO, — U0, + 2¢ [Power law exponent]| (estimate) ol ORI
Concentration and 6.0E+04
2- 2= > c _
UO, + 2C0O,% — UO,(CO,),% + 2e oH dependence (ostimate) 0.82 0.173
N ) 7.40E-06 6.0E+04 i
H,0, > O, + 2H" + 2e (literature) (estimate) 0.41 0.121
H, — 2H* + 2e- Estimate Estimate Estimate | Literature
Cathodic reactions on fuel surface
H,0, + 2e- — 20H- 1.20E-10 SUSTHA, 0.41 -0.973
(estimate)
0, + 2H,0 + 4e- — 40H- 1.40E-10 SISO 0.5 -0.426
(estimate)
Precipitation of corrosion product
UO,2* + 2H,0 — UO;:2H,0 + 2H* 1.0E-3 6.0E+04
(estimate) (estimate)
UO,(CO,),% + 2H,0 — UO;:H,O + 6.0E+04
2C0O,% + 2H* (estimate)






Used . :
Fuel Key Processes Quantified in MPM

Disposition

Corroding Steel

FY2013 FY2014 FY2015
4 * Surface reactions kinetics * MPM sensitivity : * H, Source: link MPM

* Corrosion products runs: H, Effect 2H.0O with steel corrosion

* NMP domain (placeholder) * Integrate MPM H2 2 * Interface with PA and
1 ° Experimental technique and RM : canister corrosion
- * Fortran version: « Poisoning/alteration of
| test case for PAlink ¢, U(/I\V) NMP (experimental)
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Sorption Capacity in Clay Minerals for
UFD Applications
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 Sanda Sorption Capacity in Clay Minerals for
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PART 1: lodide sorption behavior

Fuel
Disposition
Clay mineralogy Experiental conditions/results
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Handbook of Clay Science, Eds.: Bergaya, F., Theng, B.K.G., Lagaly, G.; Elsevier, 2006.

Potential reasons for anion interactions
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Used Is lodide interacting with

Fuel : :
Disposition negatively charged interlayers?

Q: Who cares?

A: Performance Assessment

Altmann, 2008
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LFJjgld Reported Ky values for lodide vary

Disposition Widely

Clay Mineral Column
Kp Value
(mL/g)
Opalinus (lllite) 0.008- Van Loon et al., 2003
0.02
Montmorillonite 0.57 Sato et al., 1992
Callovo-Oxfordian 0.15- Bazer-Bachi et al.,
(Interstratified 0.37 2006
illite/smectite)
[llite 27.7 Kaplan et al., 2000

Montmorillonite -0.33 Kaplan et al., 2000
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. . Anion Exclusion in Clays
Disposition

compaction 1
_h-. 2
anion 3
* diffusion
4

1: TOT-layer
2 : interlayer water

Ikl

increase of
ionic strength

3+4 : interparticle water
3 : double layer water
4 : free water

W M =

L.R. Van Loon et al. / Applied Geochemistry 22 (2007) 2536—-2552






Used Several types of batch sorption experiments
Fuel were completed to characterize the clay
Disposition  gyrface environment

7 clays under consideration: Sorption experiments:
All clays obtained from the clay bank
repository (Purdue Univ.) « N, BET
- o * Methylene Blue (MB)
. Kgqllane . Montmorll!onlte . Na-exchanged clays
* Ripidolite » Palygorskite : :
. lite . Sepiolite  Variable amounts of MB were added until
« lllite/Smectite clay surface was saturated

« BaCl, Exchange
» Excess of barium displaces native cations
* Measure native cation release

* lodide
 Solid:Liquid ratio: 100g/L
» No specific pH control; ‘natural’ pH of clay
e Seven day reaction time

Concentration (M) | NaCl | NaBr | KCI
1.0 X
0.1
0.01
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Data is consistent with ion pair formation caused
by surface induced changes to water structure.

1 Air Bulk water:
v =785

Confined water |

3 ~2nm ¢=~5  Confined water
H Bulk water 8.5

~2nm
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Used Diffusion studies are underway completed

Fuel :
Di .. IN a constant pressure system.
Isposition

Rheodyne
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Fuel Sampling Rate is Critical
Disposition

20608 90 -changing
. 1.8E-08 ——iodide flux  —=—=time btw. pts 30 - concentration
> i /\ s gradient due
g 1.6E-08 /\ / \ A - 70 = sampling

A\ - rate?

% 1.4E-08
~ \ / \ 60 ©
<E 1.2E-08 - \ / \ 50 & -Clogging?
o 1.0E-08 A o
> soros | \_ /\/ | w0 =
o 0
£ / ~~ 30 €

6.0E-09 —
X / - 20 =
5 4.0E-09 ' & / =
W 2.0E-09 < 10 8

O-0E+OO I I I I I I I I I I T T T T O

24 100 117 127 142 151 166 191 218 245 263 291 334 409 432
Elapsed Time (hrs.)

10





Used Part 2 -- Thermal Effects — Heated Clay

Fuel _
Disposition EXPeriments
B Materials

— lllite, lllite-Smectite, Smectite, Palygorskite

B Methods
— Heat clays for 1 hr., at ambient pressure in air
— External surface area via BET (N, adsorption)
— CEC via BaCl, exchange






Used Results | -- Mass Loss on Heating
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Disposition Clay morphology matters
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Used Results || — Pore Size
Fuel Distributions

Disposition
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Used Results Ill - CEC / SA vs. Temperature

Fuel
Disposition Again, morphology matters
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Used Conclusions and Next Steps

Fuel Part 2. Thermal Treatments and CEC
Disposition

B Thermal treatments show significant effects on CEC for
all four clays studied.

M Illite and lllite-Smectite, 20-fold and 10-fold increases at
100C, respectively.

B For montmorillonite, the significant increase in CEC at
400 °C is perhaps of only of marginal importance.

B Next, investigate heating duration, water
content/numidity, and effect on compaction and swelling.
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Surface area was separated

Used

Fuel between total, interior, and

Disposition exterior surface areas.

MB CEC BaCl, CEC BET S.A. MB S.A. Internal S.A.
(meq/100g) | (meq/100 g) (m?/g) (m?/g) (m?/g)

Kaolinite 1.50 4.61 11.31 11.76 0.45
Ripidolite 3.00 6.03 8.02 23.49 15.47
Iite 14.98 27.61 31.46 117.21 85.76
Illite.Smectite 24.69 30.39 29.82 193.23 163.41
Montmorillonite 109.53 151.92 28.29 857.17 828.88
Sepiolite 17.41 8.98 201.43 136.27 -65.16
Palygorskite 39.96 29.22 141.52 625.45 483.93
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Fuel [odide uptake is dependent on ionic composition
DisPR¥&0amping electrolyte.

K, [mL/g] (Std. Dev.)
-~ CEC meq/100g NaCl NaBr KClI
m 4.61 1.61 (0.28) 0.02 (0.63) -0.01 (0.22)
Ripidolite 6.03 1.13 (0.38) -0.16 (0.72) -0.31(0.17)
Layerech _ 27.61 0.54 (0.12) 0.13(0.002)  -0.50(0.24)
Illite.Smectite 30.39 0.38 (0.08) -0.01(0.11)  -0.49(0.11)
i 151.92 -0.32(0.35)  -0.58(0.07)  -1.69 (0.90)
I 8.98 001(028)  079(0.14)  0.11(0.30
Fibrous : (0.28) (0.14) (0.30)
i Palygorskite 29.22 0.24 (0.30) 1.26 (0.05) 0.99 (0.17)

All electrolytes at 0.1M






Used

Fuel [odide uptake is dependent on ionic composition
DisPR¥&0amping electrolyte.

- CaCl, CaBr, MgCl,
4.61 0.34(0.35)  -0.34(0.28)  0.09(0.43)
6.03 0.16 (0.33)  -0.05(0.01)  0.22(0.66)
Layered- 27.61 1.02 (0.22) -0.48 (0.32) 0.37 (0.01)
30.39 0.87(0.16)  -0.30(0.09)  0.90(0.34)
i 151.92 0.56 (0.18)  -2.16(0.53)  -1.70(0.47)
cooe | 8.98 043(012)  052(025)  -0.35(0.37)
L 29.22 0.41 (0.78) 0.80 (0.41) 0.48 (0.10)

All electrolytes at 0.05M
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Ky values trend with total surface area, suggesting
Interactions with negatively charged surfaces.
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		Sorption Capacity in Clay Minerals for UFD Applications

		Sorption Capacity in Clay Minerals for UFD Applications

		PART 1:  Iodide sorption behavior

		Slide Number 4

		Reported KD values for Iodide vary widely

		Anion Exclusion in Clays

		Several types of batch sorption experiments were completed to characterize the clay surface environment

		Data is consistent with ion pair formation caused by surface induced changes to water structure.

		Diffusion studies are underway completed in a constant pressure system.

		Sampling Rate is Critical

		Part 2 -- Thermal Effects – Heated Clay Experiments

		Results I  -- Mass Loss on Heating �Clay morphology matters

		Results II – Pore Size Distributions

		Results III – CEC / SA vs. Temperature�Again,  morphology matters

		�Conclusions and Next Steps�Part 2. Thermal Treatments and CEC�

		Back-Up Slides

		Surface area was separated between total, interior, and exterior surface areas.

		Iodide uptake is dependent on ionic composition of swamping electrolyte.

		Iodide uptake is dependent on ionic composition of swamping electrolyte.

		KD values trend with total surface area, suggesting interactions with negatively charged surfaces.




Used Fuel Disposition Campaign

Modeling Flow in the Be
Rock Interaction Experl

N. Makedonska, S. Painter, C. Gable

Los Alamos National Laboratory

UFD Working Group Meeting
June 2014






Used Modeling the Bentonite Rock Interaction
Fuel Experiment (BRIE)

Disposition

B Joint exercise between SKB’s Task Force on
Groundwater Modeling and Task Force on
Engineered Barrier Systems

B Experimentis monitoring the rewetting of
bentonite in two boreholes in the bottom of an
Aspo tunnel

B Task Forces are modeling the experiment
B Experiment and modeling of the experiment are
intended to lead to

— Better scientific understanding of the exchange of
water across bentonite-rock interface

—  Better predictions of wetting of bentonite buffers

B Task force involves teams from several
countries

B UFDC Natural Systems Evaluation task to model
the experiment
— Test of DFN modeling capability
— Possible collaboration with Stockholm University

—  Capability to merge DFN and volume grids under
development

UFD Working Group. June 2014






Used

Fuel Approach to modeling the BRIE
Disposition
B Generate DFN inside cubic modeling domain. Include deterministic fractures.

Ignore tunnels and boreholes

Excavate mesh inside bentonite.

Generate tetrahedral mesh inside bentonite.

Merge the DFN and volume meshes.

Tag DFN nodes inside tunnels and assign all atmospheric pressure
Assign BCs and solve.
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Scoping calculations
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Used Scoping calculations
Fuel

Disposition

Richards Equation Air-water, isothermal
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b

e
e 1_’4’%"

Nodes are placed at the intersection S
between fractures and the volume to
be meshed. The DFN is meshed by
conforming Delaunay triangulation.

Fracture nodes inside the volume
are removed

Merging DFN and
volume meshes






i
1

FEHM solver imposes consistency for duplicated
PFLOTRAN requires mesh to be explicitly merged.

Nodes at intersection belong to both meshes.
nodes.

Generate tetrahedral mesh inside volume.

Merging DFN and volume

meshes
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Fuel Status
Disposition

B Merging of DFN and volume meshes has been demonstrated

B Scoping calculations with single fracture are complete
— Little difference between Richards formulation and two-component formulation
— Sensitivity to bentonite properties
— Some sensitivity to gap between clay and rock

B 3-D model with boundary conditions nearing completion





		Modeling Flow in the Bentonite Rock Interaction Experiment (BRIE)

		Modeling the Bentonite Rock Interaction Experiment (BRIE)�

		Approach to modeling the BRIE

		Scoping calculations 

		Scoping calculations 

		Slide Number 6

		Merging DFN and volume meshes

		Slide Number 8

		Slide Number 9

		Tunnel nodes identified

		Status 




Used Fuel Disposition Campaign

THM Modeling of the Mont Terri
FE Heater Test and DECOVALEX
Studies

Jonny Rutqvist, Fei Chen, Victor Vilarrasa, Jens Birkholzer
Lawrence Berkeley National Laboratory

UFD WG Meeting in Las Vegas
Argillite & Crystalline Disposal WP
June 4-6, 2014






Used Coupled THM Processes and

Fuel .
. L Nuclear Waste Disposal
Disposition P
Short-Term THM Disturbance Long-Term Impact
(0 to 1000 years) :> (10,000 to 100,000 years)
Wetting and
swelling of  _ gzirsnswal Temperature close Restored hydrostatic
bentonite PR empe fluid pressure
Infiltration of X Remaining %/~ Bentonite 100%
water from rock ‘  Siress-induced “permanent” , <\ . Saturated with a
to bentonite \ fracture opening changes in rock / # X\ Swelling pressure
¢ or closure with properties (e.g. | . of ~5MPa
! /,( associated irreversible j §
Vapor flow along permeability fracture shear)?, | N/
thermal gradient change ) ‘
away from heat N E)'(Ctavztlgn )
. . isturbe y
source N _ Heating of bentonite Zone (EDZ) _-Sealing of
Drying and - - v el T = fracture?
shrinkage

® Are strongest during the early time (excavation, waste emplacement and

thermal peak), but may cause permanent changes that could have a significant
iImpact on the long-term performance.

® Are complex but can be analyzed with advanced numerical modeling
supported by lab and field experiments.

June 4, 2014 UFD WG Meeting in Las Vegas





Used Recent UFD THM Model Developments

Fuel
Disposition (TOUGH-FLAC, BBM and BExM)
TOUGH-FLAC 1) Barcelona Basic Model (BBM)
e . A constitutive model for thermo-elasto-plastic
“;\d . behavior of unsaturated soils (bentonite)
P:;pmies 1 Deviatoric
= f’ ol (shear) stress
- Cam-clay yield
Mechanical surface (fully Drying
Propertics fluid saturated
) FLAC3D \ﬁ Y ey

—-— Direct couplings
- = Indirect coupling

C = Cohesion

G = Shear modulus

K = Bulk modulus

k = Intrinsic permeability
Py = Pressure of phase p
Pc = Capillary pressure

Sj = Saturation of phase P

T = Temperature

€ = Strain

gt = Thermal strain

esw = Swelling strain

o = Biot's parameter

¢ = Porosity

n = Coefficient of friction
o = Stress

2) Barcelona Expansive Model (BExM)
® Micro- and macro-structure

® Proper modeling of fluid flow through macro pores and
their changes with stress and saturation

® Provides a link for coupling mechanics with chemistry

June 4, 2014

™M 5
Suction
> &
S
NP EF=const
\Q’ :_,Q
S &
& &
Q W P P, 5)
Qf;q LC

Bentonite block stored at different
relative humidity (Teodori et al 2011)

® Shear strength and stiffness depends on saturation ( or suction)

® Wetting-induced swelling or collapse strains

Clay aggregates
Macropore
f‘& S
mm’r \
A “
* = -

Micropores between
clay particles

—
D
\
| 7
T
y
.

Macrostructure

Microstructure

UFD WG Meeting in Las Vegas 3





Used Model Validation Against Field

Fuel Experiments
Disposition P
. . . u W _ SE
MO nt Terrl (SW |tzer|an d) .I:I el d 1000—, Courgenay Terri rock laboratory  St-Ursanne
. . . a00 Mont Terri <]

experiments in Opalinus Clay .

Horizontal emplacement -
HE-E Heater Test (3 years
heating Of bentonite-rOCk Limestone Sandstone Lll')n;llass:i?:" Dgggr:'nh'rrte " Opalinus Limestone  Clay  Limestone Fault zone Fault
N Micro-tunnel) e oe

! I I Folded Jura |

Rty Suntiel HE-D Heater Test

(1 year heating of
Opalinus clay)

View of FE-tunnel showing Opalinus
Clay beddings

Security Gallery /

FE Heater Test (full-scale
repository demonstration over
15-20 years of heating)

June 4, 2014 UFD WG Meeting in Las Vegas 4





Used Model Validation Against Field

Fuel Experiments
Disposition P

Horonobe (Japan) EBS experiment in
siliceous mudstone

Vertical emplacement, tunnel backfill, buffer

] © Ventilation shaft
e T

C'nncmbé lining (thickness 20)
/
= e i h g 60
Access shaft BSEER Access shaft Ll
(West) @SRRI (East Borehole for titmeter ~\N_ = e
% Connection drift J__ A7 Rock
£ 9% at 140 m in depth ST
N—— /a 2z Wl Sand (tickness 12)
] . opP Buffer /
| Connection drift ol
b at 250 m in depth 1074 ol s A
B, - si|  Outputline
= Ovepack (OP) ok o Tt
3 i (Heater i 23 Sand (thickness 7)  unit [em
& Experimental drift i _ ) Bl i _ i : 2, : 4
& at 350 m in depth A-A section

* This layout niigk
depending on the

future investigations at 500 m in depth
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Disposition

DECOVALEX-2015 Project (DEvelopment of COupled models and their
VALidation against EXperiments in nuclear waste isolation)

B Task B1l: Modeling the Mont Terri (Switzerland) HE-E Experiment in Opalinus Clay
— Step la: HE-D in situ heating of Opalinus Clay (completed November, 2013)

— Step 1b: Bentonite laboratory THM experiments for processes understanding and
parameter determination (completed, May 30, 2014)

— Step 2: HE-E predictive modeling (May 2014 — Oct 2014).
— Step 3: HE-E Interpretative modeling (Nov 2014 — April 2015).

B Task B2: Modeling the Horonobe (Japan) EBS Experiment in siliceous mudstone

— Step 1: Benchmark calculation related EBS experiment for code comparison and
bentonite characterization (completed April 2014)

— Step 2: Horonobe EBS predictive analysis (April 2014 — Oct 2014).
— Step 3: Horonobe EBS calibration analysis (Nov 2014-July 2015)

Mont Terri Project Full-Scale Emplacement (FE Experiment)

B Benchmark modeling of experiment with comparison to the results of
international modeling teams (Completed, April 2014)

B Model prediction and design of experiment (Preliminary prediction complete,
final results to be report before start of heating December 2014)
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Fuel FY14 Plan and Beyond

Disposition

DECOVALEX-2015 Project (DEvelopment of COupled models and their
VALidation against EXperiments in nuclear waste isolation)

B Task B1l: Modeling the Mont Terri (Switzerland) HE-E Experiment in Opalinus Clay
— Step la: HE-D in situ heating of Opalinus Clay (completed November, 2013)

— Step 1b: Bentonite laboratory THM experiments for processes understanding and
parameter determination (completed, May 30, 2014)

— Step 2: HE-E predictive modeling (May 2014 — Oct 2014).
— Step 3: HE-E Interpretative modeling (Nov 2014 — April 2015).

B Task B2: Modeling the Horonobe (Japan) EBS Experiment in siliceous mudstone

— Step 1: Benchmark calculation related EBS experiment for code comparison and
bentonite characterization (completed, April 2014)

— Step 2: Horonobe EBS predictive analysis (April 2014 — Oct 2014).
— Step 3: Horonobe EBS calibration analysis (Nov 2014-July 2015)

Mont Terri Project Full-Scale Emplacement (FE Experiment)

B Benchmark modeling of experiment with comparison to the results of
international modeling teams (Completed, April 2014)

B Model prediction and design of experiment (Preliminary prediction complete,
final results to be report before start of heating December 2014)
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Mont Terri HE-D Experiment With
Disposition

In-Situ Heating of Opalinus Clay

3D TOUGH-FLAC model

Comparison of modeled
and observed

eTemperature

Pressure

Mechanical strain

-.%e ,,,’/,//
B11 2,
X

’
B%O o
\ 1 - 14+.7-¢ L’
B W 21399, "x Bog
x I 4 I.I', Future t t
NGMP 23 niche HE-D - -

H3 1 2

1 year heating of the

__________

Opalinus clay from a
borehole

HE-D also used for in situ
characterization of anisotropic
THM properties of Opalinus Clay





Used Mont Terri HE-D Experiment With

Fuel : : :
Disposition In-Situ Heating of Opalinus Clay

Comparison of model results with in situ measurements
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3 r T 0.1 r T T
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0.05t0 © Field data
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— Field data 0 100 200 300 400 500
-2 : : : : -0.25 s s s - Time (d)
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Back-calculated thermal conductivities of K= 2.15 W/m-K and K. = 1.19 W/m-K (K;/K1=1.8)
Permeability k = 5x10-2° m? and a pore-compressibility of 1x10-° Pa! resulted in a good match
between simulated and observed pressure evolution = in situ properties of Opalinus Clay





Used Mont Terri HE-D Experiment With

Fuel : : :
Disposition In-Situ Heating of Opalinus Clay

Comparison of model results between international research teams in
DECOVALEX:

70 1
Team  Principal F.O. Country Code
Investigator 60 -
W. Wang BGR Germany OpenGeoSys
P. Pan CAS  China EPCA3D & 50 -
=
. TOUGH- g,
I. Rutqvist  DOE USA FLAC g
. Switzer- . += 40 -
B. Graupner ENSI land OpenGeoSys =
ST.Neuyen TRSN S84 onigor, £
e NEuye France 2 301
JAEA S.Nakama JAEA  Japan THAMES
KAERI C.Lee KAERI > pracsp 20U

Korea

-C. Manepally NRC USA FLAC-xFlo 10 |
0 100 200 300 400
Time in days after heating

The results of DECOVALEX modeling of Mont Terri HE-D Experiment will be summarized in a
joint international journal article by the end of 2014





Used Model Predictions of the Mont

Fuel Terri FE Experiment
Disposition

Mont Terri Full-scale Emplacement (FE) Experiment is

undertaken by NAGRA and other partners as an ultimate f"AG?A‘S HLW emplacement concept
test for the performance of geologic disposal in Opalinus for FE: Heater

Clay, with focus on both the EBS components and the
host-rock behavior; it will be one of the largest and
longest running heater tests worldwide.

Full-scale

Bentonite pellets
Bentonite blocks

15-20 years of heating

Grgnular bentonite e

k'S

mplacement

o~

(Figu?‘e from Tobias Vogt NAGRA)





Used Model Predictions of the Mont

Fuel Terri FE Experiment
Disposition

100 m

A

Ay’

3D mesh with
21,140 elements

Heaters
Access tunnel Plu

Shot crete

Bentonite
blocks

e Current temperature predictions for 1500 W up to 160°C peak temperature
e Heating to start end of this year

e Will ramp up heat power in one heater 500, 1000, 1500 W and use modeling to
calibrate and predict peak temperature (should be below 150 °C)
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Step 2: Horonobe EBS predictive analysis (Jan 2014 — Oct 2014).






Used Horonobe EBS experiment

Fuel . :
. . predictive analysis
Disposition
' Monitoring points in
Plang V!ew of tnnels and backfill ar?dpnear field Calculated temperature in
monitoring boreholes 3D TOUGH-ELAC model

100

©
o

@
o

{3 )

; *‘% 3 e g
] { L ow
i e -
5 . E ' S — <
k]l TEC/7/f%F |1 Bentonite |, |l ' s0
- 2 + //-5!?‘i Z ' %
]5/ 7 Buffer 1 01 & 2w
e 2 B £
it [T EEE = | *
| e 20 1 1
§ ross section o .
'/_1 c (testpitt) TIME (days)
Y » Important backfill and buffer interaction
40008 3000 |
» Backfill (In tunnel) higher permeability and
it rl"_ lower water retention
 Buffer can be saturated from the backfill if not

from the rock





Used
Fuel Next Steps
Disposition

 Complete model prediction for Horonobe EBS Experiment
(ongoing)

« 3D mesh and “model prediction” for HE-E Experiment (the field
experiment is already ongoing)

« Participate in FE heater test design of heat load and make (final)
model prediction for FE Heater Experiment (Already have 3D
model and made preliminary predictions)

- Review of properties used for various types of bentonite-buffer
materials in these experiments

- Apply the Barcelona Basic Model for bentonite in modeling all
these experiments

- Apply the dual-structure model (Barcelona Expansive Model); will
greatly benefit from collaboration with other research teams within
DECOVALEX and Mont Terri FE modeling group
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Used Fuel Disposition Campaign

Neutron investigation of pore structure and water
dynamics in natural and engineered materials for
nuclear waste repository systems
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Used
Fuel

Disposition

Outline

June 3-6, 2014

N
» Water movement and transport in low permeability media (e.g., clay, rock salt,
cement, cement-clay)
Problems | * Topic # P4 & # P5, UFDC Natural system evaluation R&D plan
J
N
» Small-angle neutron scattering (SANS)
* Inelastic incoherent neutron spectroscopy (IINS) with filter difference
Approaches spectrometer (FDS)
J
N
» Pore characterization of cement-clay barrier material
Updated | ¢ Water characterization in Permian rock salt at elevated temperature
Results y
N
» Capability development
Path- » UFD relevance & Broad applications
Forwards J

UFD WG Meeting for the Crystalline & Argillite






Used .
Fuel Techniques

Disposition

® Principle ® Why neutron
¢ Neutrons are very sensitive to hydrogen

X ray cross section

»0® .. ¢
s -
. @0 o o —T
—> y
Neutron cross section Mo
ooy [

Powder diffraction domain
(in real space: ~10 A)

SAS/USAS domain
(in real space: 104 to 100 mic

e

Powder diffraction domain
(in real space: ~10 A)

ssLibrational

Scattering interactions

IINS-FDS
E.=E —E, mode of water mechanism (R. Pynn 1990)
% Vibrational * Nocharge
mode of water . Nuclear and magnetic interactions
** Non-destructive and high penetration
A cy% (flexible sample environment)
oo N g N
symmelric strefch  asymmeic stretch bend
cr*o A 0% S < Contrast matching possible (Different
At W isotopes scattering differently)
UFD WG Meeting for the Crystalline & Argillite 3
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Used
Fuel
Disposition

Pore characterization of cement-clay
barrier material

B SANS

10000
* Influence of Cement on
Clay in a deep geological 1000
repository 5
+ Reactive transport in
mplex m
Complex Syste -
* Heterogeneous
* Dynamic Fy
175
% To evaluate the effects of  § 10
Secondary Mineral g
Precipitation on seal
performance 1

s SANS data analysis

indicates that precipitates 0.1 -

occurred at the interface

* Interface pore feature
close to small granular 0.01
geometric medium in
cement

s SANS can sample specific
areas

June 3-6, 2014

< Clay

A
A a
A RS
o Interface @ Ba
A L
A cement_Y A8
4 cement_G A8
i
+ Cement_Y Cement_G

Incoherent background
(H content from epoxy)

Interface

clay

'''''''

60 600 6000
Pore size(A)
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Used

Fuel Forms of water in rock salt
Disposition
1. Free water (F), as fluid inclusion 1
2. Bound water (B), as chemically
bound water (crystallized and
constitutional water, and e N/ :
physically bound water) . o s = \r
3. Surface water (S) present as e " % . . |Surface water
grain-boundary fluids - . AN ()
_ _ Free water (F) = Bound water (B)
Objective:

Quantify and fingerprint different forms
of water in rock salt, and to investigate their
mobility under field conditions (T, P) and
confinement.

f (F%, B%, S%) < T, P





Used Confined water and its dynamics

Fuel INn Permian salt
Disposition
B Thermo gravimetric Analysis (TGA) B [INS-FDS spectra
35
100 4 ;
 -282% o0y  Peak 448.5°C/449.4°C 30 | —Rock salt
———— _i34% t ) —Rock salt at 100 oC
954 AR ——Rock salt at 150 oC
-5.24% 95 | .
—Non-soluble minerals
90 ——Non-soluble minerals at 150 oC
2\; 20 ——Non-soluble minerals at 450 oC
> | . . . .
8 85 -19.63% G Pronolinced spectroscopic shifts within
= il < . ) ; )
g the intermolecular libration/rotational
80~ S0 160 150 200 =15 modes occur between 200 and 1100 cm|!
76 Rock salt ik -
MNon-soluble bearing minerals
wn—
100 200 300 400 500 600 700 800 5 1
Temperature / °C
0 - e I —— R
0 500 1000 1500 2000 2500
Rock salt

Wavenumber (cm?)

s FDS is a vital diagnostic tool for examining

_ confined water behavior in geological material
<——Non-soluble minerals (Ding et al., 2014)

UFD WG Meeting for the Crystalline & Argillite






Used

Fuel Path-forwards
Disposition
H Capability ® UFD relevance B Broad applications

development and opportunity

-

High pressure cell
(P: 45,000 psi; T: 350 °C)

Pressure fluids flow cell

(under development)
June 3-6, 2014

Fluids flow and transport
In low permeabllity
geometrics (e.g., clay,
salt) with explicit
consideration of pore
size, pore network and
confinement effects

Dehydration/swelling
Elevated Pand T

Flow across heterogeneous
geomedia

Nanoconfined water molecular
species and their dynamic
behavior

UFD WG Meeting for the Crystalline & Argillite

\/
000

L4

DOE “Grand
Challenges in
Subsurface
Engineering”:
SubTER

Experimental
iInvestigation
thermophysical and
chemical properties
of fluids flow and
transport under
pore confinement
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Used Fuel Disposition Campaign

Thermal-Mechanical Data of Argillite and
Crystalline Disposal Systems: A First-
Principles Approach

Philippe F. Weck, Carlos F. Jove-Colon, David C. Sassani
Sandia National Laboratories

Eunja Kim, University of Nevada Las Vegas

Used Fuel Disposition Working Group Meeting
Las Vegas, June 4-6, 2014






Used

Fuel Introduction, Objectives and Approach
Disposition

B Thermal-mechanical data for natural system (NS) minerals and
engineered barrier systems (EBS) materials are critical to assess their stability
and behavior in geologic disposal environments for safety assessments.

B Thermodynamic Data Gaps and Research Needs: NS minerals surrounding the
waste package (e.g. clays, complex salts, granite...).

B Objectives: Using parameter-free first-principles methods to:

— Calculate missing thermodynamic data needed for geochemical & SNF degradation
models, as a fast and systematic way to predict materials properties and to
complement experiments.

— Provide an independent assessment of existing experimental thermodynamic data
and resolve contradictions in existing calorimetric data.

— Validate our computational approach using high-quality calorimetric data.

B Approach
— Structural optimization using density functional theory (DFT) [VASP code].

— Use density functional perturbation theory (DF-PT) to calculate the phonon
properties of materials relaxed with DFT and derive their thermal properties.

June 4-6, 2014 UFD WG Meeting 2





Used

Fuel Computational Methods
Disposition

 Crystal Structures

Structure « lonic positions _
optimization * Lattice Parameters |- Geochemical

with DFT * Molar Volumes and Used Fuel
» Mechanical Properties Degra Seftian
Models

Phonon  Forces on atoms

calculations . Ph ; _
with DF-PT onon frequencies

» Helmholtz free energy,
Cy, entropy, enthalpy

 Gibbs free energy, Cp

—'\ Thermodynamic

Properties

June 4-6, 2014 UFD WG Meeting 3





::Jseld Clays: Structure & Thermal-Mechanical
ue Properties of Kaolinite (Al,Si,O;(OH),)

Disposition

B Expt.: V=328.708 A3

a=5153A, b=8942 A c=7.391A
a =91.93°, B = 105.05°, y = 89.80°.

B Standard DFT: V= 340.11 A3

a=521A b=9.05A, c=748 A
a=91.8° 3 =105.1°,y = 89.7°.

B DFT + van der Waals correction
(DFT-D2): V=329.03 A3

a=518A, b=899A,c=733A
a=91.6° 3 =105.1°, y = 89.8°.

Volume calculated with DFT-D2
overestimates experiment by less
than 1%, while standard DFT

- Important to use DFT corrected for overestimates expt. by ca. 3.5 %.
dispersion interaction for layered
systems such as clays. - All the following calculations were

carried out at the DFT-D2 level.

June 4-6, 2014 UFD WG Meeting





Total Energy (eV)

-232.93 —

-232.94 —

Used
Fuel

Disposition

Clays: Structure & Thermal-Mechanical
Properties of Kaolinite (Al,Si,O;(OH),)

— DFT-D2, hydrostatic deformation
— DFT-D2, z-axis uniaxial deformation

P(l"';) = ﬁ

June 4-6, 2014

2

(

Vi

1}..-

7

) -

328

Unit Cell Volume (AB)
Birch-Murnaghan 3rd-order equation of state:

V

ik

330 332 334 336

3 vy 3
2B -4 () —1]).
+7(Bo ’[(1) ”

UFD WG Meeting

Two types of cell deformation:
B Hydrostatic deformation

B Uniaxial deformation (along
the z-axis normal of the layers)

Bulk modulus:

B Expt.: B, = 44-56 GPa

B DFT, hydrostatic: By=54 GPa
B DFT, uniaxial: B; = 116 GPa
- Strong impact of the system

anisotropy on the mechanical-
elastic properties of the clays.

P: pressure; V,: ref. volume;
V: deformed volume.

BD = -V (-)—‘Fi B:) — ‘()—B‘
V) o oP | ._,

5





Used Clays: Structure & Thermal-Mechanical

Fuel . - i
Disposition Properties of Kaolinite (Al,Si,O;(OH),)
600 Isochoric calculations:

— DFPT-D2, z-azis uniaxial deformation, this study
— DFPT-D2, hydrostatic deformation, this study

500 (O Expt., Robie & Hemingway 1995
O Expt., Schieltz & Soliman 1964

400 -

S (.l.mol'l.K'l)
5‘
()
[

(§o

S

(e
|

Potential

100 .
conditions
i of interest
O | | | l | |
0 200 400 600 800
T (K)

June 4-6, 2014 UFD WG Meeting

B Calculated entropy using
uniaxial deformation of
the unit cell is in excellent
agreement with
experiment.

B Entropy computed using
hydrostatic deformation
always underestimates
data derived from
calorimetry.

-> Uniaxial deformation of
the cell maximizes the
entropy compared to
hydrostatic deformation.

- Thermodynamic driving
force for the formation of
layered structures.





Used
Fuel

Disposition

Clays: Structure & Thermal-Mechanical
Properties of Kaolinite (Al,Si,O;(OH),)

400

Cp (.l.mol'I.K'])
lé,
[

l | l ' l

— DFPT-D2, z-axis uniaxial deformation, this study
- == DFPT-D2, hydrostatic deformation, this study
O Expt., Robie & Hemingway 1995

Isobaric calculations:

N M Calculations carried out
within the quasi
harmonic approximation
(QHA), at a fixed
pressure of 1 bar.

B Computed isobaric heat
capacity using uniaxial
deformation of the cell
reproduces calorimetric
data

o Cp calculated with
hydrostatic deformation
underestimates
calorimetric data for
temperatures < 600 K.

100 - . —
Potential
- conditions -
of interest
. 1 . n . n
0o 200 400 600
T (K)

June 4-6, 2014
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Used R&D Highlight on Crystalline Salts:

Fuel - ] )
: . Anhvydrite, Polyhali n rnalli

Disposition ydrite, Polyhalite and Carnallite
20 rec enerey k/mol] ) CasO, K,SO,MgS0,2CaSO,2H,0 KCI MgCl,6H,0
200 | = Entropy [J/K.mol] i

L — C [J/K.mol] 1 X A &
150 - — Total energy [kJ/mol]

- O Entropy (expt.)

100
50
0
_~ -38.6—

N
—

g 388

2 -392p = CHEMICAL Paper selected as Cover

8 -394 PHYSICS Paaqe:

S el LETTERS ge:

2 - Weck P.F., Kim E., Jove-
Colon C.F., Sassani D.C.,

< 1201 "First-Principles Study of

I S Anhydrite, Polyhalite and

i i = Expt. (Robic & Hemingway, 1995) Carnallite”, Chemical

2, e Expt. (Majzlan et al., 2002) .

J" 40 Physics Letters 594, 1-5

(2014)
0 L | | L | | 1 | | | |

0 100 200 300 400 500 600 700 800
T (K)
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Used R&D Highlight on Crystalline Salts:

Fuel . . ]
: . Bischofite and its Dehydrated Phases
Disposition y

50/ (a)MgCly-6H,0 3 (b) MgClaH,0 ' 0 MgCl,6H,0  MgCly4H,0
400 = — —{ 300 |

i o . o
300

B . F — 200
200 - = Free energy [,lldmo,], | .

= Entropy [JK .mol ] .

B — C, 1K mol'] . 100 .
100 — = Total energy [kJ.mol ]

B O Entropy, expt. 1K "mot"] i ]

0 | | 1 ‘ 1 I 1 | 1 1 | 1 I 1 | 1 I 1 0

250 (€)MgCly2H,0 > (d) MgCl,-H,0 1200
200 B _ — 150
150 i =

n - — 100
100 ]
50 _ _ 50

0‘ T 7 MgClZ-éHZO — MgClZ-4HZO + 2H,0
0 100 200 300 400 0 100 200 300 400 500
T (K) T (K)

_ MgCl -4H,0 — MgCl -2H,0 + 2H,0
(Experimental data for the entropy: FactSage

FACTPS database.) MgCl,-2H,0 — MgCl -H,0 + H,0

June 4-6, 2014 UFD WG Meeting 9





Used R&D Highlight on Crystalline Salts:

Fuel i : :
: .. Bischofite and its Dehydrated Phases
Disposition
100 = —— —r——— 300 _
= (a) ﬁ " (b) M _250. Thermal properties:
~ 300 Q@W ) - » Isochoric and isobaric
3 | y - {200 properties were calculated
HE- Y I | for bischofite and its
x A0 — This study i 0 dehydrated phases
= i O m  Expt. (Kelley, 1960) I —— This study i )
O™ 1001 & 0 Expt. (};Tlley etlal.2,0119243) _— ¢ Expt. (Wagman et al., 1982)—_ 100 > Good agreement between
g 2 E,’iﬁi: M:;;ﬂ etal, 1)982_ 50 computed molar latent heat
VAR s e VA | o Qp = 60.8 kJ mol™" for the
! ™ ™ MgCl,6H,0 to MgCl,4H,0
- (o) M - (d) M 120 transformation and expt.
~ PO ! 1100 (Qp = 68.2 kJ mol™).
© L i
&l - 180 m FY14/15 outlook:
- — This study B = Thisstudy —160 Extend structural and thermal-
o ¢ Expt. (Wagman et al., 1982) ¢ Expt. (Wagman et al., 1982) . . L
S 50 = — 40 mechanical calculations within
B 190 the framework of DFT/DFPT to
| | | | - | | | | . other NS minerals (clays, salts,
0 100 200 300 400 500 100 200 300 400 500 granite...) and EBS materials.
T (K) T (K)
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THMC Modeling for Clay-
based Barrier Materials

Liange Zheng, Jonny Rutqvist, Victor Vilarrasa, Jens
Birkholzer, Hui-Hai Liu, Laura Blanco Martin

Lawrence Berkeley National Laboratory
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Used _
Fuel Outline

Disposition

»Modeling THMC Alterations in EBS bentonite
under Higher (>100 °C) Temperature

» A dual structure constitutive model for simulating
the mechanical behavior of expansive soils






Used Modeling THMC Alterations under
Fuel Higher (>100 °C) Temperature:
Disposition  Njotivation and approach

The first step to answer whether we can use a thermal limit >100 °C for
clay repository with bentonite EBS?

»Among disposal concepts all over the world, despite their differences in some details,
a thermal constrain of 100 °C is uniformly used for EBS bentonite, and major concerns
are chemical alteration (illitization), water boiling, canister corrosion.

» Although illitization is extensively evidenced from geological system, laboratory
experiment, field test and modeling studies show no conclusive evidence that illitization
will occur and swelling capacity will be lower in bentonite.

»THMC model is used to evaluate whether illitization will be enhanced at higher
temperature and the resulting hydraulic and mechanical consequence, with the

following modeling strategy:

v Finding out the mechanisms of illitization and major controlling factors through
literature review
Testing our illitization model and reaction rate with field data
Developing coupled THMC model to evaluate illitization and the hydraulic and
mechanical consequence of > 100 °C heating.

v
v





Used Modeling THMC Alterations under

Fuel Higher (>100 °C) Temperature:
Disposition Modeling scenario

EBS Bentonite: Kunigel-V1

Ground surface Model

F 3 -
Heat-releasi - ] _ :
: waste package Y 3 Clay formation : Opalinus Clay
Monitori int . L Y
N bmrociiom HR G Ia Two cases for comparison: a “high T
hove tunnel I o case and a “low T” case
o oJo | 200
Emplacement 180 { point A
E tunnels - 160 -
S gsooE 140 |
2400; 510 |
2 300F ~ 100 -
L J 1 o
W 200F 80 1
<+t 51005 60 - —highT
50 m = é 40 - —lowT
90“310"*10'1 10° 10" 10° 10° 10* 10° 20 ‘ ‘ ‘ ‘
TIME (years) 0.01 0.1 1 10 100 1000

Time (year)
lllitization can be modeled as smectite dissolution and neo-formation of illite
The reaction rate from 4.5e-14 to 2.4e-13 mol/g/s calibrated against data from Kinnekulle

bentonite, Sweden (Push&Madsen, 1995)
Linear elastic swelling model is used to model the effect of chemical changes:

do, =3Kg,,ds, — AdC + A dm,





e Modeling THMC Alterations under Higher
Se

Fuel (>100 °C) Temperature:
Disposition jllitization (smectite dissolution and illite precipitation)

0.005 5 0.005 =
smectite, A smectite, B

»Smectite volume fraction in EBS , 0 . 0 |
bentonite decreases by 0.035, or 11% of £ °> | 50
the initial amount (0.314) for “high T” £ 005 | e § oos
[ ” g 0024 ——low T, base g 0021
case (VS 1.5% for “low T” case) after £ oo o, S oo | T
1000 years 3 o0 3 o
-0.035 - -0.035 -
-0.04 T T T - -0.04 T T - -
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Time (year) Time (year)
»The quantity of illitization is affected by
many chemical factors and subsequently _ Model with K-feldspar
varies a great deal. The most important Model without K- dissolution rate two orders
chemical factors are the concentration of feldspar dissolution | | of magnitude higher
K and dissolution rate of K-feldspar; less @ @
important are the concentration of Na anc .
quartz precipitation rate. g O illite, B oo |
_é“ 0.025 ——high T, base g :zzz : \
§ om| e £ oo | smectiteB
"é 000:; : — = -lowT, no feldspar % -0.05 - ——highT, base “‘
% 0.005 _ S -0.06 - ====highT, r(feldspar)*100 ‘\\
> == = - >0 -0.07 -+ low T, base N
0 .0.08 | = = -highT,r(feldspar)*100 \-_‘\
_0.0050‘01 Ojl T'i ( 10) 1(;0 1000 _0‘090.01 011 i 1'0 1(;0 1000
ime (year

Time (year)





e Modeling THMC Alterations under Higher

Fuel  (>100 °C) Temperature:
Disposition njgdel Results: Chemical effect on swelling stress

1.5

PointA The swell stress reduction for the case
L  bighT, S=f(S) with the maximum smectite dissolution
- g SS1.C.59 in EBS bentonite, the hllgh T case
O High . (feldspar) 100, S(S1.C. 50 with higher K-feldspar dissolution rate
2 ﬂ “r(feldspar)*100”.
5 I
= !
S 0 B/== /
2 T /
Z N 2 15 _
05 N < / PointB
\\\7%,
\\..’/ - 1

'1 T T T
0.001 0.01 0.1 1 10
Time (year)

Swelling stress|(MPa)

“high T” base case16-18%
reduction in swelling stress 0

e
/ / ——highT, S=f(SI)
05 A — — highT, S=F(SI,C,Sc)

11 7 LA 7 05
high T” “r(feldspar)*100” case: _
] . e high T, r(feldspar)*100, S=f(Sl, C, Sc)
20-26% reduction in swelling
'1 T T T T T
stress 0.001 0.01 0.1 1 10 100 1000

Time (year)





Used Modeling THMC Alterations under Higher

Fuel (>100 °C) Temperature:

Disposition g, nmary and Future Work

»In general, illitization in the bentonite is enhanced at a higher temperature.
However, the quantity of illitization is affected by many chemical factors and
subsequently varies a great deal.

»The most important chemical factors are the concentration of K and dissolution
rate of K-feldspar; less important are the concentration of Na and quartz
precipitation rate.

»The decrease in smectite volume fraction in bentonite ranges from 0.004 to a
maximum of 0.085, or up to about 27% of the initial volume fraction of smectite.

»Chemical changes including the changes in pore water ion concentration and
smectite volume fraction lead to a reduction in swelling stress up to 16-18% for the
base case. However, more dissolution of smectite under some chemical conditions
and the variation of the key parameters could result in further reduction of swelling
and total stress

»>In the future, the effect of the hydrogeological parameters (processes) on
illitization need to be evaluated.

> lllitization and the changes in swelling stress needs to be incorporated in the large
3D models and PA models to assess their effect on the performance of repository






Used
Fuel
Disposition

Dual Structure Constitutive Model:
Background

Motivation

Clay aggregates

Macropore

Micropores between
clay particles

Microstructure

Macrostructure

We need a constitutive model considering
two pore levels:

- Microstructure accounts for active clay
minerals

- Macrostructure is related to major
structural rearrangement

Methodology

Current stress state

»Macrostruture can be modeled with an
elasto-plastic constitutive model for
unsaturated soils (e.g. BBM)
»Microstructure behaves elastically and is
fully saturated, so the effective stress
principle applies

»Microstructural strain induce plastic strain
of the macrostructure, leading to plastic
strain accumulation upon suction cycles





Used Dual Structure Constitutive Model:

Fuel

Disposition Current Status

Application of double-structure THM models to a generic
repository emplacement tunnel

We compare the behavior of the
2B, bentonite buffer using either the
: BBM or the dual structure model

Permeability variation

Heat-releasing
waste package

Monitoring point
V6 inrock 10 m
above tunnel

Dual structure model

K =Ko eXp[b(¢|v| — & )]I

Emplacement 20

§ tunnels % 1525 BBM
| k = ko explb(# - ¢, )]
S sof
oy - ko =2-10"%m’

10°10%10"10° 10" 10 10® 10* 10°
TIME (years)





Used Dual Structure Constitutive Model:

Fuel

Disposition Current Status

Liquid Saturation Degree (-)

Porosity (-)

Application of double-structure THM models to a generic

repository emplacement tunnel

’ The dual structure model (DSM) predicts a
2780 yr delay in the saturation of the buffer because
water can only flow through the macropores.

o
o0

> - The macropores reduction is larger than the
04 e total porosity reduction predicted with the

o /f?v BBM close to the waste, leading to a larger
22 e i ma ami o am e s permeability reduction
%% —osm 10 4 —DSM
0a oMy T 100 M Ve

- 2o -
03 - 0TS I A WE——
Q. [ o T o ‘?}—\_Q_ § 102
Rock R @ | [Rock

10* 103 102 10! 10° 10! 10?2 10°® 10* 10° 10% 103% 102 10! 10° 10' 10% 10® 10* 10° 10
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Used Dual Structure Constitutive Model:

Fuel

Disposition Ongoing Work

Developing more rigorous approach to link chemistry to
mechanics through the micro-structure strain.

det fs dp e_amﬁ ~
Em = = — —
m = 0P K, P=p+S, S, =S+S,
m m
The effect of ionic strength is accounted through osmotic suction

s, =—107° EIn(aw)
V

W

The effect of exchangeable cations is accounted through [
. i
ﬂm _ Z ﬂm Xi
i

The effect of the amount of smectite is accounted through the mass fraction of
smectite  f_





Used Dual Structure Constitutive Model:

Fuel

Disposition Summary and Future Work

» Dual structure constitutive model for expansive clay has been
Implemented in TOUGH-FLAC3D and tested with published
data.

» Dual structure models has been applied to evaluate the THM
behavior in EBS bentonite for a generic repository emplacement
tunnel

» In the future dual structure THMC models will be applied for
mechanistic modeling of long-term buffer in EBS and clay rock
under higher than 100 °C.

» In the future MC coupling relation to describe effects of
cementation on mechanical properties of bentonite (transition
from plastic to brittle) will be developed.
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Disposition

» Relationships among permeability, porosity and
effective stress for argillite based on the Two-Part
Hooke’s Model

v The proposed relationship
v’ Evaluation with experimental data

» Non-Darcian flow and its relevance to clay repository
and bentonite buffer

v Development of a modeling approach

v The impact of non-Darcian flow on the advection in
EDZ





sed Concept: Two-Part Hooke’s Model

Disposition (TPHI\/I)

A rock body can be divided into two S mm s
parts: the hard part and soft part (soft - -~

part corresponds to a fraction of pore |
volume subiject to a large degree of |
relative deformation [such as cracks])

- Hard Spring =|=Soﬁ Spring=|

ESDO08-010

Stress-Strain Relationship
(Liu et al. 2009)

Hard Part Soft Part 6o
15§— BRA1-3A
\/ 14 i— BRA1-3B BRA2-2 A

13
| 12§—
T uf
o 10k
dVv do A exp =50
— e xR
® TF
V, Ko [ K, K,
< 5F
4F
VO,t 1 3F
_—_— j— — 2F
?/t V 7/9 7/t 1E

0 o NN NENEE NENEE SN FENNN SRRy SNy S |

01 02 03 04 05 06 07 08 09 1

Axial strain (%)

Data are for Oplinus clay rock (Cokum
and Martin, 2007)
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» Derived stress-dependent porosity relationship:

¢ = ¢e,0(1 —C.0) +yeexp (— K%)
b = 4)6,0(1 - CeG) ( Hard-part )

¢, = Y €Xp (— K%) ( Soft-part )
» Derived stress-dependent permeability relationship:

k = ke,OeXp[B(d)e - d)e,O)] + a¢tm

ke — ke,OeXp[_BCe ¢e,00]

)

ke = ag” =« [ytexp (_ K_t)]m

It is assumed the soft part, which is more deformable under stress, corresponding to
those slot like voids (micro-cracks). If this is true, the soft part permeability and
porosity under stress should have a relationship similar with the well known “cubic
law” for fracture permeability. The exponent m value should be around 3.
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Used : :

Fuel Evaluation of the Derived
Disposition Relationships

Data sets: intact siltstone cores drilled from 900-1235 m in Taiwan Chelungpu
fault (Dong et al. 2010).
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©

hard S e M-S e
Effective stress (MPa)
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a r 0 20 40 60 80 100 120

Effective stress (IVIPa)

Sample Pe 1 C. K, Ke 1 B m

(%) (MPa™') (MPa) (m?)
R287 secl 10.40 6.81x10* 14.81 9.54x10™"° 3.25 [2.34
R351_sec2 8.75 6.97x10* 8.09  2.54x10™" 2.24 |3.03
R390 sec3 10.64 8.11x10* 8.74  3.66x10" 3.30 |2.04

® = be1 (1= Colo) +vpexp(—5) k=Ko 1exp[~BCedeA0 | + g™
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Disposition Argillite Repository

> A stress-dependent porosity and permeability relationships
has been proposed based on TPHM and evaluated with
experimental data

» Such relationships should facilitate the calculation of the
permeability changes in the clay rock after excavation

» Under low effective stress, slight increase in porosity results in
significant increase in permeability, which call attention to the
permeability changes in the rock matrix in EDZ

» In the future, such relationships will be implemented in the
simulator for better calculation of the hydraulic-mechanical
coupling.





Used Non-Darcian Flow:
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Disposition Background and Proposed model

»Non-Darcian flow is evidenced in laboratory
experiments and nanoscale flow simulation.

» Excavation Damaged Zone (EDZ) is a critical
(advection) feature impacting repository
performance.

»Water flow from host rock to EBS is critical for
buffer to function (swelling).

Threshold gradient model g =K (i—1)

Swartzendruber (1961): q=K[i-1(1- e )]

Proposed model (Liu q=KIJi _I_Q,(l’(Lj )]
and Birkholzer, 2013): 7(1) a \|I*
a

1* (1 X .
I [ — —_— _ a-1.-t _ a—. -
. 7(aj y(a,x)—gt e'dt y(a)_.!t e 'dt

FLOW VELOCITY, v

“Cui et al.
(2008)

; i ETEERTEAT RIS SRR
0 10000 20000 30000 40000 50000
Hydraulic gradient

Z
[e—T—
HYDRAULIC GRADIENT, i
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Disposition Proposed Model

Relationship between permeability and threshold hydraulic gradient

*® I . Q k B
Wang et al.(2011) E—

Dubin and Moulin (1986)
Cui et al. (2008)
Blecker (1970)

[ |
A
% Miller and Low (1963)

10-13
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Lutz and Kemper (1959)
Zou (1996)
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Liu and Birkholzer, 2013
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The degree of non-Darcian flow behavior can be characterized by
permeability (k) (or pore size) and threshold gradient (l), respectively. ¢
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Disposition Recent Development

Three-Dimensional and Anisotropic Cases

> Extension of the new flux-gradient relationship to multi-dimensions.

- Kl (Lj n,
o

\/[fxlx} + I};L};) +(Iziz)*
J (ix)® +[:L}T ) +(i)?

> The developed relationships can be applied to both saturated and
unsaturated conditions.
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Disposition Impact on Advection with EDZ
o 1 Head (m)

E 2o i

g s EEEES 7

—100(3) 500 ! 1000 = 1560 2000

Model x (m)
Bianchi et al. (2013) found that for a given ambient hydraulic gradient, the upward water flow
below the tunnel is intercepted by the high-permeability EDZ and advection indeed becomes
important within the EDZ. However, non-Darcian flow eliminates advection within EDZ even

when its permeability is infinite.

10°
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The result is consistent with “pressure
seal” studies in the petroleum literature
(Deming, 1994)

Fluid Supported Seal

Normal Pressures

Depth

Overpressured
Compartment

Pressure ——»—
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Fuel _
pisposition Conclusions and Future Work

» The existence of non-Darcian flow in clay is supported by data
from different sources.

» A systematic modeling approach has been proposed for non-
Darcian flow in a clay repository.

» The non-Darcian flow has a significant impact on the
performance for a clay repository, especially on the advection
In the EDZ and the hydration of EBS.

» Non-Darcian flow could also be very important in salt media,
further study is needed.

> In the future, non-Darcian flow could be further tested with
long term hydration test of EBS such as FEBEX

> In the future, non-Darcian flow needs to be considered in the
PA models "
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Disposition FY’13-FY’14 Objectives

EBS Program

> Experiment characterizations (CEC, cation exchanges, expandability).
> Quantify alkali, alkaline earth cation effects on montmorillonite reactivity.

> Provide information on complete repository thermal pulse event, using long-term
(6 month) experiments.

> Investigate the Fe-saponite, chalcocite growth at metal interface with bentonite.
» Further investigation of SiO, precipitation and aluminosilicate formation.

International Program

» Characterize the bentonite-20% H,O reaction products (Collaboration with LBNL).
> Investigate bentonite-Opalinus Clay-metal interaction.

Slide 3
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Experimental Conditions

Experimental Reactants

316L SS

» Unprocessed, Wyoming bentonite
» K-Na-Ca-Cl solution -- Stripa V2

» Opalinus Clay, Mont Terri, Switzerland
* Na-Ca-K-CI-CO5;-SO, solution -- Opalinus

Heating Conditions

e ~160 bar; 120 to 300°C; 5 weeks
» ~160 bar; isothermal 300°C; 6 weeks
» ~160 bar; 300 to 120°C: 24 weeks

Copper

I

Ramped, 5 weeks 300°C, 6 weeks

)

Cooled, 24 weeks

[II.W

(L

M)

Ramped, 5 weeks

300°C, 6 weeks

Ramped, 5 weeks

300 °C; 6 weeks

EBS14: Opalinus Clay

EBS15: Bent+Opalinus+316SS
EBS17: Bent+Opalinus+Cu

20 capsule experiments

differing solution chemistry
various rock types
corrensite, gypsum

300 °C: 6 months
EBS13: 316SS
EBS16: Cu

12 capsule experiments
differing solution chemistry

66 weeks experimentation

K, Ca, Li Cation Exchange
NH, — CEC Determination
Electron Microscopy
Microprobe Chemical

Solution Chemistry
150+ XRD analyses

<N X X < X
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Bentonite-Host Rock Reactivity

Bentonite evolution at elevated pressures and
temperatures: An experimental study for generic
nuclear repository designs, In Press, American
Mineralogist (2014).

Opalinus Clay
» Kaolinite altering to analcime
» Breaking down pyrite yielding Fe,O4
* CO, and H,S generated

Bentonite

* No illitization during 6 month test

* Analcime formation
« Silica precipitation
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Corrosion Products

Fe-smectite and chlorite-steels
Early stage

pentlandite ((Fe,Ni)ySg),

millerite (NiS)

pyrrhotite (Fe,,S)
Chalcocite (Cu,S)-Cu

Corrosion rates: 42 days @ 300°C
0.1 umd?! (43 uma?l) SS
0.6 umd? (214 ym al) LCS
0.8 um d1 (292 um al) Cu

Corrosion Types

= Uniform corrosion = SS
= Pitting corrosion - LCS & Cu
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Disposition Future Work

Continue with host rock-bentonite experiments and analyses.
Continue with post-maximum temperature cooling effects.
Quantify the thermodynamic properties of reaction products.
Model the chemical dynamics of corrosion processes.

Investigate radionuclide ‘getters’ for engineered bentonite
buffers.

Develop a radiogeochemical-hydrothermal laboratory.
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Setaladm AlEXSYESEeU0

Solution Calorimetry

Chemical reactions enthalpies

Reactions of interest
phase transformation, dehydration
Steps in a thermodynamic cycle
enthalpy of formation

Differential Scanning Calorimetry

Determination of:

1. Decomposition/transition temperature
2. Heat released or absorbed

3. Mass changes

4. Mineral heat capacities
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Disposition Future Work

Thank You!

Questions?
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31655 Fe-saponite

Oxide passivation layer

bentonite

Bentonite






Used
Fuel
Disposition

Agueous
geochemistry

Na-K is exchanged.
» Na-rich solution

Si increases incrementally
with temperature.
» Cristobalite saturated

Al increases at 300°C.
> Mineral dissolution
Sulfur increases.

» Primarily H,S form
» Sulfide mineral

Slide 11
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