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Heat-generating radioactive waste in Germany

Volume / cask Waste package
volume [m3]

HAW - glass (CSD-V)
MAW - glass (CSD-B)
Compacted waste (CSD-C) 4.104 canisters

Spent fuel elements

Power reactors
PKA/IKA
THTR/AVR

Research reactors

WAK Karlsruhe

Source:

3.719 canisters

600 canisters

11.133 tSM (in Pollux casks)
2.600 Mosaik Il casks

4457 CASTOR casks

65 CASTOR casks

ca. 900 200L drums
Total

ca. 670
ca. 110
ca. 740

21.800
3.400
1.970

160

180
29.030

Federal Office of Radiation Protection (Germany), Sep 2011
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Spent / used nuclear fuel

235 (33 kg) 235U (8 kg) - Fission products & actinides
(49,26 Kg)

FP (35 kg)

Pu (9 kg)
\&%U (4,6 kg)

33 GWd/tU
Minor actinides
Np (0,5 kg)
238 (967 kg) 2381 (943 kg) Am (0,12 kg)
Cm (0,04 kg)

haft

Nuclear fuel SF/UNF
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Disposal of nuclear waste in a deep geological formation

Isolating rock zone
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What is a Scenario?

A postulated or assumed set of conditions and/or events. They are most
commonly used in analysis or assessment to represent possible future
conditions and/or events to be modelled, such as possible accidents at a
nuclear facility, or the possible future evolution of a repository and its
surroundings. [IAEA Glossary, 2007]

Scenarios are descriptions of alternative evolutions of the disposal system.
Scenarios are used to identify and define assessment cases that are
consistent with the assessment context. Each assessment case may
represent or bound a range of broadly similar possible futures. [IAEA Specific
Safety Guide SSG-23, 2012]

In safety assessment for the post-closure period, the performance of the
geological disposal system under the expected evolution and under certain
specific, but less likely, evolutions and events is analysed. [IAEA SSG-14,
2011]

The long-term safety of the repository system has to be demonstrated
for a wide variety of relevant scenarios
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Types of Scenarios e

= Reference scenario (base case)

« expected (normal) evolution, combining an entity of probable events and
processes describing a coherent range of expected developments

= Alternative (disturbed) scenarios
 less likely evolutions, addressing, e.g.
— Intensified glaciation
— tectonic disturbances
— poor sealing, early canister failure
= (Inadvertent) human intrusion scenarios

» developed on the basis of stylized representations of the nature of the
intrusion

» designed to provide illustrations of potential impacts
= What-if scenarios

* highly unlikely events/processes but with potentially significant
consequences, sometimes physically impossible

« demonstration of robustness of disposal system



Temporal evolution in the disposal scenario of

spent LWR fuel

D L] Water saturation of disposal location

.“‘. -.
drogen generation by contaliner corrosio -.

Thermal phase

Potential effect of B, y radiolysig

Potential effect of o radiolysis | [ ][]
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I « Instant » release fraction IRF

| __Geospheretransport | [ |]]
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Geological Disposal seems to be the best option

OECD NEA RWMC collective statement, 2008
« There is overwhelming scientific consensus world-
wide that geological disposal is technically feasible

30+ years of R&D needed for the first license
applications in Europe
 Sweden 76: March 2011 (35 yrs)
operation 2029 (53 yrs)
* Finland 78: Dec. 2012 (34 yrs)
operation 2022 (44 yrs)
* France 70's: 2015-2017 (35-40 yrs)
operation 2025 (ca.50 yrs)

haft

C.Davis, EC
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Long-lived fission & activation products and actinides

Long-lived fission and activation products (engl. MOFAPS)
C-14, CI-36, Se-79, Tc-99, 1-129, Cs-135

... because of their mobility within the repository system
(CAUTION: conservative assumption).

Actinides:
U, Np, Pu, Am, Cm
... because of their high radiotoxicity (alpha-emmitters!).

haft

For certain scenarios:
Ra, ...

Mitglied der Helmholtz-Gemeinsc|
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Uranium

Protactinium 238Jranium decay chain

Thorium

The Radium series

Radium

Astatine

Polonium
Bismuth
=
2
[5]
2
£ Lead
Q
N
2 .
£ Thallium
I
g
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5 Mercury
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Radium in nuclear waste repositories

* In some scenarios, as a result of the
238U decay chain %?°Ra dominates
the dose during the late stages

» Possible Ba release during spent
fuel corrosion — crystallization of
barite (BaSO,).

* Ra may be introduced into a
system in which is barite in
equilibrium with Ba?* and SO ,*

Dose [Sv/a, container]

Y
o

10

(Norrby et al. 1997) Slide 11
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Discovery of Radium: 1898

Marie und Pierre Curie

Discovery of Thorium, Polonium and Radium

Noble Prize in Physics 1903 - "in recognition
of the extraordinary services they have rendered
by their joint researches on the radiation
phenomena discovered by Professor Henri
Becquerel."

Noble Prize in Chemistry 1911 - "in
recognition of her services to the advancement
of chemistry by the discovery of the elements
radium and polonium, by the isolation of radium
and the study of the nature and compounds of
this remarkable element."
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Radiation induced lumincescence - 3 g RaBr,

O. Honigschmid & R. Sachtleben

Mitglied der Helmholtz-Gemeinschaft
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Radium for the consumer (in the early 1900s)

" e,

Das erste Radium~
Bad im Jahr 1906 :

JACHYMOV
ST JOACHIMSTAL

oS UIGE ST oot
u":}H ll T - m 'ﬁ\)"ﬁl 5

Radiumbiere
sowie Pilsner Gambrinus

in Flaschen

liefert

Karl Kraus.

Bestellungen in der Biirgerlichen Brauerei
St. Joachimstal.

Mitglied der Helmholtz-Gemeinschaft



Mitglied der Helmholtz-Gemeinschaft

#) JOLICH

ORSCHUNGSZENTRUM

Important publications on Radium

Experimental data on Radium are rare!

e Lowson, R. T. The Thermochemistry of Radium Thermochimica Acta, 1985, 91, 185-212

* Langmuir, D. & Riese, A. The thermodynamic properties of radium Geochimica et
Cosmochimica Acta, 1985, 49, 1593-1601

e Lind, S. C.; Underwood, J. & Whittemore, C. F. The solubility of pure radium sulfate The
Journal of the American Chemical Society, 1918, XL, 465-472

* Nikitin, B. & Tolmatscheff, P. Article on the validity of mass effect law. Il. Quantitative
determination of solubility of radium-sulfate in sodium-sulfate solutions and in water. Zeitschrift
fur physikalische Chemie — Abteilung A — Chemische Thermodynamik Kinetik Elektrochemie
Eigenschaftslehre, Akademische Verlagsgesellsch. Geest & Portig, 1933, 167, 260 -277

* Kirby, H.; Salutsky, M.; Grace, W. & Al., E. The Radiochemistry of Radium Radiochemistry,
National Academy of Sciences, National Research Conucil, 1966, 213
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Immobilisation reactions for dissolved radionuclides

1. Electrostatic Adsorption 2. Chemical Adsorption

3. Coprecipitation/Solid Solution 4. Precipitation

Mitglied der Helmholtz-Gemeinschaft
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Radium uptake by barite J JULICH

662 H, A. DOERNER AND WM. M, HOSKINS Vol, 47

(CONTRIBUTION FROM THE RARE AND PRECIOUS METALS STATION OF THE DEPARTMENT
OF THE INTERIOR, UNITED STATES BUREAU oF MiNgs, IN CoOPERATION WITH
THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF NEVADA]

CO-PRECIPITATION OF RADIUM AND BARIUM SULFATES!

By H, A. DoerNER AND W, M., HosgiNs
Recriven JuLy 28, 1924 PusLisued Marcn 5, 1025

Introduction

It has been generally recognized that when a solution of radium and
barium chlorides is treated with an excess of sulfuric acid, both the barium
and radium are precipitated quantitatively, even though the concentration
of radium is so small that its true solubility as sulfate is far from being
reached, In every case the amount of radium left in solution is many
times less than would be expected from the solubility of pure radium sul-
fate.? 1In partial precipitation, the radium-barium ratios of the precipi-
tate and filtrate are usually about equal, and this similarity to the b&hav-
jor of isotopic elements has never been satisfactorily explained.

Curie et al., 1898, Doerner & Hoskins, 1925, Hahn, 1936, Jucker & Treadwell,
1954, Gordon & Rowley, 1957, Langmuir & Riese, 1985)

Mitglied der Helmholtz-Gemeinschaft
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Experimental setup

» Stock solution: 8.8 x 104 mol/L ??°Ra?*
* Experiment: batch experiments with V =20 mL
5 x 10-® mol/L ??°Ra?*
* lonic strength: 0.1 n NaCl
solubility of pure RaSO, at 0.1 n NaCl: ~ 2 x 10~ mol/L
« Solid/Liquid: 0.5 g/L, 5 g/L
* Variation of barite type

20 mL

0.1 n NacCl
barite,

Slide 18
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Relevance of solid solution formation

Na©  ReT ¢l
T 2+ B t o8
 Example calculation (GEMS-PSI) ﬁ Ba == SO,
%-/Iﬁ
Solubility of pure RaSO,. Na’ ~ Cr
0.1 n NaCl background electrolyte, 25 °C Ba™ Ba,Ra,SO,] SO

c(Ra)aq in equilibrium: 2 - 10° mol/L

Solublity of Ra in equilibrium with a
(Ba,Ra)SO, solid solution
(0.5 g/L barite; a, = 0)

c(Ra),q in equilibrium: 4 - 10-° mol/L

Slide 19
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What do we need to know ...

... In order to describe the Ra solubility in the presence of barite?
The recrystallization process
* Will pure BaSO, recrystallize to a Ba, ,Ra,SO, solid solution?

e Spatial distribution of Ra within the solid?

Thermodynamics of the system Ra - Ba - SO, - H,O
« Agueous speciation
* Solubility of end-members

« Thermodynamic data of mixing

Slide 20
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Recrystallization experiments: setup

Starting conditions

- 5-10° mol/L ??°Ra?*

- lonic strength (NaCl): 0.1 n

- Solid/Liquid: 0.5 g/L, 5 g/L

- Temperature: ambient conditions
-pH ~5.0

Solubility of pure RaSO, at | = 0.1 n (RT):
~2-10°M

Slide 21
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Ra uptake by barite at ambient conditions (5 g/L)

+SL5Q/L_01 OALsg/L
1.0E-06 1 =SL5g/L_07 1.0E-08 +SL 5 g/L mean value
ary -SL5g/L_08 <
s ]
£ E
c c %
$ 1oeor S earil  0.17 m?/g
g : 1.7 m?/
= S . M-/g
c c
@ (/]
Q Q
& 5
: : / o
& 1.0E-08 4 & 106084 %o o
e e L
1.0E-09 r . r . . 1.0E-09 ; % i i .
0 20 40 60 80 100 0 200 400 600 800
time [days] time [days]

* Ra concentration reduced by more than 99% in the presence of barite

* Ra decrease with time is not directly related to barite surface area

Slide 22
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Ra uptake by barite — 5 g/L and 0.5 g/L at RT

1.00E-05 Day 0
 Mass balance calculations
1 00E-06 _ give a final Ra/Ba ratio of
2.5 x 104
after 443 days for 5 g/L barite at RT
1.00E-07

Ra concentration [mol/L]

| 2.5x 103
for 0.5 g/L barite at RT
1.00E-08 -
1.00E-09 . I

Blank Ra SL05g/L SL5g/L ALO5g/L AL5gL

Slide 23



Spatial distribution of Ra?

e ToF-SIMS
— Sachtleben barite 0.5 g/L

— Analysis of complete grains

— Determination of Ba and Ra distribution

#) )0LICH
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lan Mirror
==
lon Gun N, I | |
. R . Specirum
ulsin
. - ‘ Datectar

-
Focusing / \ Transport Optics

Raster N Extractor

'_’__- Electron Flood Gun
Targel

Slide 24
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Does barite take up Ra?

» Optimization of the spatial resolution — Identification of individual barite grains

* Integrated intensity distribution of the Ba and Ra signal

1ed

200 200 1e2

160 160

120 120
1e1
80 80

40 40

1e3

0 0 1e0

HM 100 200 HM 100 200
Ba+ Ra+
MC: 12801; TC: 2.259e+007 MC: 195; TC: 1.198e+005

All grains contain Radium in similar concentrations

Slide 25
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Compositional homogeneity of radiobarite ?

Depth profiles of integrated Ra signals

 Spatial distribution of Ra a s T
within the barite particles grain 1 grain 2

ey | - 4| a1 | 1
r o o 1.1 1t 1.1t 1.1 1 §®». £ [T Tt T T [ T T T T 71 T

im0 100 200 pm Q 100 200
X-Z Slice of.Ra+ X-Z Slice of:Ra+
MC: 13:TC: 1.710e+003 MC: 3:TC:4.180e+002

d e

grain 3 grain 4
1el 1 1 1

T T T T TTT]

* Depth resolution:
~ 0.1 pm

1e0

1e0

* Indication of a complete
recrystallization of barite to
a Ba, ,Ra, SO, solid

| 1 1 | | | 1 1 1 1 L
solution
| 1e0
rr+ 1 1.t 1 Tt ‘1 T T T T T
pm g 100 200 1e0 MM O 100 200
X-Z Slice of:Ra+ X-Z Slice of:Ra+
MC: 24;TC: 6.115e+003 MC: 6; TC: 5.970e+002

Klinkenberg, Brandt et al. (2014) ES&T (accepted) Slide 26
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Ra/Ba ratio derived from ToF - SIMS measurements

a 30 b 30
25 | SL0.5¢g/L 1 2 AL 0.5 g/L ]
20 |- —— . 20 -
§ N
&
o 15 | - 15 -
(]
=}
o —
o _
w 10 | - 10 .
5 - 5 -
0 | ' 0 y ! r
0.0 4.0x10° 8.0x10° 1.2x10% 1.6x107? 2.0x10% 0.0 4.0x10° 8.0x10° 1.2x10% 1.6x10° 2.0x10%
Ra/Ba intensity ratio Ra/Ba intensity ratio

Mass balance calculations give a final Ra/Ba ratio of 2.5 x 10-3for 0.5 g/L barite at RT.

Klinkenberg, Brandt et al. (2014) ES&T (accepted) Slide 27
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What do we need to know ...

... In order to describe the Ra solubility in the presence of barite?

Thermodynamics of the system Ra - Ba- SO, - H,0O
 Aqgueous speciation
e Solubility of end-members

« Thermodynamic data of mixing

Slide 28
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Thermodynamic Properties of Radium

The thermodynamic properties of radium

The Nagra/PSI TDB 01/01 is one of the

reference data bases for geochemical pami proer
modelling of nuclear waste repositories. T L
In the Nagra/PSI TDB 01/01 all thermodynamic e e
constants for Ra are taken from Langmuir & T e

M {assoch and AH" Cassoc) (keal/meol) values are; for RaOH" 0.5 and 1,1; RaCl* 0,10 and 0.50; RaCO}
I eS e 2.5 and 1.07; and RaSOL 273 and 1.3, Log Kap and &N (disoc) (kealymal) values for Rat0Ole) and
" RaS0uic) are —8.3 amd —2.8, and — 1026 and —0.4. respectively

Trace Ra solid salution in sales of P and of the lighter alkabine canhs. has boen appraised hased on
published distribution coefficient (D) data, where D > (mM ) ¥pu NimRa™ ¥ ¥ ) (m and N are the
agueaus mulality and mole fraction of Ra and cation M in =it X, respectively. The empinical solid
soluiion data have been wsed io derve boih enibalpies and Cibbs free energies of solid solwiion of nce
Ha in subfate and carbonate minersls up 1o [00°C. Results show that in every cuse [F vabues decrenss
with incressing temperature, Amang the sulfaic and carbomaie minerals, O values decresse for the
Fallowing mancrsls in the arder anhydnle = celestibe > anglewle = hanie = ampanile > srostianiis

| Mevetvd June 27, 1984, acoepied 1w revised fonm Apeil 17, 1988}

Absbrict—Tha enthalpy, Cillibe Free amergy, and entropes of sjueous iadiam spodies and radivm solids
have been evaluated from empirical dua, or esumated when necesary for 15°C and | bar. Estimates
were based on sech approaches & extrapolation of the thermodynamic properties of Ca, Sr, and Ba

Mitglied der Helmholtz-Gemeinschaft

The Ra phases and species included in TDB
01/01 are

* Ra(s)

* Ra?*

 RaOH*

* RaCl*

* RaCO,(aqg), RaCO4(s)

RaSO,(aq), RaSO,(s)

= wilkemie = eonassite,

INTRODUCTION

THE GEOCHEMISTRY of radium in the environmens
is of consdernble interest because of the potential
danger the element poses 10 human and animal
health, Radium activities in excess of the US. Ex-
VIRONMENTAL PROTECTION AGENCY (1977) limit of
3 pCifl for Ra-226 plus Ra-228 in drinking waser are
found in grownd waters from wraniferous rocks and
in waters msociated with uranium mining and mill
tailings, and can be expected in owaters that have
eonlacted bow or high level nuclear wastes,

To accurately model and predict the environmental
behavior of radium in any of these siluations, we
need a reliable and complete thermodynamic data
base for mdivm, Such o data base doss ot exist,
Mearly all of the thermodymamic data for radium
given by the Matonal Burcau of Standands (W acisan
et @l 1982) has been estimated (PARKER, 1984, oral
commun.). Such estimation (s based on smoothly
varying and known (usually) properties of the other
alkaline earth aquo-complenes and sobids OF all the
aquecus species and solids listed by WaGMan o al
(1982), only Ra™ ion and RaSOuic) are likely 1o
have any significance in the environment, On the
ather hand, RaCOy(c) as a solid solution component,
and the comphoxes RaOH', RaCl', RaCOU and
RaSO% should influence radium mobility in some
walers. However, no thermodynamic data are aviil-
abie for these entitics.

THERMODYNAMIC DATA FOR FURE RAIMUM
SOLINS AND AQUECUS SPECIES

In this study, several approsches were used o
esimate the thermodynamic propertics of radium
solids and agqueows species. The increase in cutwn
radius of the divalent alkaline earths from Ca oo S
and Ba 10 Ra suggests that the bonding between these
cations and common ligands should be more onic
or electrostatic for Ra than for Ba. Sroor Ca. Thus,
plots of the thermodynamic properies of the alkaline
earth sulfite complenes. for example. apuimst Lhe
cation radii should apprmach Fuoss or electrostatic
model behavior as one moves from Ca wwards Ra
(see LaNGMUIR, 1979). The comparison is. however.
best made among catsons likely 10 have the same
coordination number with a given lgand. For Ra.
the coondination number s B or 12 0 s solids
(SHANNON, 1976). In a few instances. as in aragonite,
Ca exsts in Kofold coordination (radios |12 Ak
hewever. the best comparison b bevween Sr, Ba and
Rt in Bfold coordination, with effective radin af | 26,
142 and 148, respectively (SHammon, 1976}

Examination of 4G" and 45 of association of the
alkaline earth sulfate compleaes, ploted agiing 2
churge 1o radivs Tunction {LasGauin, 19749), shiws
that the 4G" data approach pure electrostatic hehavior
from CaS04 1o BaSOY, Similar behawior 15 evident
for A5" of complexation, This suggests that if the
empirical &G° of formation of a comples can be
accurately modeled with the cectrostate moded. then

1593
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Solubility and mixing model

* Solubility products BaSO, log(Ksp) =-9.97 to 9.98
RaSO, log(Kgp)=-10.261t0 -10.41

 Regular solid solution proposed in literature, parameters of the solid
solution Ra,Ba, SO,
ay=0.35(Zhu et al.) - 2.5 (Curti et al.)

a, = W/RT
a, Guggenheim interaction parameter
W enthalpy interaction paramter, W is independent of temperature

Slide 30
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Solid-solution agueous solution equilibria: Lippmann

Total solubility product

21T =[AT(B]+[C])

In(f) = a, (1 - X;)?

Solidus EI1,, = KgaXgafas + KeaXcafoa

Solutus E]‘[eq —

X B.ag X C.ag

\ KEA fE.ﬂ. KCA fCA /

logXT1

-9.9

-10.0

Solidus

Relevant parameters: interaction parameter and endmember solubilities

-10.1 -
-1024 -
_10.3 I I I I I
0.0 0.2 0.4 0.6 0.8 1.0
BaSO, x(RaSO,)solid; XRa,, RaSO,
(F.Lippmann, 1977) Slide 31
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Determination of the interaction parameter:
the Single Defect Method (SDM)

Regular solid solution model
In very dilute solid solutions:

W — deix

dxg

JAH
AX

W enthalpy interaction

paramter

a, = W/RT

a, Guggenheim interaction
parameter

AHmix = XAXBW
Hr‘ﬁlx / !/f\}f_ — “\_\
. i S \,
Single-defect L4 \
ruet Ly \
i _,'),r/ \\
L | '..J ‘\-\.
»/;/ N Sol
M / .
_f “x__ Tave
Host r \ 1
/;.w /_ “ue
1 A
0 Ax ¥ "'1"

AH is computed ab initio as the excess energy of a supercell with a single
defect (Ax is the mole fraction of the solute component in the supercell)

(Sluiter & Kawazoe, 2002)

Slide 32
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The SDM calculations for a2 x 2 x 2 supercell of barite

Bas; RaS;,0,,4

DFT calculations with CASTEP (Clark et al. 2005)
Exchange-correlation functional of Wu & Cohen (2006)
Ultra-soft OTFG pseudopotentials (Materials Studio 6, Accelrys)
Plane wave cutoff 910 eV c

e

Vinograd, Brandt et al. (2013), GCA Slide 33
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Verification of the structure model

BaSO,
XRD

(Hill et al., 1977)

a 3.884 8.865 9.07 1 9.099
b 5.456 5.433 5.52 1 5.507
C 7.157 7.142 7.28 1) 7.294
Ra/Ba - O 2.952 2.940 2.9962) 3.006
S-0 1.475 1.480 1.4852) 1.481
Ra/Ba-O-S  133.9° 133.3° 127°2) 135°

1) Weigl et al. 1968; 2 Ekberg et al. 2012

Slide 34
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Verification of SDM interaction parameters:
results for carbonate and barite solid solutions

50 T [ T I I -
e
O Carbonate s.s y
@ Barite s.s. ‘Qa-Baix’
4(} — ’1” J/ID -
© .
- W=5655 "
- > -
= o #
= 30— " .8r-Ra _
o A0
2 <
[0} W=4895
= Sr-Bd .-
= 20— 8 _
@ o
a S
= |z
T S |
‘,, Kiseleva et al. (1994)
Sr-B
| Ba-Ra Casey et al. (1996)
@0
0 rd | | | | i | 1 ]
0 0.02 0.04 0.06 0.08
0

—\2
The predicted W values correlate linearly with 6 =(AV /V') the relationship is

expected from atomistic solid solution theories, e.g. Davis & Navrotsky 1983
Slide 35



QJDL}QH

Determination of a, for Ra-Ba-SO,

Ba;;RaS;,0,,4

e
% %
“1\‘)}{0 I \
o

Wg.ra = 2.43 = 1.0 kd/mol
a,=1.0=x04

Vinograd, Brandt et al. (2013), GCA Slide 36
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Ra uptake by barite at ambient conditions

a b %,
¢ o
oAL5 g/l I oAL0.5 g/L
1.0E-06 + SL 5 g/L mean value ° +SLO05gL
iy
° 1 * ag = 1
E _ logKsp(RaSO,) = -10.41
5 1.0E-07 % ° D
g "'--""--""--'O"o'-" """" &~
8 1o 8 = 1 . o 3 *
£ : logKgp(RaSO,) =-10.41 . o
0 o *
© 1060840 o
E iEUG-Q-O——O———b——-Q———————{ ——————— f_
1.0E-09 T f r T T T T T T
0 200 400 600 800 0 200 400 600 800
time [days] time [days]

« Good agreement with thermodynamic prediction at a, = 1.0 and

logK,(RaS0,) = -10.41

Brandt, Klinkenberg et al. (2014), GCA, in preparation

Slide 37
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Conclusions
The recrystallization process

* Pure BaSO, recrystallized to a Ba, ,Ra,SO, solid solution within
weeks to months depending on the S/L ratio and the type of barite

The solubility of Ra in equilibrium with a Ba,Ra, ,SO, solid solution
« According to atomistic modelling, the molecular level mixing model is
slightly non-ideal with a, in the range of 0.6 to 1.4; a, is narrowed

down from a range in the literature between 0.35 and 2.3

* A Dbest fit between experimental data and thermodynamic predictions
achieved with a, = 1.0 and logK,(RaSQO,) = - 10.41

* To observe the complete recrystallization, experiments longer than
800 days are necessary
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