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Radionuclide Source Term for Irradiated Fuel from Prototype, Research and Education Reactors, for
Waste Forms with Negligible Heat Generation and for Uranium Tails

Abstract

Within the project “Provisional Safety Analysis for Gorleben (vSG)”, the source terms for a series of
waste forms have been derived. This report comprises the source terms for fuel elements from the
pilot reactors AVR/THTR, from the research reactors KNK Il and NS Otto Hahn, and from the research
and material test reactors BER Il and FRM II. Further, graphite wastes, compacted structural materi-
als from conditioning of spent LWR fuel elements, the tails from uranium enrichment and other
wastes with negligible heat generation are considered. The other wastes with negligible heat genera-
tion comprise cemented waste forms and wastes solidified in bitumen and plastic materials. For
these materials, the characteristic physical and chemical properties, element and radionuclide inven-
tory, and the kinetics of radionuclide release are described. The boundary conditions are discussed
for several disposal concepts developed within the project: A - emplacement of wastes with negligi-
ble heat generation, B1 and B2 - emplacement in horizontal galleries, and C - emplacement in vertical
boreholes. The boundary conditions include the evolution of the geochemical conditions, the genera-
tion of a H, atmosphere in LLW emplacement rooms in the presence of steel containers as well as
microbial degradation processes. The geochemical performance of containers of the Konrad type IV
and type Vl is evaluated including self-shielded concrete and steel containers.

The source term includes the kinetics of radionuclide release and the maximum radionuclide concen-
trations in the different emplacement rooms under the expected geochemical boundary conditions.
The maximum radionuclide concentrations are assessed based on the concept of thermodynamic
solubilities assuming that concentrations are limited by solubility-controlling solids only. Solubility-
controlled element concentrations in NaCl, MgCl, and CaCl,-rich brines are provided for Am(lll),
Th(IV), U(IV), Np(IV), Pu (Ill), Pu(lV), Tc(lV) and for Zr(IV). Finally, sorption of radionuclides onto
zircaloy compounds, iron phases, corroded cement products and rock salt is described. Open ques-
tions and recommendations are derived resulting from the compilation of the relevant data and pro-
cesses of the various waste forms.






Radionuklid-Quellterm fiir bestrahlten Kernbrennstoff aus Prototyp-, Forschungs- und Schulungs-
reaktoren, fiir Abfille mit vernachlassigbarer Warmeentwicklung und fiir Uran Tails.

Zusammenfassung

Im Projekt “Vorlaufige Sicherheitsanalyse Gorleben (vSG)” wurden Quellterme fiir verschiedene Ab-
falle abgeleitet. Diese umfassen abgebrannte Brennelemente der Prototypreaktoren AVR und THTR,
sowie KNK Il und dem Nuklearschiff NS Otto Hahn, von den Forschungs- und Materialtestreaktoren
BER Il und FRM Il. Weiterhin wurden graphithaltige Abfalle, kompaktierte Strukturmaterialien aus der
Pilotkonditionierungsanlage fiir abgebrannte Brennelemente aus Leichtwasserreaktoren, Tails aus
der Urananreicherung und sonstige Abfalle mit vernachlassigbarer Warmeentwicklung betrachtet.
Die sonstigen Abfadlle mit vernachldssigbarer Warmeentwicklung beinhalten u. a. zementierte Abfalle
und in Bitumen bzw. Plastikmaterialien verfestigte Abfalle. Fur alle diese Abfallarten wurden die cha-
rakteristischen physikalischen und chemischen Eigenschaften, Element- und Radionuklidinventare,
sowie die Kinetiken der Radionuklidfreisetzung beschrieben. Die zugrunde gelegten Randbedingun-
gen wurden fir die verschiedenen im Projekt betrachteten Einlagerungsvarianten diskutiert. Dies
beinhaltet die Variante A — Einlagerung von Abfallen mit vernachlassigbarerer Warmeentwicklung, B1
und B2 — Einlagerung in horizontale Strecken und C — Einlagerung in vertikale Bohrlécher. Die Rand-
bedingungen schlieBen die Entwicklung der geochemischen Bedingungen, die Entwicklung der H,
Atmosphadre in den Einlagerungskammern bei Anwesenheit von Stahlbehaltern und die mikrobielle
Degradationsprozesse mit ein. Das Verhalten der Konrad Behélter Typ IV und Typ VI wird einschliel3-
lich der selbstabschirmenden Beton- und Stahlbehalter bewertet.

Der Quellterm beinhaltet die Kinetik der Radionuklidfreisetzung und die maximalen Radionuklidkon-
zentrationen in den verschiedenen Einlagerungskammern unter den erwarteten geochemischen Um-
gebungsbedingungen. Hierbei wird auf das Konzept der thermodynamischen L&slichkeit von Radio-
nukliden zurickgegriffen und reine Loslichkeitslimitierung der Radionuklidkonzentrationen unter-
stellt. Maximale (I6slichkeitsbegrenzte) Radionuklidkonzentrationen werden fir Am(lll), Th(IV), U(IV),
Np(IV), Pu (lll), Pu(lV), Tc(IV) und Zr(IV) in NaCl, MgCl, und CaCl, reichen Lésungen bei hohem pH
abgeleitet. SchlieBlich werden Sorptionsdaten von Radionukliden auf Zircaloy Verbindungen, Eisen-
phasen, korrodierten Zementprodukten und auf Steinsalz angegeben. Offene Fragen und Empfehlun-
gen werden formuliert, die aus der Zusammenstellung der relevanten Daten und Prozesse der ver-
schiedenen Abfille resultieren.






TABLE OF CONTENTS

N 1} o o To I8 o1 f [ I PP P TP 1
2 Relevant data @nd PrOCESSES ......couiiiiiierierieieestee sttt si ettt e st e e sb e sbe e e bt e nbeesbeesbeesbeenbeenbeebean 3
2.1 Fuel elements from the AVR/THTR ....eiiiii ittt ettt e e e e s eaee e e e e s s seaaaeeeesssessreseeeess 3
2.1.1 Characteristic Physical Properties of BISO and TRISO graphite.........cccccceeevveeeinnennn. 4
2.1.2 Characteristic Chemical Properties of BISO and TRISO graphite........ccccceeevveeeinnennn. 5
2.1.3 Element and Radionuclide Inventory of AVR/THTR fuel elements.........cccccccvveennene 6
21.4 Kinetics of Radionuclide Release from AVR/THTR fuel elements ......cccccvevevrvennneenn. 6

2.2 Fuel elements from the KNK Il and the MS Otto Hahn........ccccooiiiiiiiiniinicneeceeeee 9
2.2.1 Characteristic Properties of KNK Il spent fuel ........cccouveeieieiiiiieiicee e, 9
2.2.2 Characteristic Properties of NS Otto Hahn spent fuel........ccccoeeveeiiiieeiiiiee e, 10
2.2.3 Element and Radionuclide Inventory of NS Otto Hahn spent fuel............ccccc..c...... 11
224 Kinetics of Radionuclide Release of NS Otto Hahn spent fuel........cccceecvveeicinennnnns 12

2.3 Fuel elements from the research reactors BER Il and FRM Il ......ccociviriiiniieinieeniecniienieeene 12
2.3.1 Characteristic Properties of FRIM Il.......cociiiiiiiiiieiiee et eeenreee e e e e e 13
2.3.2 Characteristic Properties of BER 2 fUEl.......cccccuviveieiiiiiiiieeee et 14
233 Element and Radionuclide INVENTOIY .....cccuviiiiciiee it 14
234 Kinetics of Radionuclide RElEASE ..........coviiiriiiiiiieiiee et 14

2.4 Graphite WaASteSs ..occuuiiiiiiiiii ettt ee ettt e et e st e e st e e e s sate e e s sbeeeesntaeessnbaeesssteeesanraeaans 15
24.1 Characteristic Properties of Graphite Wastes.......ccccevvviivciieiiiiiee e 15
2.4.2 Element and Radionuclide Inventory in graphite wastes.......cccccoveveeeiicieeiccienenns 16
243 Kinetics of Radionuclide Release from graphite wastes........cccccevveveeiviviieeiicieenins 16

2.5 Compacted structural materials from conditioning of spent LWR fuel elements.................. 17
251 Characteristic Properties of compacted structural material.........cccoevevevrciennnnnen. 18
2.5.2 Element and Radionuclide Inventory of compacted structural material................ 18
253 Kinetics of Radionuclide RElEase ..........ccocveiriieiiiiiiiiieee e 19

2.6 Tails from uranium enrichMENT .........ooiiiiiiie e e s 19
2.6.1 Characteristic Properties of tails from uranium enrichment ............ccccoeeiieeennn. 19
2.6.2 Element and Radionuclide INVENTOIY ........uovviiiicciiiiiee et 20
263 Kinetics of Radionuclide Release...........ccocueeiieiiiiiiiiieiee e 20

2.7 Other mixed wastes with negligible heat generation........ccccoeccciiiiei e 20
2.7.1 Characteristic properties of the mixed Wastes......cccccoveciiiiiei e, 20
2.7.2 Element and Radionuclide iNVENTOrY .........oeeieieicciiiiie e 20
273 Kinetics of radionuclide release from other mixed wastes........ccccccevveeveerieennenn. 21

2.8 Cemented Waste fOrMS .. ...coiui ittt st sttt s st 21
2.8.1 Characteristic properties of cemented waste forms.........ccccceeeeiieieiiiieecciiee e, 22
2.8.2 Element and Radionuclide INVENTOIY ......cccvvvvieiiiiieeee e 23

2.8.3 Kinetics of RadioNUCHIAE REIEASE ...ttt e e e e e e e e e e e ee e 24



Table of Contents

2.9 Wastes solidified in bitumen and plastic materials ........cccccoeceeeecciie e 26

3 Boundary Conditions fOr the SOUICE tEIM........uiiiiciiiee e e et e e e eabae e e e 27
I D T o T 1Y | I oo g [ o (PP SURUPR 27
3.11 A — emplacement of wastes with negligible heat generation...........ccccccceeevveeenneen. 27

3.1.2 B1 and B2 - emplacement in horizontal galleries........ccocceevceiiicciei e, 29

3.1.3 C - emplacement in vertical boreholes..........ccocveeiiiiieiicciii e, 31

3.2 Evolution of the geochemical CONAItioNS..........ceiiiiiiiiiiiee e e 32

3.3 Generation of H, in a LLW emplacement chamber in the presence of steel containers ....... 35

3.4 Chemical degradation PrOCESSES .......ciiiciiieiiiiieiiieeeeiit e e ectre e e sre e e e rre e e e stre e e s saseeeennaaeeenanaees 36

3.5 Biodegradation PrOCESSES...ccciiiiiiiiiieeeiieeeeiieeeeereeeestreeestreeessrreessasaeeessseeeeasseeesansaeesssraeenn 36

4 Performance Of CONTAINEIS ......coouiiiierieieeeeeeee ettt sb e sb e b e sreenees 39
4.1 Self-shielding concrete Waste CONTAINEIS .......ccuveeeeiiieiiiieee et e e e e aaee e e 39

4.2 STEEI CONTAINEGIS .oneiiiiiieeree ettt ettt et e b e b e e b e e bt e b e e b e ae e re e 41

T o 1U ] ol = =T o o PPN 43
5.1 Kinetics of radionuclide rel@ase.........ccoeerierieiieiieiieneeeeeeeeeee e 43

5.2 Maximum radionuclide concentrations in the emplacement rooms........cccoveeeeeeiiccneeeeeeen. 44

5.3 Effect of organic COMPIeXing @gENTS......ccuiiiiriiiiei ittt e e e eeesbar e e e e e e e eaaraaeeeas 48

SR Yo ¢ o 6 o o IO P P T P T O ROROSOU PP PR POPN 51
6.1 Sorption onto zircaloy COMPOUNGS .....ccccuiiiiiiiiie et e e e e e eraa e e e sarees 51

6.2 SOrption ONTO IFON PRASES....ccuviiiieiiie et e e e s e e et a e e e s aae e e ssnsaeeesnsreeean 51

6.3 Sorption onto corroded cemMent ProdUCES........uiiiiiiieeiiiiee e e 52

6.4 SOrption 0Nt rOCK SAlt......ciiiiiiiiiiiie e e aree e 53

7  Open Questions and RECOMMENAAtIONS ....ccciiiiiiiiiiieiiee et e e s abee e e sareeas 55
8 REFEIENCES ...ttt e s bt e s bt e bt e e b et e bee e sabe e sabeesabeeebeeeas eeenns 57
Annex A ADDIEVIAtIONS ..o bbb e e 65



LisT OF TABLES

Tab.
Tab.
Tab.

Tab.

Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.

Tab.
Tab.
Tab.

Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.

Tab.
Tab.
Tab.
Tab.
Tab.

O 00 N o U

11
12
13

14
15
16

17
18
19
20
21
22
23
24

25
26
27
28
29

Fuel elements used in the AVR until 1989 [9] ......ceiiiiiiiiiiiiiiee et aree e e e e 4
AVR spent fuel elements investigated by Zhang [16] ......cccccvvviiiiiviiiiiciiec e 7
Measured radionuclide inventory in the AVR spent fuel elements investigated by Zhang
[LB] ettt bbbt b e bt bt s bt e s he e be e b e e b e e nbeenbee sreenrean 7
Characteristics of irradiated fuel samples after dissolution in 7-10 n HNO;3 (Kleykamp

[ 22 ettt bbbttt e b e bttt bt e be e be e be e be e bt e beebeeabeebes sreens 10
Characteristic data of the reactor of the NS OTTO HAHN [23] ..cooeiiiiiiiiiiieicnenieinnans 10
Comparison between measured and calculated fuel elements in KNK Il [26]..................... 11
Characteristic data of the BER-2 reactor according to Axmann and Didier [29].................. 14
Characteristic data of the graphite wastes [3]....cccccuiiiiri e 16
Radionuclide inventory in the graphite-containing wastes [3] .....cccccceeeeieviiiieeee e, 16
Inventory of the compacted structural materials including waste package [3]. ................. 18
Inventory of uranium tails including waste package [3]. ....cocceeciieicciiie e 20
Total inventory of the mixed wastes with negligible heat generation [3]........cccceeeeineenns 21

Fitted apparent D, and diffusion coefficients of water D,,, Dey, Obtained from small-
scale laboratory tests and retention ratio D,/D,,. Data taken from [55], if not indicated. ..25

Leach rates of NaNQO; containing bitumen waste forms [66].........ccccceeeeeeviciiieeeeeeeeccireeennn. 26
Leach rates in water for spent ion exchange resins solidified in various matrices [67] ...... 26

Dimensions of Konrad containers (box-type) for waste with negligible heat generation

[ et b h et b e bt et E e eh e e a e e bt beehe et e b she et e be bt eae £eaeentas 27
Characteristics of the disposal concept for the uranium tails [3, 4] c...ccoevveeiiiieecciieeeen, 28
Characteristics of the disposal concept for other mixed wastes [3, 4] ....ccccceeeveeeecieeeennen. 28
Characteristics of the disposal concept for the graphite wastes [3, 4]....cccccceecvveeeecrieeeennen. 29
Dimensions of CASTOR containers for waste of prototype and research reactors [4]........ 30
Container concept for wastes from research and prototype reactors [4].......ccccceeevveeennnen. 30
Dimensions of BSK casks for waste of prototype and research reactors [4] ......ccccceecvveennnes 31
Characteristic data of some emplacement rooms for specific wastes .......ccccccveeeeecveeennnen. 33

Corrosion of nodular graphite steel GGG 40.3 and fine grained steels as function of the
temperature in MgCl,-rich and saturated NaCl solution (after Smailos et al. [71-75]). ...... 35

Degradation and CO, formation by microbial degradation of cellulose [81].......cc..cccuuu....e. 37
Degradation rate and CO, formation rate by microbial degradation of bitumen [64, 82]..37
Initial composition of the CONCrete. ... . 40
Changes in the composition of the concrete after ~11 years storage in MgCl, brine......... 40

Percentage of rapid (instant) radionuclide release from NS OTTO HAHN fuel assuming a
heavily disturbed U, MatriX. c..ueeee ittt eeetrree e e e e e e sttreeeeeeeesnaraaaeeees 43



List of Tables

Tab. 30 Geochemical conditions of NaCl, MgCl, and CaCl, solution and dominating radionuclide
oxidation states expected in the emplacement rooms containing the wastes with
negligible heat GeNEration. ........ooccuiiiicee e et e e 45

Tab. 31  Solubility controlled upper-limit concentrations in NaCl, MgCl, and CaCl, solution for

the emplacement rooms of wastes with negligible heat generation .........ccccecoceevviieernnen. 47
Tab. 32  Overview on sorption experiments for radionuclides onto iron phases ........cccccecccvveeeennn. 52
Tab. 33  Sorption coefficients (Rs) in the cement/MgCl, brine system after about 9 months.......... 52
Tab. 34  Americium and Plutonium retention in high pH and Ca®* systems [88] ......ccevvveveeevrvrerennn. 53

Tab. 35 Sorption coefficients (Rs) in the systems rock salt (ERAM) / MgCl, and NaCl solution

Xii



LisT OF FIGURES

Fig.

Fig.

1

Fig. 3

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

10

11

12

13

14

15
16
17
18
19
20
21

22
23

Schematic configuration of fuel pebbles, TRISO spheres and fuel kernels (modified

Y =T ol 1 ) PRSP 3
Cross sections of BISO and TRISO particles [18].....cccceeeeciieeiiieie et e e 8
Fractional release of **’Cs inventory in Q-Brine at 90 °C and 13 MPa [14].......cccocevvvvverernenne. 9

Fuel element consisting of 113 involute fuel plates (according to TUM FRM I
Homepage [28]). The control rod, which moves inside the fuel element, is not shown.....13

Schematic illustration showing the structural parts of a BWR Siemens ATRIUM 9x9 fuel

T 0] o1 LY 1 PSSP 17
Observed Cs release from simulated full-scale cemented waste forms [56]..........ccuueee..... 24
Observed uranium release from simulated full-scale cemented waste forms [56]............. 25

West field section of the planned repository building (according to the optimized
disposal concept of Bollingerfehr [69]). .....ueeicciie ettt e et 29

East field of the planned repository building where wastes from research reactors are
planned to be stored (according to disposal concept B1 [4]) c.ceveeeevvcirreeeeeeiiiiireeeee e, 30

East field of the planned repository building, where wastes from research reactors are
planned to be stored (according to disposal concept C [69]) .....cccvvveercieeeecciieeeccieee e 32

Evolution of pH,, and major cations in initially MgCl,-rich solutions upon reaction with
cement product. Lines represent simulated results, symbols represent results from
experiments at laboratory-scale in the case of £ < 1.1 and with full-scale cemented

waste simulates in the case 0f £ = 3.0, i 34

Evolution of pH,, and major cations in initially NaCl-rich solution upon reaction with
cement product. Lines represent simulated results, symbols represent results from
experiments with full-scale cemented waste simulates at £ =2.8. .......cccccevirveveenineneennn, 34

Schematic illustration of MOSAIK® Il canister for disposal of evaporator concentrates
and ionic exchanger resins (image provided by GNS) ........ccoiieiiieiiiiiie i 35

Cut through a cylindrical self-shielded concrete disposal container after corrosion in

saturated MgCl; solution (Q brine) for 11 Yrs. .....oocceiiieciiii e 40
Chloride diffusion coefficients in cement at different degrees of water saturation [83]....41
Solubility of ZrO,xH,0(s) in NaClO, NaCl, and CaCl, solutions at 20-25 °C [90]. ................. 46
Solubility of ThO,xH,0(s) in NaClO,4, NaCl, and CaCl, solutions at 17-25 °C [90]. ................ 46
Solubility of PuO,xH,0(s) in MgCl, and CaCl, solutions [92]. ......cccecveeeeiiieeeciieeeereee e, 46
Solubility of NpO,xH,0(s) in CaCl, solutions [93]. ......cceiciiiieeiieee ettt 46
Comparison of tetravalent actinide solubility in CaCl, solution [93]. .....ccccceeeeiiicciiiiieeen. 46

Speciation diagram of Am in NaCl solution in the presence of CO; and SO, according to
data IVEN INTAD. 30, ..t e e e e e e e et r e e e e e e e e tbbeeeeeeeennbraaeeaeeans 48

Effect of pH on the sorption behavior of Sr onto hydrous ZrO, [100]. ......cccccevveeeeeeeecnrnneenn. 51

Effect of pH on the sorption behavior of Cs onto hydrous ZrO, [99] (at pH = 10: 20 %
o (o1 014 o] o) ISP 51






1 Introduction

In the scope of the preliminary safety analysis for Gorleben (vSG), KIT-INE prepared a report on the
source term for HLW glass, spent nuclear fuel, and compacted hulls and end pieces (CSD-C waste) [1].
The expected geochemical conditions were derived for the source term, kinetically and thermody-
namically controlled radionuclide mobilization processes were discussed as well as the influence of
the temperature on the different processes. The geochemical scenario for the heat-generating
wastes was based on the presence of NaCl or MgCl,-rich solutions. Maximum concentrations of the
radionuclides Am, Th, U, Np, Pu, Tc, Zr, Se and rare earth elements were provided based on concen-
trations determined by the solubility of corresponding solid phases. Radionuclide retention by sorp-
tion processes was assigned a minor relevance within the planned backfill concept using crushed rock
salt as backfill material.

In contrast to the ideas developed during the AKEnd discussions in 2000 [2], the concept for nuclear
waste disposal in the Gorleben salt dome considers disposal not only of HLW and spent nuclear fuel
from power reactors, but also of a series of wastes with negligible heat generation. For this reason,
the source term for radionuclide release needs to be complemented to account for the following
radioactive wastes [3]:

e Irradiated fuel from prototype, research and education reactors
o Spherical fuel elements from the AVR/THTR
o Fuel elements from the KNK Il and the MS Otto Hahn
o Fuel elements from the research reactors FRM II, BER Il and FRMZ
e Waste forms with negligible heat generation and uranium tails
o Graphite wastes
o Compacted structural materials from conditioning of spent fuel elements from LWRs

o Tails remaining from production of enriched uranium for fuel elements (for disposal, it is
planned to transform the tails into UsOg; the tails may additionally contain resins, some 2 %
uranylfluoride UO,F, as well as unreacted hydrofluoric acid (HF) at an unknown concentra-
tion)

o Other waste forms with negligible heat generation, such as cemented waste forms in steel
sheet or cast steel canisters or in self-shielding concrete casks (these wastes contain steel
and various other components such as concrete, cement, lead, resins, plastics, bitumen, cel-
lulose, EDTA and other complexing agents, as well as tensides and other organic and inorgan-
ic carbon compounds)

The radionuclide mobilization for these waste forms will be described on the present state-of-the-art
of science and technology. This includes describing the geochemical conditions in the near-field of
these wastes in contact with NaCl and MgCl, rich solutions by means of geochemical model calcula-
tions. The different disposal and backfill concepts A, B1, B2 and C [4] will be considered. The kinetics
controlling the corrosion of cementitious materials both for waste forms and for self-shielding con-
crete containers will be described and the radionuclide concentrations as function of the disposal
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concept and the evolution of the geochemical environment will be elaborated. Furthermore, the
chemical interactions of complexing waste components with radionuclides will be discussed.



2 Relevant data and Processes

2.1 Fuel elements from the AVR/THTR

The development of high temperature reactor (HTR) fuels in Germany was systematically performed
in the 1970’s and the 1980’s. During this time, NUKEM successfully manufactured more than one
million fuel elements for the HTR reactor of the “Arbeitsgemeinschaft Versuchsreaktor GmbH” (AVR)
at Julich and for the “Thorium-Hochtemperaturreaktor” (THTR) at Hamm-Uentrop in Germany.

The HTR fuel consists of small fuel kernels of about 200 - 500 um in diameter. Each of these uranium
oxide or carbide kernels is coated with several layers of pyrocarbon (PyC). TRISO particles, which
were used since ~1985, are characterized by an additional silicon carbide layer (cf. Fig. 1). While the
inner pyrocarbon layer is porous and capable to absorb gaseous fission products, the dense outer
PyC layer forms the barrier against fission product release. The SiC layer improves the mechanical
strengths of this barrier and thus the retention capacity for certain fission products. The approxi-
mately 10 % enriched uranium TRISO coated particles are contained in a moulded graphite sphere.
A fuel sphere consists of approximately 9 g of uranium (some 15000 particles) and has a diameter of
60 mm; the total mass of a fuel sphere is 210 g [5].

60 mm

5 mm graphite layer

TRISO coated particles
in graphite matrix
. Pyralytic C
fuel sphere _
SiC
Low density C

U0, sphere

Ap—
TRISO coated particles o

UQ, fuel kernel

50 um

Fig. 1 Schematic configuration of fuel pebbles, TRISO spheres and fuel kernels (modified after [5])

The average burnup of the THTR reactor in Germany amounted to ~85 GWd/tyy, i.e. up to almost
8.8 % FIMA (fissions per initial metal atom) [6]. For comparison, a typical LWR burnup is in the range
of ~50 GWd/tyy, corresponding to a FIMA of ~5.5 %.

During operation of the AVR, several steps of the fuel development were tested. In summary, the
various cores of AVR comprised the following fuel elements:

The first AVR core consisted of U-Th mixed carbide particles, produced by Union Carbide, USA. These
fuel elements were hollow spheres of graphite (& 60 mm) where the inner void (& 40 mm) was filled
with a mixture of coated particle of 0.3 mm diameter and graphite. The uranium/thorium ratio
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was 1:5. The fuel particles were coated by a buffer layer of carbon compensating for the swelling of
the fuel under irradiation and a pyro carbon layer providing for gas tightness (BISO). Further types of
fuel elements have been used: “Wall paper” type U-Th mixed carbide particles fuel elements, homo-
geneously distributed U-Th mixed carbide and U-Th oxide particles fuel elements and U-Th oxide with
TRISO coating [7, 8]. 14 different types of fuel elements were used in the AVR [9]. The burnup of the
AVR reactor in Jilich was in the range between 9.34 and 11.07 % FIMA [9, 10].

Tab. 1 Fuel elements used in the AVR until 1989 [9]

Type of fuel element Fuel Coating  Composition of the fuel Number of fuel
per fuel element / g elements in the
AVR*
25y Utot Th
First core (U, Th)C, HTI-BISO 1.00 1.08 5.00 30155
Wall paper fuel elements (U,Th)Cz HTI-BISO 1.00 1.07 5.00 7504
Isostatic pressed graphite
elements
carbide (U, Th)C, HTI-BISO 1.00 1.08 5.00 50840
Isostatic pressed graphite
elements (U,Th)O, HTI-BISO 1.00 1.08 5.00 72418
oxide (U,Th)O, LTI-BISO 1.00 1.08 5.00 6083
THTR fuel elements (U, Th)O, HTI-BISO 0.96 1.03 10.20 35415
U0,, ThO,
U0,, ThO, LTI-BISO 1.00 1.08 10.00 1440
ucC,, ThO, LTI-BISO 1.00 1.08 10.00 1610
ucC,, ThO, LTI-BISO 1.00 1.08 5.00 6067
Separated  burnup  and uco, LTI-BISO 1.00 1.08 5.00 5860
breeding particles ThO, LTI-BISO 1.00 1.08 5.00 5363
uo, LTI-BISO 1.40 6.00 0 2400
uo, LTI-TRISO  1.00 10.00 0 24611
oxides at low enrichment uo, LTI-TRISO 1.00 20.00 0 29090

* 9305 of the 288161 AVR fuel elements are not listed in the table; information on their composition is missing

The inventory of radionuclides to be disposed of from AVR operation is generated from irradiation of
433.026 kg **°U, 1008.986 kg **®U and  2116.881 kg ***Th. The amount of fission products is given in
[3].

In total, 288161 AVR and 611878 HTHR fuel elements have to be disposed of in Germany [4, 11].
These fuel elements are stored in dry storage cans (AVR-TLK) containing 950 fuel elements, each.
Two AVR-TLKs are planned to be stored in each CASTOR THTR/AVR. According to the disposal con-
cept of working package AP 5 [4], 152 CASTOR THTR/AVR will be needed for the storage of AVR fuel
elements and another 305 for the fuel elements of the THTR.

2.1.1 Characteristic Physical Properties of BISO and TRISO graphite

The details on characteristic physical and chemical properties of graphite used for AVR and THTR fuel
elements which are described in chapters 2.1.1 and 2.1.2 are mainly taken from an IAEA document

4
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“Characterization, Treatment and Conditioning of Radioactive Graphite from Decommissioning of
Nuclear Reactors. TECDOC 1521, 2006” [12].

Fast neutron irradiation and radiolytic oxidation may radically change the physical and mechanical
properties of nuclear graphite. In the high temperature helium cooled reactor, where the graphite is
operated in an inert atmosphere, radiolytic oxidation is not an issue and the component’s shape and
size will not be greatly affected during the operational life.

Radiolytic oxidation of graphite could only occur when the storage / disposal canisters are corrod-
ed and contact between an oxic atmosphere and the graphite would be possible. A contact with an
oxic atmosphere is not likely under disposal conditions, since oxygen will be preferentially con-
sumed by the corrosion of steel.

Wigner energy (or “stored” energy) is generated in graphite under neutron irradiation because car-
bon atoms are displaced from their normal lattice positions into configurations of higher potential
energy [8]. The quantity of accumulated “stored” energy is a function of fast neutron flux, irradiation
time, and temperature. The higher the irradiation temperature, the lower is the amount of “stored”
energy. In all cases, a saturation point may be achieved in terms of the total amount of stored energy
for long periods of irradiation. The maximum amount of stored energy ever found in a graphite sam-
ple is ~2700 J/g, which if all released at once could theoretically lead to a temperature rise of several
hundred degrees assuming adiabatic conditions.

The stored Wigner energy can be released if the graphite is heated above its irradiation temperature
(50K above is typical to achieve a significant release rate), although temperatures above 2000 °C are
required to release all the stored energy.

Stored (Wigner) energy is not an issue in HTR because of the very high temperatures of the graph-
ite during operation. Since all temperatures under disposal conditions will be below 200 °C, stored
energy - if present - will not be released instantaneously.

During reactor operation the graphite components (incl. TRISO/BISO) can change dimensions and this
can lead, in some cases, to considerable deformations. Graphite components are polycrystalline in
nature and changes in their physical irradiation properties are dominated by irradiation-induced
changes to the graphite crystallites.

The dimensional change is not relevant under disposal conditions, since irradiation is negligible.

In deep geological disposal, the thermal conductivity of the graphite waste controls the maximum
temperature within the storage casks. Due to the fast neutron irradiation, the thermal conductivity
of graphite is in the range 2 to 3 W m™ K. Non-irradiated graphite shows values of around 100 -
200W m™* K™

2.1.2 Characteristic Chemical Properties of BISO and TRISO graphite

Graphite is a material of low chemical reactivity and generally benign properties. Chemical reaction
in graphite takes place only with extremely reactive reagents. The oxidation reaction in air was com-
prehensively reviewed [12]. Oxidation of graphite in air is thermodynamically favored at any temper-
ature below 4000 °C. Within the context of this study, only results from very low temperature exper-
iments are relevant: Oxidation reaction have been observed during storage in moist air in the pres-
ence of a radiation field and nitric acid. Oxidation of graphite by water vapor is minimal below
1000 °C unless a catalyst is present and, even then, no significant reaction has been reported below
400 °C. Many measurements of graphite oxidation rate in air have been made on small samples of



Relevant data and Processes

moderator and sleeve graphite removed from operating reactors in the UK. Similar measurements
have taken place in most other gas-cooled reactors. These observations indicate moderate rates of
oxidation at 450 °C and an activation energy, which effectively precludes significant oxidation below
about 350 °C. These measured oxidation rates reveal a radiation enhancement factor resulting from
the activation of reacting surfaces by the neutron flux. Measured oxidation rates in irradiated graph-
ite are found also to be elevated as a consequence of modest amounts of inorganic catalysts. The
effect of such catalysts is to increase the graphite-oxidation rate above its normal value at any par-
ticular temperature.

Numerous investigations (summarized in [12]) demonstrated clearly that oxidation of graphite is
insignificant under disposal conditions at T < 200 °C, even when air would be present.

2.1.3 Element and Radionuclide Inventory of AVR/THTR fuel elements

Due to their high inventories and relatively long half-lives, *C and **Cl are the key radionuclides rele-
vant for the long-term safety of AVR/THTR wastes [13], and additional details are given by Fachinger
and Duwe [14]. The H inventory of an AVR/THTR fuel element is mainly generated in the graphite
matrix by *He and °Li impurities. The release is controlled by absorption and desorption processes at
the grain boundaries of the graphite and diffusion in the grains. The complete *H inventory of a dry
storage can amounts to about 2x10" Bqg. The **C inventory is mainly generated by (n-p)-processes of
YN impurities of the graphite. The release of C during storage is initiated by corrosion processes of
the carbon by contact with air and gamma radiation. In this process, CO, will be generated. The in-
ventory of 950 fuel elements amounts up to 7x10° Bg. Only 1 % can be released, until the oxygen
content of a storage can is consumed. The **Cl load of the spent AVR/THTR fuels is not reported; for
some other radioisotopes inventories are given. The ®Kr inventory is generated by fission and
amounts to ~1x10" Bq in a storage can. The release mainly depends on the number of defect parti-
cles. (Due to the relatively short ®Kr half life of 10.76 a, the ®*Kr inventory is relevant to time inter-
vals of the interim storage.) The defect rate of the fuel elements is determined in the range of 3x10™,
which could cause a possible release of 3x10° Bq ®Kr per can. Measurements showed a maximum
release of 1x10’ Bq.

A complete list of the radionuclide inventory (in Bq) can be found in [3].

2.1.4 Kinetics of Radionuclide Release from AVR/THTR fuel elements

Investigations of the radionuclide release from spent HTR/AVR fuel elements and from single coated
particles have been performed at the Jllich research Center (FZJ) between 1990 and 2000 [14-16]. In
the PhD thesis of Zhang [16] four AVR spent fuel elements were investigated. The characteristic data
are listed in Tab. 2 and 3.

The leaching behavior was investigated in MgCl, saturated solution (Q-brine) at ambient tempera-
ture, 55 °C and 90 °C. The leaching progress can be divided into the following processes:

o Diffusion of the solution to the particles within the graphite matrix
e Dissolution of radionuclide bearing phases
e Diffusion of the dissolved radionuclides through the graphite matrix

e Dispersion of the radionuclides in the contacting solution.
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Tab. 2 AVR spent fuel elements investigated by Zhang [16]

Experiment No.  AE 85/05 (1) AE 91/17 [17] AE 92/14 (1) AE 92/20 (1V)
Fuel-Type BISO(Th,U)0, = BISO(Th,U)0, = BISO(Th,U)0, = BISO(Th,U)0, =
10:1 5:1 5:1 5:1
2U-Enrichment- 93.0% 53.0% 52.3% 44.3 %
Discharge- 09.07.1988 12.01.1989 12.01.1989 12.01.1989
Burnup (FIMA) 11.50 % 16.89 % 17.11% 17.11%

Tab. 3 Measured radionuclide inventory in the AVR spent fuel elements investigated by Zhang [16]

Experiment No. AE 85/05 (1) AE91/17 ()  AE92/14(ll)  AE 92/20 (IV)
Mass / gram per fuel element
Th-232 19.1 4.7 4.68 4.6
U-233 0.38 0.0948 0.0963 0.095
U-234 0.092 n.g. n.g. 0.023
U-235 0.06 0.1557 0.1456 0.081
U-236 0.288 0.1384 0.1407 0.146
U-238 0.112 0.064 0.064 0.053
Utot n.g. 0.4691 0.4627 0.303
Pu-238 - 0.0036 0.0036 0.0051
Pu-239 - 0.0014 0.0013 0.0015
Pu-241 - 0.0005 0.0004 0.0006
PUtot - 0.0068 0.0066 0.0089
Activity / Bq per fuel element
Actinides 3.7x10% 1.84x10™ 2.20x10% n.g.
Cs-134 1.27x10™ 5.80x10" 6.00x10" 6.11x10"
Cs-137 1.37x10" 1.03x10™ 1.04x10" 1.04x10"
Eu-154 4.14x10° 2.60x10° 2.54x10° 2.72x10°
Cs-134 1.27x10" 5.80x10" 6.00x10" 6.11x10"

Measurements covered a period of 670 days. In total, the released fraction of ****Cs was found in
the range of 10™ to 10°. *°Sr und *°Ba concentrations were close to the detection limit and no re-
lease fraction could be determined. It was shown that the release of radionuclides did not depend
solely on the diffusion of the radionuclides through the graphite matrix. The rate-determining pro-
cess was the release of the radionuclides from the fuel kernels (particles). This rate differed for the
fuel matrices UO, or (Th,U)O,. A release from intact TRISO coated particles was not observed. Still,
the total inventory of fuel elements contained a fraction of 10™ to 10~ defect particles. This fraction
increased by a factor of about 10 for highly irradiated material. Therefore, the source term for radio-
nuclide release was mainly controlled by the number of defect coated particles [14].

Radiocarbon / **C

The *C formed in the reactor during irradiation is absorbed at the graphite matrix and incorporated
into the crystal structure of the graphite facilitated by the high temperature in the reactor.
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Fachinger et al. [13] assumed that within the matrix the preferential location of **C may be absorbed
on the surface of the crystallites rather than integrated into the crystal structure.

The experiments of [14] aimed additionally to determine both the release of tritium and the total **C
inventory, which was converted into 1c0, and dissolved in the brine. Tritium is not relevant to the
source term estimation for long-term disposal of '*C bearing wastes. The authors [14-16] draw the
following conclusions on the results of their leaching experiments concerning the coated particles:
The data determined clearly demonstrate that the HTR fuel elements were not subject to any meas-
urable corrosion during the 2.5 years leaching period in MgCl, rich brine. **C compounds were de-
tected in some test cycles but found activity values were low. Thus, **C mobilization from the graph-
ite matrix of the HTR sphere could be ruled out. Moreover, the decreasing activity values of the ex-
amined nuclides showed that under these conditions of the experiments, the coatings of the fuel
particles remained intact so that only diffusion-controlled leaching of few broken particles took
place. The high concentrations of radionuclides and **C compounds found in the first leaching cycle
could be explained by surface contamination and was negligible relative to the radionuclide invento-
ry of the sphere.

_— DUTER ISOTROPIC
PYROLYTIC CARBON ..

SILICON CARBDE
BARFOER COATING —

INMER |SOTRAPIC
FYROLYTIC CARBON

BUFFER
PFYROLYTIC CARBON -
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Fig. 2 Cross sections of BISO and TRISO particles [18]

Fachinger and Duwe [14] investigated storage cans AVR-TLK holding 950 AVR fuel elements, each.

f 137Cs was modeled and described as an instantaneous release of about 20%

The long time release o
of the inventory, which was related to the amount of defect kernels, and a slow release of the re-
maining *’Cs in the graphite particles over a time period of several hundred years. Fig. 3 shows the
measured "*’Cs release for BISO and TRISO kernels over more than 12 years. The long-term release

rate for HEU BISO and LEU TRISO can be calculated to a fraction of 2x10° day™.

4C was not found in the gas phase but dissolved in the brine. However, the main part of the dis-
solved *C occurs not as inorganic compound. The fractional release of organic **C was determined in
the range of 0.014 % after 650 days, the inorganic *C fraction was below 0.006 %.
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Fig. 3 Fractional release of **’Cs inventory in Q-Brine at 90 °C and 13 MPa [14]

2.2 Fuel elements from the KNK Il and the MS Otto Hahn

In total, 2484 fuel rods in 28 fuel elements from KNK Il need to be disposed together with 52 fuel
rods from NS Otto Hahn, which corresponds to 4 CASTOR KNK casks [3].

2.2.1 Characteristic Properties of KNK Il spent fuel

In the period between 1972 and 1991 the sodium-cooled reactor KNK was operated at Research Cen-
tre Karlsruhe. Initially KNK | was designed as thermal reactor with a power of 25 MWe. Already dur-
ing the commissioning of KNK I, it was decided to modify it into a fast nuclear power plant. Until
1977, KNK | was transferred in KNK II. The first fast core was operated from 1977 to 1983 reaching
high burnup in the fuel elements. The second core was used from 1983 until the final shut down in
August 1991. The history of this sodium cooled reactor is documented by Marth [19].

Each fuel element of KNK | was constructed in a cylindrical shape consisting of a central moderator of
ZrH, material surrounded by 127 fuel rods. The initial enrichment was 6.75 % ***U. The cladding of
KNK | rods was made of austenitic steel with 16 % chromium and 13 % nickel. This steel had a lower
tendency of embrittlement by formation of sigma phases compared to steel varieties used abroad
with a higher chromium and a lower nickel content. Three types of austenitic steel were tested as
cladding material with material numbers 1.4970, 1.4981, and 1.4988.

The fuel elements of KNK Il had a length of 2253 mm and consisted of 127 fuel rods each. The fuel
rods had a diameter of 7.6 mm and a length of 1556 mm. They were filled with fertile material UO, at
top and bottom over a length of 2x200 mm and fuel in between over a length of 600 mm [20]. The
fuel mass of KNK Il was in total 160 kg for the first core and 220 kg for the second core. The fuel was
fabricated by ALKEM, Germany, containing high concentrations of plutonium up to 30 wt. %. The
density of the fuel was 80 % of the theoretical density. Absorber rods had a slightly bigger diameter
(10.3 mm) than the fuel rods and were filled with B,C. The burnup was up to 100 GWd/tym. A com-
plete list of the radionuclide inventory of the spent fuel from KNK Il can be found in [3]. With respect
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to potential reprocessing, dissolution tests were performed at the MILLI plant at Research Centre
Karlsruhe for burnups of 11.7 and 74 GWd/tym [21]. The characteristic data of residues of irradiated
fuel elements after dissolution in 7-10 n HNO; are given in Tab. 4.

Tab. 4 Characteristics of irradiated fuel samples after dissolution in 7-10 n HNO; (Kleykamp [22])

Irradiation experiment / Fuel rod number  KNK 11 /1208 BN A1.009 KNKII/1202IA A1.1538

Fuel type Uo.7PU0.302.4 Up.7Puo.30,«
Local burnup (FIMA) 1.2% 42 %
Local linear power 29 kW/m 34 kW/m
Residues insoluble in HNO3 15wt. % 14 wt. %
uo,* 50 % 35%
PuO, + AmO,* 47 % +<1% 60%+2%
Fission product alloys* <1% <2%
Fission product oxyhydrates* 0% 0%
PuO,** 25% 30%

* related to residues, ** related to initial concentration

2.2.2 Characteristic Properties of NS Otto Hahn spent fuel

The nuclear ship “NS Otto Hahn” was one of only four nuclear powered cargo vessels ever built. It
had a length of 170 m and was configured to carry bulk goods such as iron ore. The ship was
equipped with an advanced pressure water reactor (“fortschrittlicher Druckwasserreaktor” - FDR)
using light water for cooling and moderation (overview on technical data given in Tab. 5).

Tab. 5 Characteristic data of the reactor of the NS OTTO HAHN [23]

Thermal power 38 MW

Service time under full load %00d

Average burnup 23 GWd/tum

UO, mass per core 1.7t

Enrichment / average 350r6.6%/4%
Average thermal neutron flux 1.1x 102 cms™
Number of fuel elements / number of fuel rods 12 /2810

Core diameter 1050 mm

Core height 830 mm
Diameter of a fuel rod 11.4 mm

Wall thickness of the cladding 0.8 mm

Cladding material Zircaloy-4, partly ZrNb3Sn1
Linear power (1. core / 2. core) 325/504 W cm™

The reactor was constructed by a consortium of Deutsche Babcock & Wilcox-Dampfkesselwerke AG
and INTERATOM, Internationale Atomreaktorbau GmbH and became critical in 1968. A second core
was installed in 1972/73 and the ship was decommissioned in 1979. Until 1982, the reactor was
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removed and the ship was converted into a diesel fueled container vessel. A complete overview on
the characteristics of vessel, reactor, core and operation is provided by GKSS 1981 [24].The core
contained twelve quadratic and four angular fuel elements. Quadratic fuel elements consist of a
17x17 mesh of 289 spaces filled with four structure rods, 32 steering tubes for absorber rods and 253
fuel and burnable poison pins. The uranium enrichment is reported to be either 6.6 % or 3.5 %. The
spring in the fuel rods is 59.7 mm % 3.5 mm long and made of Inconel X750 and the lower spacer is
62.5 mm long. Burnable poison pins have the same dimensions as the fuel pin. The burnable poison
consists of a mixture of ZrO, and ZrB,. The mass ratio of ZrO, and ZrB, in the mixture was not
provided. The only information about the mixture is the mass of boron per unit of length. The control
rods consist of B,C. Further details on the reactor are reported in the context of a MCNP simulation

exercise organized by OECD [25].

2.2.3 Element and Radionuclide Inventory of NS Otto Hahn spent fuel

The inventory of elements and radionuclides in KNK Il fuel elements from measured and calculated

data is given in Tab. 6.

Tab. 6 Comparison between measured and calculated fuel elements in KNK Il [26].

NY-202-1A NY-203-1A
local burnup: 22.8 GWd/tum local burnup: 43.8 GWd/tym
Measured Calculated Measured Calculated

Utotal 29.0 kg 29.9 kg 28.74 kg 29.3 kg
2%y 0.70 % 0.73% 0.77 % 0.77 %
>y 77.6 % 77.2% 78.5% 78.2%
2%y 14.6 % 14.7 % 143 % 15.6 %
*1py 51% 6.0% 49% 4.0%
#2py 20% 1.3% 1.5% 1.4 %
“ce /GBq 0.074 4.81 4.44
144ce/*Pr /GBq 536.5 610.5 802.9 865.8
B34Cs /GBq 5.55 14.8 19.24
B7¢s /GBq 103.6 99.9 210.9 188.7
3Eu /GBq 7.77 8.51 10.36 14.06
1255k /GBq 9.99 7.77 16.28
Mo /g 85.2 163.0
Ru /g 56.2 108.0
Rh /g 16.8 31.8
Pd /g 26.2 48.9
Te /g 13.5 25.9

Fuel element NY-202-1A and NY-203-IA were analyzed for the core and the breeding zone separately.
NY-202-1A consisted of 13833.0 g *°U, 1041.0 g *®U, and 6388.0 g Pu in the core zone and 39.0 g
>y, 15614 g **U and no Pu in the blanket. NY-203-IA had 13512.1 g **°U, 1177.1 g **®U, and 6114.4 g
Pu in the core zone and 31.7 g 2*°U, 15793.0 g >**U and no Pu in the blanket. NY202-IA was irradiated
for 192.5 days at an average burnup in the core of 39.1 and 0.63 GWd/tyy in the blanket. Burnup of

11
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NY-203-IA was 76.0 GWd/tyy in the core zone and 1.2 GWd/t,y in the blanket; the irradiation period
was 400 days.

2.2.4 Kinetics of Radionuclide Release of NS Otto Hahn spent fuel

Due to the fact that the ship was navigated in ports and densely used sea routes, the power load
needed to be changed frequently in the range between 18 % and 95 % of the continuous power. The
power load changes had a rate of 1 % s™*. Up to 60 load changes took place within 8 hours.

The kinetics of the radionuclide release from the fuel elements of the NS Otto Hahn is controlled less
by the relatively slow burn-up of the UO, fuel, but more by the frequent changes in the power load
and the related temperature changes. It is assumed that the UO, matrix is heavily disturbed and frac-
tured. Therefore, the fraction of instantly released radionuclides is estimated to be in the upper
range compared to spent fuel from power reactors.

2.3 Fuel elements from the research reactors BER Il and FRM Il

Research reactors are used for the production of neutrons for material investigations, for neutron
activation analysis, and for testing newly developed fuels. The irradiated fuel assemblies with highly-
enriched uranium are considered as waste.

Ten training and research reactors were in operation in Germany in 2009 [27]. These are:
e two materials test reactors (MTRs) (Berlin and Geesthacht)
e one high-flux reactor (Munich),
e one TRIGA reactor (Mainz)
e six training / educational reactors, including five Siemens educational reactors (SUR).

Presently, three research reactors, the FRM-II (Miinchen), the FRG-I (Geesthacht) and the BER-II (Ber-
lin) with a thermal output higher than 5 MW are in operation in Germany. The Jiilich research reactor
(FRJ-2) was finally shut down on 2 May 2006 and is currently in the post-operational phase. Five Sie-
mens educational reactors (SUR) and one training reactor still have a valid license for operation.
Three of these (Stuttgart, Ulm, Furtwangen) are supposed to continue their operation. The other two
SURs (Aachen, Hanover) will be decommissioned. A precondition for their decommissioning is the
removal and disposal of their reactor cores. In the reactors FRMII and BERII, dispersed UsSi,-Al-fuel is
used. Older research reactor types made use of dispersed metallic UAI,-fuel. It was planned to return
the irradiated research reactor fuel elements of US origin if these fuels were discharged from the
reactor not later than May 2006.

The UsSi,-Al-fuel is stored and has to be disposed of. In 2007, there was approx. 0.8 Mg of spent fuel
assemblies from these reactors waiting for disposal. The fuel assemblies from the MTR facilities
Berlin, Geesthacht and Jilich are foreseen for return and disposal in the US. However, according to
the current legal situation, this disposal path is only an option for fuels that have been irradiated
until May 2016. Should the reactor core continue operation beyond that date and should there be no
prolongation of the contract for shipping the waste to the US, then the fuel assemblies will be sent to
the central interim storage at Ahaus. This also applies to the TRIGA reactor in Mainz, which according
to current plans will stay in operation at least until 2020. As for the FRM Il research reactor, the
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current legal situation impedes the return to the US. The TRIGA fuel assemblies will therefore also be
stored in the interim storage at Ahaus.

In total, this waste amounts to 120 fuel rods from BER Il packed into 20 CASTOR MTR casks, as well as
120-150 fuel rods from FRM Il corresponding to 30 CASTOR MTR casks [3, 4].

2.3.1 Characteristic Properties of FRM Il

The following characterization is based on information from the web page of the Technical University
of Munich (TUM) [28]: The concept of FRM Il is based on the use of a compact core containing a sin-
gle cylindrical fuel element installed in the centre of a moderator tank filled with heavy water. Cool-
ing is performed with light water from the reactor pool. The reactor is controlled by means of the
central control rod inside the fuel element. To shut it down, an additional, independent system of
five shutdown rods is provided in the moderator tank. Each system is individually capable of shutting
the reactor down quickly and permanently at any time. The compact construction of the fuel ele-
ment means that more than 70 % of the neutrons leave the uranium zone and build up to a maxi-
mum thermal neutron flux density (undisturbed 8x10*cm™s™) at a distance of 12 cm from the sur-
face of the fuel element.

The fuel UsSi, composed of a mixture of uranium silicates and aluminum powder is pressed, then it
gets boxed in a frame of aluminum and sealed by a cladding of aluminum. These components get
coldly welded into the fuel plate. The length of the plate increases ten times and the thickness de-
creases at a value of 1.36 mm. These specially treated fuel plates ensure that the radioactive fission
products stay locked in. The 113 fuel plates are each 1.36 mm thick and have an involute shape (see
Fig. 4). Therefore the cooling gaps exhibit a constant width (2.2 mm). In order to homogenize power
and fission density, the uranium content in the outer zone of each fuel plate is reduced from 3 g cm™
to 1.5 g cm™. Furthermore a boron ring is employed at the lower end of the fuel element to level the
power density in this region.

Fig. 4 Fuel element consisting of 113 involute fuel plates (according to TUM FRM Il Homepage
[28]). The control rod, which moves inside the fuel element, is not shown.

The moderator tank is equipped with five hafnium absorber rods. Four of them are sufficient to keep
the reactor subcritical. The central control rod is positioned in the inner canal of the fuel element.
During normal operation the central control rod is pulled up to compensate the burn-up of the fuel
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element. This rod is divided into an absorbing front section and a reflecting end section, in order to
achieve a higher burn-up of the fuel.

Diameters of the fuel element and the central absorber rod are 243 mm and 118 mm with a height of
approx. 700 mm. Including its packaging, the fuel element is approx. 1.3 m high. With a cycle length
of about 50 days, 5 fuel elements will be required per year.

2.3.2 Characteristic Properties of BER 2 fuel

The BER 2 core contains of 30 to 40 fuel elements. Each is constructed of 23 thin plates consisting of
an aluminum mantle which confines a uranium silicate compound. Characteristic data of the reactor
concept have been reported by Axmann and Didier [29] (see Tab. 7). Further details are available on
the web page of Helmholtz Zentrum Berlin [30]. It is planned that the spent fuel will be transferred to
the USA until May 2016 [27].

Tab. 7 Characteristic data of the BER-2 reactor according to Axmann and Didier [29]

Start of operation 1991 / 2000

Maximum thermal flux 2.0x10" ncm?s?

Power 10 MW

Enrichment HEU 93 wt. % 2*°U until 1997, LEU since 2000

Type of fuel elements MTR

Number of fuel elements (FE) 24 FE with 322 g *°U each, 6 “control elements”
carrying control rods with 238 g 2°U

Size of the core 1m?

Mass of uranium 180 g per fuel elements (total: 5.4 to 7.2 kg)

Power density 2200 kW (kg U)™

Power density 110 kW dm™

Reflector Beryllium

Cooling Light water

Control One of six absorber pins

Shut down Six absorber pins

2.3.3 Element and Radionuclide Inventory

A complete list of the radionuclide inventory (Bq) in BER Il and FRM Il fuel elements is given in [3].

2.3.4 Kinetics of Radionuclide Release

Investigations of MTR fuels have been performed since 1990 to a large extent by Helmholtz Zentrum
Julich. Summaries of the results were published in several reports and an edited book by Ram-
melmair et al. [31-33]. The investigations on radionuclide release from U;Si,-Al-fuel included the fol-
lowing steps:

e Corrosion of pure aluminum
e Leaching of spent MTR fuel pieces

e Remobilization from secondary phases
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The findings are given in [31]:

e The Al-matrix of the spent fuel element will be disintegrated instantaneously in salt brines with
respect to the relevant time periods of a final repository. The corrosion rate in saturated NaCl
was ~10 wt. % year ™, in MgCl,-rich solutions, complete corrosion took place within < 20 days.

e The presence of iron corrosion products from storage casks speeded up the corrosion reaction.

e Corrosion products of the aluminum precipitate formed a secondary Al-phase Al-
Cl3* 4AI(OH); - 7H,0 and Mg,(OH)5Cl + 4H,0.

e The precipitates immobilized radionuclides especially actinides.

e In brines with a high chloride concentration, primarily sorbed a-emitters were firmly bound to
the secondary phases.

Some studies on sorption of FP onto the Al precipitates have been performed, mainly in the pH range
0 < pH £ 6. Experiments currently performed within the BMWi funded VESPA project study the re-
tention of radionuclides in Al compounds, such as hydrotalcite. Since the project is still ongoing, final
data are not yet available.

2.4 Graphite Wastes

Graphite is a form of carbon that occurs naturally in the environment and can also be manufactured.
For the UK Magnox reactors, graphite is manufactured in the form of bricks, which surround the fuel
and are used to moderate or slow down the nuclear reaction. The details on graphite behavior that
are described in the following are mainly taken from IAEA TECDOC 1521 “Characterization, Treat-
ment and Conditioning of Radioactive Graphite from Decommissioning of Nuclear Reactors” [12].

Approximately 1000 m3 of “graphite” wastes are waiting for disposal in Germany. Other countries
such as UK and France have operated Magnox and Advanced Gas-cooled Reactors (AGRs) where a
considerably higher amount of irradiated graphite was produced. With more than 99000 tons
(79000 m®), the UK has the largest graphite waste inventory in the world. Categorized as Intermedi-
ate Level Waste, the waste originates from operational and reactor decommissioning activities [34].

Compared to other forms of ILW, graphite waste is chemically stable and presents a relatively low
hazard, though containing long-lived radionuclides. In the UK, it is currently destined for burial in a
geological disposal facility where it will account for 33 % of the available space.

2.4.1 Characteristic Properties of Graphite Wastes

Characteristic properties of graphite waste are similar to those of BISO and TRISO graphite waste. As
described in section 2.1.1, oxidation of graphite is not relevant under disposal conditions.

Graphite dust must be distinguished from other impure carbonaceous dusts (like coal dust) which are
easily explosive. Nuclear graphite dusts are found to be much less reactive due to the lack of volatiles
and the particle size, which is primarily responsible for the different behavior of graphite dust and
other impure carbonaceous dusts. The question of explosiveness of impure graphite dust containing
stored energy was discussed in UK in the context of its relevance for graphite-handling operations
during reactor decommissioning and subsequent graphite storage or disposal.

Under disposal conditions, however, graphite dust explosions are not relevant.
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Graphite may react electrochemically with other materials. Acting as a “noble” metal, it can promote
accelerated corrosion of other metals by electrical (galvanic) coupling, in which local electrolytic cells
driven by potential differences lead to increased dissolution and oxidation of less noble metals.
Graphite is more electronegative even than stainless steel, so that direct contact between graphite
wastes and stainless steel containers can lead to premature penetration and loss of integrity. Exper-
imental studies have shown that corrosion rates can be increased by factors of up to ten [12].

A number of measures for prevention have been identified, including use of cement grouts and bas-
kets to isolate graphite from stainless steel waste containers.

Tab. 8 Characteristic data of the graphite wastes [3]

approximate waste volume (net / gross volume)  m? 1000/ 2990
mean density gcm?3 2.2
container type for storage MOSAIK or Konrad type IV
container steel/iron Mg 13519
resin Mg 5
waste inventory  carbon bricks (“Kohlestein”) Mg 1540
graphite Mg 660
residual moisture Mg 10

2.4.2 Element and Radionuclide Inventory in graphite wastes
Tab 9 lists the radionuclide inventory of the graphite-containing wastes [3].

Tab. 9 Radionuclide inventory in the graphite-containing wastes [3]

Activity / Bq per fuel element

H-3 2.5x10%
c-14 2.8x10™
Cl-36 5.8x10"
Co-60 7.1x10"
Sr-90/Y-90 1.6x10"
Cs-137 3.2x10%
Eu-154 1.1x10"

2.4.3 Kinetics of Radionuclide Release from graphite wastes

The leaching of C and *Cl from irradiated French and Hanford reactor graphite were investigated
[35, 36]. The leach rates were measured on solid cylindrical samples of graphite prepared from a bar
retrieved from spacer bars that had been irradiated in one of the obsolete Hanford production reac-
tors. Static leach tests were conducted in deionized water and Hanford ground water at tempera-
tures of 20 - 90 °C for 8 weeks. The graphite samples were completely submerged in the leachant,
and the entire volume of leachant was changed and analyzed weekly. The leach rates of both **C and
%%Cl decreased with time and appeared to approach steady-state values that were independent of
temperature in the case of *°Cl but decreased with temperature in the case of **C.
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Corrosion of nuclear graphite in MgCl,- and NaCl-rich solutions and pure water has been studied by
[37]. It was shown under oxidizing conditions that corrosion rates in the high ionic strength solutions
were lower than in water. Rates were controlled by oxidation of carbon to CO, upon reaction with
dissolved oxygen. In y-irradiation experiments, however, rates were higher in the chloride-rich solu-
tions than in pure water due to the presence of radiolytically produced oxidants.

Under reducing conditions, as will be expected in the repository, we can therefore assume low corro-
sion rates. For both isotopes, an average mass loss rate under oxidizing conditions was determined in
the range of 4.7x10% to 1.9x10™" g m™ day™ in water at 20 °C.

2.5 Compacted structural materials from conditioning of spent LWR fuel elements

Compacted structural materials from conditioning of spent fuel elements from LWRs may be pro-
duced in the Pilot Conditioning Plant (PKA) at Gorleben. Since 1980, the construction of the PKA has
taken place at the Brennelementlager Gorleben site. The PKA was designed as a multi-purpose facili-
ty to fulfil various tasks within the framework of conditioning and managing spent-fuel assemblies
and radioactive waste. The pilot character of the plant allows for the development and testing in the
field of spent-fuel-assembly conditioning. The objectives of the PKA may be summarized as follows:
Conditioning of spent-fuel assemblies, reloading spent-fuel assemblies and waste packages, condi-
tioning of radioactive waste, and conducting maintenance work on transport and storage casks as
well as on waste packages [38]. Further papers describing the PKA and the waste conditioning tech-
niques have been published [39, 40]. A schematic illustration of the structural parts of a fuel assem-
bly is shown in Fig. 5. The first step for disassembling a fuel assembly is separating of the head and
bottom parts. At most of the BWR/PWR assemblies this is done by unscrewing. At some fuel assem-
blies the control rod guiding tubes have to be separated by a special cutting device.

Fig. 5 Schematic illustration showing the structural parts of a BWR Siemens ATRIUM 9x9 fuel as-
sembly [41]

For compaction of structural parts of fuel assemblies, a 5000 kN skeleton press has been developed.
This press will compact the fuel element skeletons composed of head and bottom parts as well as
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spacers with water guiding tubes. During the testing PWR and BWR skeletons as well as also Zircaloy
fuel channels of BWR were compacted. The result was highly compacted metal block with a volume
reduction of 1:8.

Due to the required long distance of compacting of 5 meters the press ram is composed of five parts
which are placed one after the other into the press box. This technique makes it possible to provide a
relatively short length of the press, with a disadvantage that the time of compacting for a skeleton
amounts to approx. five hours [39].

2.5.1 Characteristic Properties of compacted structural material

Composition and properties of the compacted metals are similar to those of the CSD-C wastes, how-
ever fuel rod cladding material is not expected to be present. For this reason, it is referred to the
previous report on "Radionuclide source term for HLW glass, spent nuclear fuel, and compacted hulls
and end pieces (CSD-C waste)" [1]. The structural materials of the fuel assemblies consist of 4.44 kg
Inconel per PWR fuel element with 7 — 18 wt. % Fe and < 2000 ppm Co. Additionally, Zircaloy is a
component of the fuel assemblies: it originates from spacers, grids, and control rod guiding tubes (up
to 24 per PWR fuel element) as well as sheets for controlling the coolant flow in the reactors. The
amount of Zircaloy in the structural materials of one PWR fuel element (without hull) is 32.88 kg [3].

2.5.2 Element and Radionuclide Inventory of compacted structural material

The volume of compacted structural materials amounts to 630 m3. The inventory of the compacted
hulls and end pieces is given in Tab. 10, while the radionuclide inventory is given in [3].

Tab. 10 Inventory of the compacted structural materials including waste package [3].

Mass [Mg]
Container material Steel/iron 15388
Lead 9421
Resins 5.5
Inventory of waste C 0.8
Si 8.2
Cr 162.2
Mo 0.9
Ni 146.5
Al 2.2
Nb 2.3
Ti 5.6
Fe 568.6
Mn 15.3
P 0.4
S 0.2
Co 1.8
Moisture Residual water 5
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2.5.3 Kinetics of Radionuclide Release

Corrosion behavior of zircaloy-4 was investigated in saturated NaCl solution, MgCl,-rich brine and
bentonite water [42]. Corrosion rates of < 0.1 um/yr. were measured. In the presence of H, gas
formed by corrosion of steel, Zircaloy-4 shows a strong tendency of embrittlement [43]. ZrH, is
formed rapidly onto the grain boundaries and influences the mechanical properties of the zircaloy
negatively. In spite of the low corrosion rate of zircaloy, it can be expected that shortly after the for-
mation of a H, gas pressure, the zircaloy hulls degrade. The radionuclide release of cladding material
was investigated in saturated NacCl solution for 83 days at 200 °C. Corrosion was initiated only after
100 ppm fluoride was added to the leaching medium. The observed mass loss after 83 days was
0.087 g (2.4 %) for the PWR and 0.059 g (1-2 %) for the BWR materials. The **C results obtained
under these conditions indicated that cladding corrosion mobilizes about 50 % of the *C in PWR hulls
and about 90 % of the **C in BWR hulls. The mobilized **C was found ~95 % in the **CO/*CH, frac-
tion, whereas 14C02 at ~5 % represented a minor part.

A “Progress Report on Disposal Concept for TRU Waste in Japan, 2000” quoted in [44] defined the
radionuclide release from cladding material in the Japanese reference case as instant release of the
oxide film on the zircaloy and complete dissolution of the metal within 7600 yrs. For BWR cladding
after 39.4 GWd/tyy, the oxide film was 2.2 wt. % of the zircaloy metal. According to [45] who cite a
former study of Yamaguchi et al. [46], 17 % of the *C in cladding is present in the oxide film so that
the concentration of **C in the oxide film is at least 3 - 4 times that in the underlying alloy.

2.6 Tails from uranium enrichment

A large amount of depleted uranium is generated during enrichment of uranium. Disposal of this
waste is considered within disposal concept A.

2.6.1 Characteristic Properties of tails from uranium enrichment

The term “tails” refers to depleted UFg with 0.2 - 0.3 % ***U [47]. For disposal, it is planned to trans-
form the uranium tails from the enrichment process into U30g, which is also produced from UFg dur-
ing nuclear fuel production. After conversion to Us;Os the tails may additionally contain resins, up to
2 % uranylfluoride UO,F, as well as unreacted hydrofluoric acid (HF) at an unknown concentration.

The Us0g compound can be produced by any one of three primary chemical conversion processes,
involving either UF, or UO,F, as intermediates. It is generally considered to be the favored form for
disposal purposes because, under oxidizing environmental conditions, UsOg is one of the most ther-
modynamically stable forms of uranium. Its particle density is 8.3 g cm™. Uranyl fluoride (UO,F,) is an
intermediate in the conversion of uranium hexafluoride UFg to uranium oxide and is formed by the
reaction of UFg with moisture in the air. It is very soluble in water. Uranyl fluoride is stable in air to
300 °C, above this temperature, it slowly decomposes to Us;0s. When heated to decomposition,
UO,F, emits toxic fluoride fumes.

According to geochemical calculations, no solid effectively constrains the UO,*" concentrations for
pH < 7 under oxidizing conditions. At higher pH, the Ca/Na uranate phases control the U concentra-
tions at values below 10 mol/L.
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2.6.2 Element and Radionuclide Inventory

In [3], the activity of the tails is reported in terms of Bgq per Mg U;Og: 1.80x10° Bg/Mg ***U,
1.43x10°% Bg/Mg ***U, 1.07x10" Bg/Mg ***U. The ratio of ***U/?*®U reveals a depletion ratio of 0.2 %.

The reported waste volume adds up to 35000 m? of uranium tails, which will be stored in 7217 “Kon-
rad” containers of type VI resulting in 15 520 kg tails per waste package. Detailed information on the
inventory is given in Tab. 11.

Presently, there is no knowledge on contamination with fission products from reprocessed uranium.

Tab. 11 Inventory of uranium tails including waste package [3].

Mass [Mg]
Container material Steel/iron 9743
Resins 59
Inventory of waste U;0g 109760
UO,F, 2240
Residual moisture 550
Mass [%]
Isotopes 24y 9x10™
25y 0.2
25y 99.799

2.6.3 Kinetics of Radionuclide Release

The uranyl fluoride (UO,F,) is supposed to be distributed homogeneously in the U;0; tails and to
dissolve immediately when water or brine contacts the material. Therefore one has to assume an
instant release of the uranyl fluoride. No information is available on the particle size of the U;0g tails.

2.7 Other mixed wastes with negligible heat generation

2.7.1 Characteristic properties of the mixed wastes

15000 m3 of additional wastes need to be considered, which might not fulfill the requirements of a
repository for low- and intermediate level wastes. A model inventory has been assumed [3], since the
exact composition of these wastes is not known.

2.7.2 Element and Radionuclide inventory

The estimated total inventory is given in Tab. 12, while the nuclide-specific activity inventory can be
found in [3].

EDTA is a polyamino carboxylic acid, which acts as a hexadentate ligand and chelating agent. After
being bound by EDTA, metal ions remain dissolved and exhibit a lowered reactivity. For this reason,
EDTA is used in many industrial applications. EDTA complexes show a significantly higher thermody-
namic stability compared to weaker ligands such as citrate, oxalate, or iso-saccharinic acid.
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Tab. 12 Total inventory of the mixed wastes with negligible heat generation [3].

Mass [Mg]
Container material steel/iron 11651
concrete/cement 23881
lead 1728
resins 24
plastic 12
Immobilization material concrete/cement 8009
bitumen 136
plastic 49
Inventory of waste cellulose 27.4
EDTA 2.8x10™
complexing agents** 2.5x10™
surfactants 1.42x10™
other organic components 12.2
inorganic carbon compounds 453
Al 458
Zr 77
concrete/cement 1494
plastic/petroleum 374
steel 1256
other inorganic compounds 2024
ashes 79
Zn 0.2
Be 1
Moisture bound water 4849
pore water 861
other 44
structural water 84
unbound water 24

* Fe(NH,)-EDTA, Na,-EDTA; ** other than EDTA: Nas-citrate, Ks-citrate, Na,-hydrogen citrate, (NH,),-hydrogen-
citrate, Na,-tartrate, Na,-oxalate; *** anionic, nonionic and cationic surfactants; **** water that could not be
classified any further

2.7.3 Kinetics of radionuclide release from other mixed wastes

The kinetics of radionuclide release from the other mixed wastes is discussed in Sections 2.8 and 2.9
together with the release from cemented and bituminized wastes.

2.8 Cemented waste forms

Cementation of liquids is considered as an appropriate option for treatment of low-level and inter-
mediate-level waste (LLW and ILW, resp.). Conferences organized by IAEA in 1960 (Vienna), 1965
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(Vienna) or 1970 (Aix-en Provence) demonstrated the widespread use of cementation for solidifica-
tion of radioactive wastes in many countries at this time — and cementation of low-level radioactive
wastes is still in use on an industrial level. Portland cement is widely used for solidification of radioac-
tive wastes. The exact composition of the cement is subject to regional variations, since cement is
produced from natural resources, such as limestone (calcium carbonate) with small quantities of
other materials (e.g. clays). During calcination (1450 °C), the cement clinker is blended with the other
materials that have been included in the mix. Frequently, cement kilns are used for incineration of
industrial waste. The hydration of the clinker is controlled by addition a certain amount of gypsum
after the calcination process.

Special cement mixtures have been developed for the requirements of waste conditioning. The
“Portland-Zementwerke Heidelberg” developed the mixture “Addiment Trockenbeton KW 1 to KW
4", Especially the dry concrete mixtures KW 3 and KW 4, which contain 10 wt. % of sand, have been
used for the solidification of evaporator concentrates from nuclear power plants. The sand improves
the miscibility of the cement powder with the waste solutions and reduces the tendency for cracking.
The KW 3 contains a high proportion of borate binding additives, and is accordingly used for waste of
high boron content (upper limit at 45 000 ppm borates in the concentrate). Borates slow down the
setting of cement whereas in the presence of lime, solid calcium borate phases precipitate. Another
cement mixture for the spilling solid wastes is “Maxit 2000” developed by Kalkwerk Mathis. The mor-
tar has a sufficiently low viscosity to fill all voids in the waste drums and provide for a sufficient com-
pressive strength. The exact compositions of these special cement compositions are protected by
trade secret.

Concrete additives are used to impact the viscosity of the cement paste, to reduce the setting time,
and to stabilize the unhydrated mixtures in order to avoid bleeding and sedimentation. These addi-
tives are used in quantities of < 50 g kg™' cement powder. According to Glaus 2004 [48], the admix-
tures may react with radionuclides in solution (complexation) and compete for surface sites with
radionuclides or other strong complexants sorbing on cement phases. Concrete admixtures used at
the Paul Scherrer Institut (PSI), such as sulfonated naphthalene-formaldehyde condensates, lignosul-
fonates and a plasticizer for waste conditioning, were subjected to screening experimental investiga-
tions at PSI. For the results of the experiments, it is referred to Section 3.4 on complexing agents.

2.8.1 Characteristic properties of cemented waste forms

Corrosion of cement or cemented waste forms are subject to several processes: (1) The pores of the
cement are connected to the surrounding aqueous phase and diffusion processes take place. These
effects the dissolved and easily soluble components of the system, e.g. CI', Na’, Ca”, Mg2+, nitrate.
(2) In the case of Mg containing solutions, Mg-hydroxides or Mg-oxychlorides (depending on the
MgCl,-concentration) precipitate at pH-values exceeding ~8.7. This reaction causes the Ca — Mg ex-
change, where Ca®* compensates the charge balance. (3) Due to the dissolution of portlandite and
the Ca — Mg exchange or increase of pH outside (pH plume), the pH of the cement decreases and the
calcium silicate hydrates and other cement phases become thermodynamically instable and degrade.
(4) Reactions with components of the solutions, such as sulfate or carbonate in the pores of the ce-
ment products form solids of a different specific volume generating tensile stresses within the ce-
ment. These stresses lead to a mechanical degradation. These processes have been described in nu-
merous publications and textbooks (e.g. [49, 50]).

A summary of the physical and chemical properties of cemented waste forms is given by Vejmelka et
al. [51]. The leach and corrosion rate was considered to be one of the most significant criterions for
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assessing the quality of cemented radioactive wastes. In order to evaluate the applicability of results
obtained by investigations of laboratory samples to real size waste forms and to evaluate the effects
of the technical production process, corrosion and leach test have been performed also with full-size
cemented waste simulates in the 1970s in German research facilities (Forschungszentrum Karlsruhe
and Asse Il salt mine) [51, 52]. Initially, the objectives of these experiments covered mainly the tech-
nical cementation process, the water to cement ratio (W/C) and the pore structure of the product,
the waste load and additives, as well as size and geometry of the samples. During the duration of
these experiments, the objectives of the tests were extended and cover now the long-term release of
matrix components, formation of secondary phases and the release of radionuclides in terms of ki-
netics and thermodynamics.

A variety of analytical methods was applied to retrieve information on composition and mineral
phases in the cemented waste forms before and after their exposure to NaCl and MgCl,-rich solu-
tions for periods up to 30 years. A summary is provided by Kienzler et al. 2008 [53]. XRF, XRD, DTA
gave average values, whereas scanning electron microscopy SEM-EDX resulted in details of single
phases in a scale of some um. All methods have specific detection sensitivities, and the combination
of the different methods support the highest feasible degree of information. The following state-
ments could be proven:

e Mechanical properties: For disposal, the compressive strength of cemented waste forms is of
relevance. It was not possible to measure the compressive strength directly; therefore elastic
modulus, shear modulus and Poisson's ratio were determined showing significant deviations
from uncorroded cement products for the NaCl system. In consequence, the compressive
strength of corroded cemented waste forms is by orders of magnitude below values obtained
for pristine product.

e Distribution of radioactive and non-radioactive waste components showed partly heterogene-
ous distribution patterns for both *’Cs, U,.; and for NO5. It was suspected that these patterns
resulted from artifacts during preparation of the simulated waste forms.

e Thermogravimetric investigations showed the free water content of the samples in the range of
13 - 20 wt. % for the MgCl;, systems and 12-14 wt. % for NaCl systems. Solid carbonates were
found in negligible amounts in the corroded waste forms after more than 20 years. Carbonates
contributed to the mass loss only by 1.5 — 2.8 wt. % even in the case of the high pH conditions of
the NaCl systems.

e Element analyses showed only slight radial dependence with respect to chloride indicating com-
plete corrosion of the samples during the time of exposure.

e By XRD and SEM mineral phases are identified, such as halite, brucite, calcite, ettringite, gyp-
sum, Mg-oxychloride and (Mg,Ca)-Al-chlorohydroxides (Friedel’s salt).

In summary, the various analytical methods complement one another. Results obtained by averaging
methods like XRF, XRD, DTA and the results of microscopic detail analyses of single phases or phase
agglomerations agree well. The results indicate that the corrosion processes of the cement products
in NaCl and MgCl, solutions (W/C 0.4 - 0.5) had reached equilibrium with the solutions.

2.8.2 Element and Radionuclide Inventory

It is referred to the list of the radionuclide inventory (Bq) in [3].
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2.8.3 Kinetics of Radionuclide Release

The kinetics of radionuclide release from cemented waste forms depends strongly on the water to
cement ratio of the waste form and the brine composition. The measured Cs release from simulated
full-scale cemented waste forms is shown in Fig. 6. The waste forms submerged in NaCl solution
showed a diffusion controlled radionuclide release. After 25 years, between 20 and 30 % of the Cs
inventory was found in the solution. For samples stored in MgCl,-rich solutions (“Q-brine”), the find-
ings are different. Samples with low W/C ratios showed also a diffusion controlled Cs release over
~25 years. The total release was between 5 and 15 % of the inventory. Samples with realistic W/C
ratio of 0.5, however, degraded mechanically in a relatively short time and almost the complete Cs
inventory was found in the attacking brine. This behavior was found also in full-scale test performed
at INE [54]. The diffusively controlled release of easily soluble substances from the waste forms is
corroborated by investigations of nitrate which was a main component of such waste forms [55].
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Fig. 6 Observed Cs release from simulated full-scale cemented waste forms [56].
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Diffusion coefficients for some substances released from cemented waste forms in saturated NaCl
solution have been determined for full-scale samples [55] and are listed in Tab. 13.

Tab. 13 Fitted apparent D, and diffusion coefficients of water D,,, Dex, Obtained from small-scale
laboratory tests and retention ratio D,/D,,. Data taken from [55], if not indicated.

D./ D. [57] Dexp / D../D,
m?s™t m?s™ m?s™
CI" (sample #31) 2.3x10™ 2.0x10° 88
NO; (sample #30) 1.0x10™ 1.9x10° 410
NO; (sample #31) 4.6x10™ 1.9x10° 83
Cs* (sample #30) 5.8x10™ 2.1x107 2.7x10" [51] 3552

A K4 of Cs* onto cement phases in NaCl solutions was found in the range of 0.5 ml g™*. This Cs* reten-
tion value for cement corroded in saturated NacCl solution is within the expected range [58].

The release of uranium showed a different behavior and indicates that U-concentration is controlled
by the solubility of a U(VI) solid phase. Fig. 7 shows a fast increase of the measured concentration.
After more than 20 years, the concentrations did not exceed the concentrations which were meas-
ured shortly after the start of the experiments. The evolution of the U-concentration and pH strongly
depends on the composition of the leaching solution and the initial W/C ratio. For details on the ex-
periments, it is referred to previous publications [54, 59, 60].
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Fig. 7 Observed uranium release from simulated full-scale cemented waste forms [56].
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2.9 Wastes solidified in bitumen and plastic materials

Bitumen was used for solidification of nitrate salts from reprocessing and of ion-exchange resin from
water treatment in power reactors. Bitumen and plastics as matrices for waste solidification are
listed in Tab 5.14 of [3] at a mass of 136 Mg and 49 Mg, respectively.

The behavior and release of radionuclides from bituminized waste forms have been published [61-
65]. According to Eschrich [66] the density of bituminized nitrate salts is 1.36 g cm?, the activity
~1 Cim™ (3.7x10" Bq dm™). The leach rates of NaNOs-containing bitumen waste forms are listed in
Tab. 14.

Tab. 14 Leach rates of NaNO; containing bitumen waste forms [66]

NaNO; content 5wt. % 10wt. % 20 wt. % 30wt. %
mean leach rate / g cm™ d™ 4x10°® 7x10°® 2x107 9x10°

Spent ion exchange resins are considered to be waste that in many cases require special treatment
and pre-conditioning during its immobilization to meet the acceptance criteria for disposal. A num-
ber of processes have been investigated for solidification of the ion-exchange resin, such as solidifica-
tion in cement, bitumen, organic polymers, urea-formaldehyde, polystyrene-divinylbenzene, thermo-
setting resins, and polyethylene [67]. Investigation of adequate plastic materials for solidification of
ion-exchange resin are still continuing [68]. Leach rates of spent ion exchange resins solidified in bi-
tumen, cement and plastic material upon exposure to water are shown in Tab. 15.

The solidification of wastes, which contain cation exchanger resins, in a Portland cement matrix was
characterized by excessive swelling and cracking of waste forms, both after setting and during im-
mersion testing. High alumina cement formulations displayed a certain resistance to deterioration of
mechanical integrity during immersion testing, providing a significant advantage over Portland ce-
ments for the solidification of resin wastes.

Tab. 15 Leach rates in water for spent ion exchange resins solidified in various matrices [67]

Matrix Bitumen Cement Polystyrene-divinylbenzene
mean leach rate /g cm™?d™ 10°-10™ 10°-107 ~10°
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3 Boundary Conditions for the source term

The source term depends strongly on geochemical boundary conditions, which result from the dis-
posal concepts and scenarios. The following Sections compile the relevant data used to derive the
geochemical boundary conditions.

3.1 Disposal concept

3.1.1 A-emplacement of wastes with negligible heat generation

Disposal of the wastes with negligible heat generation is regarded in the so-called disposal concept A.
Two types of containers were selected [4], which had been developed for the repository for low and
intermediate level radioactive wastes “Schacht Konrad”: “Konrad” container type IV and type VI.
Type VI is made of >3 mm thick steel plate, while type IV is made of 200 mm armored concrete. De-
tails on the container concept are given in Tab. 16. Note that work package #3 of the vSG project also
considers MOSAIK containers or Konrad cast iron container type Il as potential disposal casks.

Tab. 16 Dimensions of Konrad containers (box-type) for waste with negligible heat generation [4].

Container type Konrad type IV (concrete) Konrad type VI (steel plate)

net weight container [Mg] 9.5 for use of normal concrete, max 20 incl. waste
13.5 for heavy concrete

length [mm)] 3000 1600

width [mm] 1700 2000

height [mm] 1450 1700

volume (outside) [m’] 7.4 5.4

wall thickness [mm)] 200 >3

volume (inside) [m?] 3.55 <5.38

The wastes with negligible heat generation are planned to be disposed of in chambers in the west
field of the planned repository. According to the optimized concept [69], the chambers in this field
will have a cross-section of 41 m? with a distance of 0.1 m between the waste packages. There are
planned to be three areas in the west field:

e Westl: Uranium tails are planned to be stored in 4 chambers with 1575 containers each + one
chamber with 902 containers.

Dividing the inventories by the void volume of each chamber (assuming an initial backfill porosi-
ty of 35 %), the resulting concentrations are 12.3 mol/L of U3;0g and 7.0x10™ mol/L of uranyl flu-
oride UO,F,.
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Tab. 17 Characteristics of the disposal concept for the uranium tails [3, 4]

container type

Konrad type VI (steel plate)

chambers 4 1
containers in each chamber 1575 902
chamber characteristics

length [m] 368 210
volume [m3] 15068 8629
container volume [m3] 8568 4907
void volume [m?] 6500 3722
HM (U;05) [Mg] 24003 13747
uranyl fluoride (UO,F,) [Mg] 490 281
residual water [Mg] 120 69
steel (container material) 3630 2079

o West2: Other mixed wastes are planned to be stored in - 11 chambers (~320 m length) with
1068 containers each + one chamber (~226 m length) with 752 containers

Tab. 18 Characteristics of the disposal concept for other mixed wastes [3, 4]

container type

Konrad type IV (armored concrete)

chambers 8 1
containers in each chamber 1068 831
chamber characteristics
length [m] 320 249
volume [m?] 13136 10221
container volume [m3] 7903 6149
void volume [m’] 5233 4072
water [Mg] 668 520
concrete (waste/container) [Mg] 170/ 13528 132 /10526
other inorganics [Mg] 231 179
steel [Mg] 143 111
Al [Mg] 52 41
inorganic carbon compounds [Mg] 52 40
ashes [Mg] 9 7
Zr [Mg] 8.8 6.8
cellulose [Mg] 3.1 2.4
other organic compounds [Mg] 1.4 1.1
others [Mg] 0.18 0.14

Dividing the inventories by the void volume of each chamber (assuming an initial backfill porosi-
ty of 35 %) the resulting concentrations of selected exemplary compounds are 1.4 mol/L of Fe
from the steel, 1.06 mol/L of Al and 5.0x10 mol/L of C;,H,,01; of cellulose.
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o West3: Graphite wastes are planned to be stored in - one chamber (~94m length) with 313 con-
tainers

Tab. 19 Characteristics of the disposal concept for the graphite wastes [3, 4]

container type Konrad type IV (armored concrete)
chambers 1
containers in the chamber 313

chamber characteristics

length [m] 93.9
volume [m3] 3850
container volume [m3] 2316
carbon stone / bricks [Mg] 1540
graphite [Mg] 660

residual water [Mg] 10

concrete (container material) [Mg] 2974*

* assuming the use of containers made of normal concrete

Fig. 8 gives an overview of the west field where the waste with negligible heat generation is
planned to be stored.

main road
Uranium tails
Us0g

traverse heading
west

other mixed

West 3 wastes

graphite

mine shaft 1’
wastes

Fig. 8 West field section of the planned repository building (according to the optimized
disposal concept of Bollingerfehr [69]).

3.1.2 Bl and B2-emplacement in horizontal galleries

Disposal in horizontal galleries is considered within disposal concepts B1 and B2 [4]. In both concepts
B1 and B2, the waste from research and prototype reactors are planned to be disposed in specially
designed CASTOR casks (see Tab. 20). The design of the cask may differ due to the requirement to
exclude criticality.
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Tab. 20 Dimensions of CASTOR containers for waste of prototype and research reactors [4].

Container CASTOR AVR/THTR/KNK CASTOR MTR

max. weight incl. waste [Mg] 26 16

container material cylindrical body of cast iron cylindrical body of cast iron
with nodular graphite with nodular graphite (0.7040);

(0.7040); primary lid of cast primary lid of fine grained or
iron (St 52-3), secondary lid of stainless steel (1.0566 or

structural grade carbon steel 1.4313), secondary lid of fine
(TSt E 355) grained steel (1.0566)
diameter [mm)] 1380 1430
length [mm] 2784 1631
volume (outside) [m?] 4.16 2.62
wall thickness [mm] 390 355
volume (inside) [m?] 0.57 0.33

Tab. 21 Container concept for wastes from research and prototype reactors [4].

Origin of wastes  Container type Number of casks  Average no. of fuel elements per

cask
AVR CASTOR AVR 152 1900 spherical fuel elements
THTR CASTOR THTR 305 2100 spherical fuel elements
KNK II approx. 600 (total 2413 in 4 casks)
CASTOR KNK 4 .
NS Otto Hahn 52 in one of the 4 casks
FRM I 30 6 fuel elements
CASTOR MTR
BER Il 20 6 fuel elements

The CASTOR containers with the wastes from the research and prototype reactors will be stored in
the east field “Ost 1” of the repository (Fig. 9).

CASTOR
THTR/AVR,
KNK CASTOR
POLLUX-9 (HLW) POLLUX-9 (HLW) MTR2

rE
—

POLLUX-9
/ //% (CSD-B,CSD-0)
\\/ \\ Ost 2

POLLUX-10
(spent fuel)

POLLUX-10 (spent fuel)

Ost 5

Fig. 9 East field of the planned repository building where wastes from research reactors are
planned to be stored (according to disposal concept B1 [4])
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According to the present disposal concept the horizontal galleries in the east fields will have a cross-
sectional area of 17 m2. From the data of the optimized disposal concept [69], an average length of
245 m for the disposal galleries was calculated with an average volume of 4165 m* and approx. 61
CASTOR AVR/THTR per gallery. With the container geometries given in Tab. 20 and a distance of 1 m
between the waste packages this results in a void volume per gallery of approximately 3597 m3. This
volume will be backfilled with crushed rock salt having a maximum initial porosity of 35 %. The re-
maining initial void volume per gallery calculates to 1260 m3. With ongoing time the void volume will
decrease due to the compaction of the crushed rock salt.

3.1.3 C-emplacement in vertical boreholes

Disposal in vertical boreholes is considered within disposal concept C [4]. According to this concept,
the waste from research and prototype reactors will be disposed in BSK casks or modified BSK casks
(see Tab. 22). According to the optimized disposal concept [69], the BSK and modified BSK casks with
the wastes from the research and prototype reactors are planned to be stored in 6 vertical boreholes
in gallery “Ost 1.2” in the east field of the repository. The boreholes will have a length of ~300 m and
a diameter of ~600 mm for the normal BSK casks. The annular gap as well as the uppermost 10 m of
the boreholes will be backfilled with crushed salt of 35 % initial porosity.

Tab. 22 Dimensions of BSK casks for waste of prototype and research reactors [4]

Container

BSK

Modified BSK

waste type

max. weight incl. waste [Mg]
container material

diameter [mm)]
length [mm]

volume (outside) [m?]
wall thickness [mm)]
volume (inside) [m3]

KNK & NS Otto Hahn fuel rods in
special cases, FRM I, BER Il and
FRMZ fuel elements

5.3

cylindrical body, primary and
secondary lid of fine grained
steel (1.6210); moderator plate
underneath primary lid

430
4980
0.72
40
~0.43

AVR and THTR fuel elements in
cans (4 AVR cans or 2 THTR
cans)

<53

cylindrical body, primary and
secondary lid of fine grained
steel (1.6210); moderator plate
underneath primary lid

705
4980
1.94
40
~1.38
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* BSK-3 with HAW
Wastes from

research & prototype reactors

Modified BSK with
spent fuel

Triple Pack CSD-B/C

Compacted structural
materials

1000 m

Fig. 10 East field of the planned repository building, where wastes from research reactors are
planned to be stored (according to disposal concept C [69])

3.2 Evolution of the geochemical conditions

Information on pH and redox conditions in the emplacement room is indispensable for the determi-
nation of the source term. A summary of characteristic data for some emplacement rooms and the
specific wastes is shown in Tab. 23. For the wastes in armored concrete containers (Konrad type V),
such as “graphite-wastes from decommissioning” or “other mixed wastes” sufficient amounts of
concrete are available in the emplacement rooms for pH buffering by portlandite in a range between
12.0 and 13.0. Geochemical simulations for the MgCl,- and the NaCl system are shown in Fig. 11 and
Fig. 12. Depending on the chamber, the cement to brine ratio (§ in kg cement per kg water) results
between 1.0 and 2.0. In the case of MgCl,-rich solution entering the chambers, exchange reactions
between cement and solution will cause a transformation of solution into CaCl,-rich solution with
pH., close to 12.0. Experimental results from laboratory experiments with hardened cement paste at
& between 0.5 and 1.1 as well as results from full-scale experiments at § = 3.0 with cemented waste
simulates are shown for comparison. In the NaCl-rich solution, sodium and chloride concentrations
will slightly decrease but still remain high (5.0 - 5.5 mol (kg water)™) with pH,, values close to 13.0.
Results from full-scale experiments with & = 2.8 are close to the calculated results.

Assessment of the geochemical conditions is much more complicated in the case of the uranium tails.
If this material is disposed in steel containers (Konrad type VI), a reducing environment will be
achieved due to the anaerobic corrosion of these containers in contact with solution. One can as-
sume that after failure of the steel canisters, the uranium concentration in the disposal room will
increase immediately to some 0.7 mol/L due to the UO,F, component of the waste. One may assume
that the pH will be controlled by the remaining HF in the tails.

The application of concrete containers for the uranium tails is strongly recommended since it may
buffer the pH and Ca would be available to react with fluoride precipitating stable minerals, such as
fluorite / CaF, of fluorapatite / Cas(F(PO,),). A similar mechanism of converting UF; to the less soluble
UO;,(s) by reaction with limestone to form CaF, has been proposed by [70]. However, no experi-
mental investigation has been done so far to confirm the transformation under laboratory and repos-
itory conditions.
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Tab. 23 Characteristic data of some emplacement rooms for specific wastes

Uranium Tails b

Graphite-wastes from
decommissioning

Other mixed wastes

No. of emplacement
rooms

Volume of chambers

No. of canister per
chamber
canister type

Canister volume ot
per chamber

void volume
(without backfill)
Mass of steel

Mass of concrete
Mass of cement

Mass of resins
Mass of others

€ in kg cement/kg
water

expected pH buffer

4+1

15068 m?
1575 + 902
steel container
Konrad type VI
8568 m’

6500 m?

3630 Mg:
27.14 mol/L Fe ®

alternative °:
concrete container
alternative °:
3384 Mg
12.90 Mg
U305: 24003 Mg
35.03 mol/L U ?
UO,F,: 490 Mg
0.66 mol/LU*®
alternative °:

1.5 <&y <2.0

alternative °:

portlandite

1
3850 m3
313 armored
concrete containers
(Konrad type V)
2316 m3

1534 m3

3008 Mg

673 Mg
8.77 mol/L CaO ?

1540 Mg carbon bricks
660 Mg graphite

13<Emm < 1.7

portlandite

8+1
13136 m3
1068 + 831 armored
concrete containers
(Konrad type V)
7903 m?

5233 m?

10263 Mg

2295 Mg
7.02 mol/L Ca0?

1.0 <Epma < 1.5

portlandite

% In case of complete flooding of the chamber (assuming a backfill porosity of 35 %)

b In order to buffer the pH and Ca concentration in the vicinity of Uranium Tails, we suggest concrete contain-

ers as an alternative to Konrad type IV containers.
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Fig. 11  Evolution of pH,, and major cations in initially MgCl,-rich solutions upon reaction with
cement product. Lines represent simulated results, symbols represent results from exper-
iments at laboratory-scale in the case of £ < 1.1 and with full-scale cemented waste simu-
lates in the case of £ = 3.0.
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Fig. 12  Evolution of pHm and major cations in initially NaCl-rich solution upon reaction with ce-
ment product. Lines represent simulated results, symbols represent results from experi-
ments with full-scale cemented waste simulates at = 2.8.
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3.3 Generation of H, in a LLW emplacement chamber in the presence of steel con-
tainers

Most of the waste with negligible heat generation, such as cemented waste, is packed in steel sheet
canisters, cast steel canisters or in self-shielding concrete casks. Specific corrosion rates of these ma-
terials are not available under the saline conditions. Therefore, it is referred to canisters of the MO-
SAIK® type which are produced of cast iron with nodular graphite (GGG40). The iron of these canis-
ters contains recycled low contaminated scrap metal. MOSAIK® Il canisters are used for storage and
disposal of evaporator concentrates and ionic exchanger resins. Manufacturers are Siempelkamp and

GNS.

L 1060 mm "
- .
Y L [.p 5|
- ]‘J‘ '
E|l E
E| E 740 mm
o| © 1
ol =
| -
JL , . —m 5
Y
M 1115

Fig. 13  Schematic illustration of MOSAIK® Il canister for disposal of evaporator concentrates and
ionic exchanger resins (image provided by GNS)

Mosaik type containers are available also in a cubic shape. The wall thickness is ~160 mm, the weight
is between 3 and 10 Mg. The maximal weight the cubic cast iron container is some 20 Mg.

Box type steel plate containers are produced in different sizes mainly for taking compacted waste
forms. Konrad IV and VI type containers are considered for the wastes to be disposed of in the West
field [4]. While the Konrad IV type canisters will be made of concrete, the Konrad VI type canisters to
be used for the Uranium tails will be made of steel plates. The dimensions of these steel plate con-
tainers are 1600 x 2000 x 1700 mm? at a gross volume of 5.4 m*® and a wall thickness of > 3 mm (Tab.
16). Corrosion rates of steel canisters under anaerobic conditions have been determined by Smailos
et al. [71-75], Tab. 24. The measured H, generation corresponded to that expected from the for-

mation of magnetite.

Tab. 24 Corrosion of nodular graphite steel GGG 40.3 and fine grained steels as function of the
temperature in MgCl,-rich and saturated NaCl solution (after Smailos et al. [71-75]).

T°C 1.0566 TSTE355 GGG 40.3 1.0566 TSTE355
in MgCl,-rich in MgCl,-rich in MgCl,-rich in NaCl solu- in NaCl solu-
solution solution solution tion tion
35 7 um/yr 9 um/yr
90 70 um/yr 50 um/yr 5 um/yr
150 199 pum/yr 160 um/yr 240 um/yr 46 um/yr 40 um/yr
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For an emplacement room with a volume of 15068 m? filled with 1575 steel canisters, the steel mass
is around 3630 Mg. The ratio between mass of steel and brine filled volume amounts to
27.14 mol Fe/L brine. The total exposed steel surface in a flooded chamber is 29 000 m?. At a corro-
sion rate of 10 um/yr, the total mass loss amounts to 3.6x10* mol Fe forming 4.8x10" mol H,(g) or
1077 m® H, under normal pressure. This volume is certainly sufficient to establish a H, atmosphere in
the disposal room within less than one year after flooding. Even if the corrosion rate is only 1 um/yr,
the amount of H, gas is still sufficient to establish reducing conditions.

3.4 Chemical degradation processes

In the past, cellulose degradation under alkaline conditions was investigated with respect to its abil-
ity of increasing the mobility of cations of the transition metals, the lanthanide and the actinide se-
ries [76-78]. Due to degradation, strong complexants are formed, e.g. isosaccharinic acids, 3-deoxy-2-
C-hydroxymethyl-D-erythro-pentonic acid (R-ISA) and 3-deoxy-2-C-hydroxymethyl-D-threo-pentonic
acid (-ISA).

The time needed for complete degradation of cellulose is important in the context of long-term safe-
ty of cementitious repositories for low- and intermediate-level radioactive waste, since large
amounts of cellulose may be present. Glaus et al. [77] reports the results of a 12 year study on the
degradation of four different cellulosic materials (pure cellulose, tissue, cotton, paper) in artificial
cement pore water under anaerobic conditions at ~25° C. The observed reaction characteristics were
divided into a fast reaction phase (2-3 years), dominated by a stepwise conversion of terminal glu-
cose monomeric units to a-ISA and B-ISA, and a slow reaction phase during which the same products
were found. It was postulated that an unknown mechanism by which crystalline or inaccessible re-
ducing end groups of the polysaccharide chain become temporarily susceptible to alkaline attack
were responsible for the slow rate of cellulose degradation. Glaus et al. [77] concluded that “In view
of the new data and the model presented here the range of uncertainty for complete degradation of
cellulose under repository conditions can be narrowed to a best estimate of 10° to 5x10° years”.

3.5 Biodegradation processes

The model inventory assumed for the “other wastes with negligible heat generation” contains a large
variety of components such as resins, plastics, bitumen, cellulose, and other organic materials, which
may be decomposed by microbial activity. It is not clear, if such processes will take place, but various
halophilic bacteria isolated at WIPP have the potential to degrade cellulose and other organic mate-
rials [79]. The microbial degradation of cellulose and plastic materials was investigated in the context
of the US WIPP project [80] and the German ERAM and Asse |l sites.

Francis et al. [80] investigated the biodegradation of mixed cellulose (paper, irradiated plastic and
rubber materials, e.g. polyethylene, polyvinylchloride, etc.). Microbial gas generation was studied
under different conditions:

e starting atmosphere (air or nitrogen)
e humidity (~70 % relative humidity) and presence of brine
e nutrients (nitrogen, phosphate, yeast extract, and excess nitrate)

e potential backfill material (bentonite)
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Total gas production was analyzed with respect to CO,, H,, N,, O,, CH,4, and H,S. The rate of gas pro-
duction from cellulose biodegradation in the presence of brine (1228 days at 30 °C) showed an initial
rapid rate up to approximately 600 days incubation, followed by a slower rate. More gas was pro-
duced in samples containing nutrients, especially excess nitrate, relative to those without a nutrient
addition. The total rate of gas production is listed in the report, which has been amended after 10.8
years duration of the experiments [81]. Some results are summarized in Tab. 25.

Tab. 25 Degradation and CO, formation by microbial degradation of cellulose [81]

aerobic conditions anaerobic conditions

g cellulose g cellulose

total gas without nutrients 0.84£0.10 ml 2.84+£0.31 ml
total gas with nutrients 1.71+1.03 ml 4.12+0.76 ml
total ith nutrient d

ol gas with nutrients an 12.2+0.0 ml 18.1+0.38 ml
nitrate

CO, formation without nutrients 16.3+ 1.3 umol 27.44 £ 5.8 umol
CO, formation with nutrients 41.4 + 7.8 pmol 66.9+ 1.1 umol
CO, formation with nutrients 186 umol 25145 umol

and nitrate

CH, formation without nutrients
CH, formation with nutrients
CH, formation with nutrients

1.34 + 0.03 nmol
0.84 + 0.05 nmol

1.27 £ 0.37 nmol

5.89 + 1.30 nmol
2.74 £0.90 nmol

2.57 £0.79 nmol

and nitrate

Methane was first detected after 7.4 years incubation in brine inundated samples. Cellulose degrad-
tion products found in the solutions include fumaric, lactic, oxalic, oxalacetic, propionic, and succinic
acids indicating fermentative microbial activity. Microbial gas production of polyethylene or polyvi-
nylchloride samples was not observed after ~7 years incubation. Irradiated rubber materials such as
neoprene and hypalon showed a certain CO, production.

Microbial degradation of bituminized waste forms also cannot be excluded. Tab. 26 shows the deg-
radation and CO, formation rates by microbial attack of bitumen under aerobic and anaerobic condi-
tions.

Tab. 26 Degradation rate and CO, formation rate by microbial degradation of bitumen [64, 82]

Degradation rate CO, formation rate

gm?yr! gm?yr!
aerobic conditions 30-35 1-1.3
anaerobic conditions 0.2-0.6 (0.7 -2.0)x10"
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4 Performance of containers

4.1 Self-shielding concrete waste containers

Self-shielding concrete waste containers are made of a typical concrete composition as given in Tab.
27. Depending on the required degree of shielding, gravel or hematite are used as additives. For in-
vestigation of the durability, self-shielded concrete waste containers have been immersed into Q-
brine at 40 °C. They were inspected regularly. After 5.5 years, the concrete containers showed the
formation of 4 - 5 mm thick layer at their top surfaces. Below this, a 2 mm layer of corroded concrete
was detected. The cylindrical walls showed negligible corrosive attack. After 7.3 years, some material
had crumbled from the corners. The solution was clear, except for some precipitated Mg(OH), flocks.
In general, the concrete containers were in a good condition. Only the cement material that had
been used for filling the gaps showed a higher susceptibility to corrosion. After 10.9 years, the exper-
iments were terminated, samples removed from the solution and cut along the cylindrical axis (Fig.
14).

The [Mg®*] decreased by a factor of almost 2 and [SO,>] by a factor of 4.5 during the leaching period.
These concentrations are different from those determined for cemented waste forms. These results
indicate a reduced corrosion rate due to the low porous concrete used as shielding material. Cs* and
the NO3, which were components of the simulated waste form, could not be detected in the solution
after 10.9 yr. The progress of corrosion was determined visually and by means of measurements of
the pressure resistance (ricochet hardness with a Schmidt hammer). Significant differences were
found in those parts of the concrete container filled with poured cement material. Typical findings in
the composition of the concrete after ~11 years of storage in MgCl, brine are shown in Tab. 28.

In these experiments, the changes of the composition of the corroding Q-brine was less significant
than that, found in leaching experiments of cemented waste forms. The porosity of the cylindrical
concrete wall was very low. Hence, exchange processes and correlated corrosion did not play a signif-
icant role during the corrosion experiments. On the other hand, parts of the lid which had been filled
with a rather porous cementitious material as sealing compound showed strong corrosive attack,
which would lead to a loss of tightness. Concluding from the measured data, the tightness of a self-
shielded concrete waste container is expected to be given only for a period of 30 to 50 years. The
durability of the cylindrical concrete walls used as radiation shielding is considerably longer [54].
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Fig. 14  Cut through a cylindrical self-shielded concrete disposal container after corrosion in satu-
rated MgCl, solution (Q brine) for 11 yrs.

Tab. 27 Initial composition of the concrete.

Concrete class (German) B35 with steel support
Cement content 370 kg m*

Plasticizer 2kgm?
Water/Cement ratio (W/C) 0.51

Additives 1940 kg m™ gravel or

2940 kg m hematite

Tab. 28 Changes in the composition of the concrete after ~11 years storage in MgCl, brine

Penetration depth Observation

0-2.5cm strong corrosion fractures (gypsum, sylvinite, sorel phases)
2.5-5cm grain bonds disturbed (monochloride,...)

5-11cm mechanically intact structure

up to3cm penetration of sulfate

upto5cm penetration of Mg2+

>11cm penetration of CI’

Chloride interaction with concrete materials has been studied under various conditions and reported
in literature. For example, the diffusion was investigated recently [83]. These investigations covered
NaCl solutions up to 3 M. Together with penetration of ClI" into the cement matrix, the formation of
Friedels’ salt takes place according to the reaction given below (see for example [84-87]).

C3A +Ca** + 20H + 2CI" + nH,0 = C3A-CaCl,-11H,0 +20H  +....
CsA: Calcium aluminate hydrate

C;A-CaCly-11H,0: Friedels’ salt
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Fig. 15 Chloride diffusion coefficients in cement at different degrees of water saturation [83].

Fig. 15 shows the chloride diffusion coefficients in Portland cement products with different degrees
of water saturation. These data have been derived from experimental investigations [83]. Using the
diffusion coefficient for saturated concrete and taking into account that the formation of Friedels’
salt may reduce the mechanical stability of the containers, a life-time of Konrad type IV containers of
40 - 50 years can be calculated®. The life-time of the packages could be increased by filling the con-
tainers completely without leaving any remaining void volume.

4.2 Steel containers

Data on the corrosion of nodular graphite steel GGG 40.3 and fine grained steels as function of the
temperature in MgCl,-rich solution and saturated NaCl solution are given in chapter 3.3.

For steel plate canisters of a wall thickness >3 mm, failures may occur if a certain brine pressure is
present which exceeds the stability of the containers. Also in this case, a complete backfill of the
containers would be beneficial.

! penetration of CI” into some 10 cm of the wall thickness of the concrete container
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5 Source Term

5.1 Kinetics of radionuclide release

Fuel elements from the AVR/THTR

According to Fachinger and Duwe [14] and Zhang [16] the long-term release rate for HEU BISO and
LEU TRISO can be estimated to a fraction of 2x10 day™. This rate corresponds to a complete dissolu-
tion within 1.37 Mio. years.

Fuel elements from the KNK Il and NS Otto Hahn

It is reasonable to assume that the kinetics of the radionuclide release from the fuel elements from
KNK Il and NS Otto Hahn are influenced strongly by the heavily disturbed and fractured appearance
of the fuel. After failure of the canisters, the fraction of instantly released radionuclides is estimated
to be in the upper range compared to spent fuel from power reactors [1]. Instant release fractions
assumed for these fuel elements are shown in Tab. 29.

Tab. 29 Percentage of rapid (instant) radionuclide release from NS OTTO HAHN fuel assuming a
heavily disturbed UO, matrix.

fission gas 16 %
e 10 %
3l 28 %
s 9%
*Tc, *Pd 9%
129|' 135CS, 137(:s 16 %

Fuel elements from the research reactors BER Il and FRM Il

The aluminum matrix of the spent fuel element of BER Il and FRM Il will be disintegrated instantane-
ously in salt brines with respect to the time periods relevant for a final repository. The corrosion rate
in saturated NaCl is expected to be in the range of 10 wt. % year™, in MgCl, rich solutions complete
corrosion will place within < 20 days. This means that after failure of the canisters, the radionuclides
will be instantly released from these materials.

Graphite Wastes

An average mass loss rate was determined in the range of 4.7x10° to 1.9x10™* g m? day™ in water
at 20 °C for French and US reactor graphite over a period of 3 month showing a constant or decreas-
ing rate.

Compacted structural materials from conditioning of spent fuel elements from LWRs

Tanabe [44] differentiates between the radionuclide release from cladding material - in the Japanese
reference case as instant release of the oxide film on the zircaloy - and complete dissolution of the
metallic matrix within 7600 yrs. For BWR cladding after 39.4 GWd/t,y, the oxide film amounted to
2.2 wt. % of the zircaloy metal. For the case of a rock salt environment, no data are available.
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Tails from uranium enrichment

The UO,F, component in the waste from uranium enrichment is expected to be released very fast as
no retention mechanism is known. After failure of the steel canisters, the uranium concentration in
the disposal room can immediately reach some 0.7 mol/L corresponding to the complete inventory
of the uranyl fluoride compounds.

Other mixed wastes with negligible heat generation

The mixed wastes with negligible heat generation are characterized insufficiently, so that a complete
and instantaneous release of the radionuclides needs to be assumed.

Cemented waste forms

Corrosion of cemented waste forms in chloride-rich solutions has been studied in long-term full-scale
experiments under in-situ conditions [53, 54] and in laboratory-scale batch experiments [88]. In satu-
rated NaCl solution, the wastes undergo diffusive leaching. Easily soluble compounds including Cs,
will be released according to the coefficients given in Tab. 13. In the case of MgCl, solutions, cement-
ed waste forms corrode fast and are disintegrated within 15 - 20 years. The disintegration causes an
increase of surface area. By this process, the radionuclides are mobilized faster as in the case of NaCl
solution. Actinides and lanthanides will be retained if their inventory exceeds their solubility.

5.2 Maximum radionuclide concentrations in the emplacement rooms

The maximum radionuclide concentrations depend on the actual geochemical environment, such as
pH and redox properties, complexing ligands and on the solubility controlling solids being stable in
the respective environment. In the present study, this geochemical environment can only be as-
sessed for emplacement rooms with well-defined inventories and boundary conditions. The geo-
chemical environment that results from mixing of solutions which have been in contact with the
waste forms of different emplacement rooms cannot be characterized currently.

Fuel elements from research and prototype reactors

Fuel elements from the AVR/THTR, KNK II, the MS Otto Hahn and the research reactors BER Il and
FRM Il will be disposed of close to the high-level wastes and spent fuel from power reactors. They are
also conditioned in steel canisters. For this reason, the same geochemical boundary conditions and
the same solubility controlled elemental concentrations can be applied as reported in [1] in “Tab.
XVIII Solubility controlled element concentrations in the relevant pH,, range”.

Tails from uranium enrichment

This material is planned to be disposed in steel plate containers (Konrad container type VI) providing
for a reducing environment after brine access. Radiolysis is not relevant, because of the relatively low
dose rate of the waste product. U;Og in the tails undergo a slow reduction to solid UO,(am) which
would result in U concentrations below 10 mol/L at neutral to alkaline pH conditions. However, 2 %
of the tails consist of uranyl fluoride UO,F, which can be dissolved completely. Consequently, the
maximum concentration of U is inventory controlled with respect to the mass of UO,F, per em-
placement room.

44



Source Term

Other wastes with negligible heat generation

Graphite wastes, compacted structural materials from conditioning of spent fuel elements from
LWRs, cemented waste forms and wastes solidified in bitumen and plastic materials are intended to
be packed in armored concrete containers (Konrad container type IV). Depending on the pore vol-
ume of the emplacement rooms, a huge mass of concrete (cement) is available and the pH will be
controlled by portlandite in the range 12 < pH <13 (see Tab. 23). In the case of MgCl, brine access Ca-
Mg exchange reactions with the cement phase may lead to a CaCl, dominated solution in the em-
placement rooms. Furthermore, sufficient steel is available in the armor, drums and wastes in order
to establish reducing redox conditions. Tab. 30 shows the geochemical conditions of NaCl, MgCl, and
CaCl,-rich solution and the dominant radionuclide oxidation states expected in the emplacement
rooms containing the wastes with negligible heat generation. The carbonate and sulfate concentra-
tions were calculated using the HMW data base [89].

Tab. 30 Geochemical conditions of NaCl, MgCl, and CacCl; solution and dominating radionuclide
oxidation states expected in the emplacement rooms containing the wastes with negligible
heat generation.

Reference system NaCl system MgCl, system CaCl, system
5.6 m NacCl 4.0 m MgCl, 2.0 m CaCl,
Carbonate calcite saturation: calcite saturation: calcite saturation:
4x10° mol/L 2x10™* mol/L 3x10°® mol/L
Sulfate Gypsum saturation: Gypsum saturation: Gypsum saturation:
5x107 mol/L 2x107 mol/L 3x10” mol/L
pH -log [H']1=12.8 -log [H']=9 -log [H'] =12
Redox conditions reducing reducing reducing
Radionuclide oxidation
state
Americium Am(lll) Am(III) Am(lIl)
Thorium Th(IV) Th(IV) Th(IV)
Uranium uU(Iv), U(vl) u(Iv), Uvi) u(Iv), Uvl)
Neptunium Np(IV) Np(IV) Np(IV)
Plutonium Pu (I11), Pu(IV) Pu (Il1), Pu(IV) Pu (I11), Pu(IV)
Technetium Tc(IV) Tc(IV) Tc(IV)
Zirconium Zr(IV) Zr(1V) Zr(IV)

According to Brendebach [90] and Altmaier [91, 92], in high pH solutions and in the presence of high
Ca’* concentrations, actinides form stable positively charged ternary complexes such as
Cas[Zr(OH)g]™, Cas[Th(OH)g]*™ or Ca,[Pu"(OH),]**, Cas[Pu"(OH)e]*, and Ca,[Pu"(OH)s]*". These com-
plexes increase the dissolved element concentrations by orders of magnitude. The slope in the in-
crease of concentrations with pH,, 2 for ZrO,xH,0(s) and 4 in the case of ThO,xH,0(s) and Plutonium.
However, in the presence of solid materials, one may assume that these complexes easily undergo
sorption due to their high positive net-charge.
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The thermodynamic solubility of tetravalent Zr, Th, Np and Pu is shown in Fig. 16 to Fig. 20. The solu-
bility and the complexation in the high Ca** solutions is shown for the pH range relevant in the em-
placement rooms for wastes with negligible heat generation in armored concrete containers. The
solubility controlled element concentrations given in Tab. 31 are relevant for pure radionuclide solu-
tion systems without the presence of any sorbing solid.

Tab. 31 Solubility controlled upper-limit concentrations in NaCl, MgCl, and CacCl, solution for the
emplacement rooms of wastes with negligible heat generation (unit: mol L")

NaCl system MgCl, system CaCl, system

Am(ll) 107 10*° 10°
Th(IV) 10° 10° >10°
u(Iv) 10° 10° 10°
u(vi) 10° 10°° 10°
Np(IV) 10° 10° 10°
Np(V) 10* 10° 10°
Pu(Il) 10”7 10°® 10®
Pu(IV) 10°® 10°® 10°®
zr(Iv) 10° 10° >10?
Tc(IV) 10° 10° 10°
Te(VIN) >10* >10* >10"

The total mass of the radioactive elements are low in the wastes with negligible heat generation.
Solubility limits are not expected to be reached under the selected disposal conditions. For example,
the highest nuclide activities of the wastes with negligible heat generation sums up to the following
quantities of radioactive isotopes in 15000 m> of waste volume: Tc: 21 mol, I: 6540 mol, Cs: 9 mol,
Th: 423000 mol, U: 46600 mol, Pu: 80 mol and Am: 4 mol (re-calculated from [3]).

In the case of the presence of solid materials, sorption processes will take place and change the ob-
served concentrations to lower values under many conditions. As soon as radionuclides are trans-
ported away from the source, they certainly will undergo sorption onto surfaces of container corro-
sion product, backfill material etc., which will decrease their concentrations in the near field and
delay the radionuclide transport. It is emphasized, that the given radionuclide concentrations are
only relevant for pure solution systems.

The data in Tab. 31 already account for chloride complexation. Other natural complexing compo-
nents such as COs> or SO,*, may affect the maximal actinide concentrations as well. Radionuclide
complexes with sulfate SO,% are normally weaker in comparison to carbonate complexes. At the
sulfate concentrations assumed for the present solutions (cf. Tab. 30) and pH values above 6, urani-
um complexation with sulfate is negligible compared to hydroxo or carbonato complexes. They may
gain relevance at lower pH or in the case of high sulfate concentrations in the solution. The predomi-
nance of hydroxo complexes over sulfato and carbonato complexes is shown in Fig. 21 for the NaCl
system. For MgCl,- and CaCl,-rich solutions, adequate thermodynamic models and parameters (Pitzer
coefficients) to describe carbonate and sulfate complexation with radionuclides are missing. The
concentrations of CO;> and SO,* ligands relevant for this study are given in Tab. 30.
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Fig. 21  Speciation diagram of Am in NaCl solution in the presence of CO3 and SO4 according to
data given in Tab. 30.

5.3 Effect of organic complexing agents

The maximum concentrations of the solubility controlled elements may be influenced by the pres-
ence of organic complexing agents. The following compounds of the “other mixed wastes” are rele-
vant in this context: Isosccarinic acid, EDTA, citrate, tartrate, oxalate, and surfactants. Tab. 12 shows
the total inventory of these compounds: 27.4 Mg cellulose, 0.28 kg Fe(NH,;)-EDTA and Na,-EDTA, 250
kg Nas-citrate, Ks-citrate, Na,-hydrogen-citrate, (NH,),-hydrogen-citrate, Na,-tartrate, and Na,-
oxalate citrate, as well as 142 kg anionic, nonionic and cationic surfactants. This inventory is distrib-
uted over 12 emplacement rooms resulting in ~24 g EDTA per emplacement chamber. Using the
molar mass of EDTA of 292.24 g mol™, and the void volume of the emplacement chambers (Tab. 23),
the EDTA concentration would be ~5x10® mol/L, calculated by dividing the inventory by the void
volume of the emplacement chambers. Comparing the inventory of EDTA to that of complexing
agents “other than EDTA” (Tab. 12), the concentrations of these non-EDTA compounds would be in
the range of ~10° mol/L, which is higher by a factor of 1000. In the context of previous source term
projects for Gorleben [94], ERAM [95, 96] and Asse Il [97], KIT-INE performed a number of experi-
ments investigating the effect of complexing agents on the solubility and the sorption behavior of RN
in near-neutral carbonate free MgCl, and NaCl brine systems. The results of these investigations sug-
gest that EDTA is the most efficient complexing agent. The maximum EDTA concentration in the sol-
ubility experiments was 1x10> mol/L.

In [96] the effect of 1x10™ mol/L EDTA on the solubility of U;Os(s), PuO,(s), and ThO,(s) was evaluat-
ed in detail. The measured actinide concentrations were found to be increased by a factor of 5 for U
and Pu in the MgCl,-rich solution, and 20 - 30 in saturated NaCl solution. For Th, dissolved concentra-
tions were found to be increased by a factor of 172 in MgCl, brine and 480 in NaCl solution. Howev-
er, this high increase could not be related to the effect of EDTA, because in these experiments a de-
crease of the pH by more than two units was observed. As can be seen in Fig. 16 ff., such a pH de-
crease can lead to solubility increase by several orders of magnitude.
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Within a project on determining the solubilities of radionuclides under Asse Il specific conditions [97],
the maximum concentrations for Th, Np, U, Pu and Nd were measured both from undersaturation (in
contact with a representative solid) and from oversaturation. All measurements were performed in
MgCl,-rich solution at a pH,,~9. The solutions have been obtained by equilibrating Q-brine with typi-
cal constituents of the disposal rooms, e.g. with the dominant macroscopic near-field components.
The measured actinide concentrations in presence of 1x10” mol/L EDTA were found to be increased
by a factor of 22 for Pu, 42 for Nd(lll), 6 for Np(V), 3 for U(VI) and 11 for Th(IV). At concentrations of
1x10™ mol/L EDTA, the effect was negligible. The same is true for the complexing agents “other than
EDTA”.

According to Glaus [77], a significant part of the cellulose could be degraded to iso-saccharinic acid
only after several hundred years. Extrapolating linearly the degradation rate given by Glaus [77] (Fig.
4), tissues will degrade at a rate of < 0.001 per year. The sorption of ISA on cement reduces the con-
centration of ISA in the pore water to ~10™ M [98].

Overall, the amount of complexing agent present in the wastes seems to be too low to significantly
influence radionuclide concentrations. In addition, the availability of organic ligands is limited by
interaction with the major solution components, e.g. Ca®*. This is not valid for the uranium tails un-
der the present disposal concepts, since, in this case, the large amount of fluorides will affect the
uranium concentrations.
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6 Sorption

6.1 Sorption onto zircaloy compounds

Sorption onto zircaloy compounds has been investigated [99-101]. Most of the recent publications
report sorption site densities and maximum sorption site saturation for hydrous ZrO,.The sorption
site density for UO,** sorption on the hydrous oxides of Zr and Th was determined in the range of 1
to 2.5 sites nm™ [102].
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Fig. 22 Effect of pH on the sorption behavior of | Fig. 23  Effect of pH on the sorption behavior
Sr onto hydrous ZrO, [100]. of Cs onto hydrous Zr0, [99] (at
pH = 10: 20 % adsorption)

However, sorption onto corroded zircaloy can hardly be considered as a significant retention barrier
for radionuclides.

6.2 Sorption onto iron phases

Sorption of some radionuclides onto different iron oxides/hydroxides have been published in litera-
ture, however, very few data are reported for concentrated salt solutions. An overview is given in the
following table. Many of these publications cover the interaction mechanisms or derive surface com-
plexation model (SCM) constants.

Most of the data reported in Tab. 32 can be applied only to specific geochemical conditions (pH, ionic
strength). The retention processes of the cationic elements onto the iron phases, e.g. sorption, pre-
cipitation, surface complexation, are significant at elevated pH values.
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Tab. 32 Overview on sorption experiments for radionuclides onto iron phases

Element Substrate Rs / ml g'1 Citation
u" Magnetite [103-106]
uv green rust [107]
u" pyrite [108]
u" magnetite 3000 @ pH =8 [109]
Se"! green rust, magnetite [110]
Np¥ green rust, magnetite [111], [112]
Th"Y magnetite, ferrihydrite [113, 114]
pu" goethite [115]
pu" magnetite, mackinawite, chukanovite [116]
Yb", Ni", Cs' magnetite SCM data [117]
Cs', magnetite 18 @ pH=8 [118]
s 20@pH=8

co" 65 @ pH =8

sr' magnetite [119]
Cs' magnetite 100 @ pH = 10 [120]

6.3 Sorption onto corroded cement products

In the scope of the investigations for ERAM [95] and Asse Il [121] sorption on cement systems was
studied. The results are listed in the following tables (Tab. 33 - Tab. 35).

Tab. 33 Sorption coefficients (Rs) in the cement/MgCl, brine system after about 9 months

Rs / ml/g

Element’ without EDTA 0.1 mM EDTA 1 mM EDTA
Am 7710 - 3615 800 - 317 300- 132
Np 1673 - 1026 1577 - 1008 1693 - 1217
Pu 4767 - 3860 5153 - 3830 3196 - 2273
Ra 20-7 31-11 15-7
Tc 18-10 23-3 15-3

U 8943 - 4840 6310 - 3817 4140 - 2233

"redox states not determined

For the actinides Am and Pu, sorption experiments were performed on corroded cement systems at
high pH and high Ca** concentrations [88]. The experiments aimed on investigating actinide retention
under Asse Il specific conditions. The solid was CEM | 32,5R with a water to cement ratio W/C = 0.4.
The hardened cement paste was powdered and pre-corroded in MgCl, solution, Q- and R-brines.
Within 3.5 years, Ca / Mg exchange reactions between cement and solution took place and the
reaction equilibrium was reached. The effect of different MgCl,-rich initial solutions on the
compositions of solids and solution was not significant. In fact, final concentration of Mg** and Ca** in
the solutions depended on the solid to brine ratio of the experiments. Model calculations
corroborated the measured equilibrium data. Sorption experiments were performed in contact with
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two solutions of different Ca®* concentrations and pH values (so-called solutions 3 m Ca and 4 m Ca)
representing equilibrated solutions at two different solid to brine ratios. The results (Tab. 34) reveal
that significant retention occurs onto the completely corroded cement products, which is relevant in
the case of MgCl, solution penetrating into the emplacement rooms with cemented wastes.

Tab. 34 Americium and Plutonium retention in high pH and Ca®* systems [88]

Solution (composition) Am Pu

3mCa (2.75 m CaCl,, Rs =3100 +1100 mL g"1 measured concentration at/below
1.55 m MgCl, detection limit 5x10™ mol (kg H20)™
4mCa (4.0 m CaCl,) Rs =12800+7700 mLg" measured concentration at/below

detection limit 5x10™ mol (kg H20)™

As can be seen in Fig. 16 ff., high Ca concentrations may lead to an increase in Am concentrations at
alkaline pH values. The results in Tab. 34 show that, if sufficient solid (corroded) cement material is
present, even in concentrated CaCl, solutions total actinide concentrations are controlled by sorption
and the effect of increasing actinide solubility concentrations by formation of Ca,[Am"(OH).*",
Cas[Am"(OH)e]** or Ca,[Pu"(OH).]**, Cas[Pu"(OH)e]**, and Cas[Pu"(OH)s]*" is not relevant.

Sorption of *C carbonate was determined onto salt concrete (,Salzbeton”) at pH = 10.6 and onto
sorel concrete at pH 9 in NaCl and in MgCl, solutions. A strong dependence on the experimental du-
ration was observed. Sorption coefficients for both solids were found in the range of Rs ~3000 ml g™
[95] in NaCl solution and significantly lower, Rs ~ 2 to 11 ml g, in MgCl,-solutions. Values measured
for the NaCl systems are in good agreement with published data [122-125].

6.4 Sorption onto rock salt

Few data exist on sorption of radionuclides onto solid rock salt. Some results were obtained by INE
and are listed partly in [1]. In Tab. 35, sorption coefficients are listed that cover different concentra-
tions of organic complexing agents present in the wastes with negligible heat generation. A size frac-
tion of rock salt between 0.6 and 0.9 mm was chosen. The salt had a low carbon content Cigia ~
0.023 + 0.004 wt. % [95].

Tab. 35 Sorption coefficients (Rs) in the systems rock salt (ERAM) / MgCl, and NaCl solution [95]

Rs after 280 days / ml/g
without EDTA EDTA EDTA Citric acid

Solution Elements’ EDTA 0.01mM 0.1mM 1mM 1mM
MgCl, solution Pu 20 16 5.9 2.5 3.8

Th 135 28 5.4 34 7.3

Np 0.2 0.3 0.3

U 0.4 0.5 0.7
NaCl solution Pu 301 27 2.5 0.3 1.6

Th 85 4.9 0.3 1.6

Np 71 11 2.7

U 0.2

" redox states not determined
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7 Open Questions and Recommendations

Source terms for various waste forms have been derived. Waste forms under investigation are spent
fuel elements from the pilot reactors AVR/THTR, from the research reactors KNK Il and NS Otto
Hahn, as well as from BER Il and FRM II. Furthermore, graphite wastes, compacted structural materi-
als from conditioning of spent fuel elements from LWRs and the tails from uranium enrichment are
considered. Specific details are provided for other mixed wastes with negligible heat generation, such
as cemented waste forms and wastes solidified in bitumen and plastic materials. For these materials,
the characteristic physical and chemical properties, element and radionuclide inventory, and the
kinetics of radionuclide release are described. The boundary conditions are discussed for several
disposal concepts: A - emplacement of wastes with negligible heat generation, B1 and B2 - emplace-
ment in horizontal galleries, and C - emplacement in vertical boreholes. The boundary conditions
include the description of the geochemical conditions and the generation of the H, atmosphere in
LLW emplacement rooms in the presence of steel containers. The geochemical performance of con-
tainers of the Konrad type IV and VI is evaluated including self-shielded concrete and steel contain-
ers.

The source terms cover the kinetics of radionuclide release and the maximum radionuclide concen-
trations in the different emplacement rooms under the prevailing geochemical environment. Sorp-
tion processes are described for zircaloy compounds, iron phases, corroded cement products and
rock salt. Open questions are derived from the compilation of the relevant data and processes of the
various waste forms.

e In the wastes with negligible heat generation, a lot of different components may affect the radi-
onuclide concentrations, such as fluorides, artificial complexing agents and some waste degra-
dation products (iso-saccarinic acid). Even if the expected low radionuclide concentrations limit
the importance of such complexes for mobilization, the understanding of the relevant processes
needs to be developed.

e The spatial distance between the high level waste disposal fields and the disposal fields for
wastes with negligible heat generation needs to be sufficiently large. If the temperature of the
HAW field affects the wastes with negligible heat generation, the performance of these materi-
als cannot be predicted. For these waste forms, few investigations have been performed and
mainly up to 40 °C. Even fewer experimental data exist for higher temperatures.

e Radionuclide retention by sorption processes are described for some relevant materials. How-
ever, the sorption database under saline conditions is poor.

e The potential microbial interactions with waste forms, container materials, etc. are not investi-
gated. The effect of degradation of the disposed materials including organics and metals by mi-
crobial processes is not known.

Recommendation:

There is a wide variety of different components in the waste forms. Due to the complexity of the
different waste components, it is highly recommended to keep the different waste materials sepa-
rated, especially from the high level waste disposal site.
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Annex A

AGR:
AP:
AVR:

BER:
BISO:
BSK:
BWR:
D,:

Dw:
CASTOR:
CSD-C:
DTA:
EDTA:

EXAFS:

FE:
FIMA:
FRJ:
FRM:
FZJ:

GfK:

GKSS:
GNS:

HEU:

ILW:

KfK:

Abbreviations

advanced gas cooled reactor (UK)

work package

Arbeitsgemeinschaft Versuchsreaktor GmbH, high-temperature research reactor
at research centre Julich

research reactor Berlin

pyro carbon coated fuel particle (Bistructural ISOtropic)

disposal canister for spent fuel

boiling water reactor

apparent diffusion constant

diffusion constant for a tracer in pure water

transport and storage cask for spent fuel

Colis Standard des Déchets Compactés: Compacted hulls, end pieces and spacers
differential thermal analyses

ethylenediaminetetraacetic acid (artificial complexing agent)

X-ray Absorption Spectroscopy (XAS) includes both Extended X-Ray Absorption Fine Structure
(EXAFS) and X-ray Absorption Near Edge Structure (XANES).

Fuel element

burn-up in fissions per initial metal atom

research reactor Jilich

research reactor Munich

research centre Jilich

Gesellschaft fiir Kernforschung Karlsruhe mbH,

today Karlsruhe Institute of Technology (Campus North)
research centre Geesthacht

Gesellschaft fur Nuklear Service mbH

highly enriched uranium: According to the American Society of Standards and Testing materi-

als (ASTM) HEU is any uranium with a 2y assay of more than 20 %. Fresh research reactor

fuel has ***U assays ranging from below 20 % to as high as 93 % **°U.

intermediate level waste

research centre Karlsruhe, today Karlsruhe Institute of Technology (Campus North)

Konrad type IV container: 20” disposal container for activated components with negligible heat generation

KNK:

LEU:

LLW:

Karlsruhe sodium cooled reactor
low enriched uranium (***U assay of less than 20 %)

low level waste



Abbreviations

LWR: light water reactor

M5: cladding material (fuel rods)

MAGNOX: CO, cooled, graphite moderated reactors using natural uranium in Magnox alloy cladding
MCNP: Monte Carlo N-particle transport code developed by Los Alamos National Lab
MOSAIK: disposal canister for activated components with negligible heat generation
MTR: material test reactor

NS: nuclear ship “Otto Hahn”

pHm: -log [H"]

PKA: pilot conditioning plant at Gorleben

PWR: pressure water reactor

POLLUX: disposal canister for spent fuel

PSI: Paul Scherer Institute, Switzerland

PyC: pyrocarbon

SEM-EDX: scanning electron microscope with energy dispersive spectrometry

SUR: Siemens education reactor

THTR: thorium high temperature reactor

TLK: dry storage can (designed for AVR fuel elements)

TRISO: coated fuel particle (TRistructural ISOtropic)

TRIGA: reactor for training, research, isotope productions, developed by General Atomics
V/m: volume to mass ratio in sorption studies

VBA: concrete shielding disposal cask for insertion of 200 or 400 | drums

W/C: water to cement ratio for cement and concrete production

XRF: X-ray fluorecence analysis

XRD: X-ray diffraction analysis

Zyr: Zircaloy, zirconium alloy used for cladding material

&: indicator for the reaction progress in geochemical calculations

66






ISBN 978-3-86644-964-0
9H783866H449640H >

ISBN 978-3-86644-964-0




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Europe ISO Coated FOGRA27)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [481.890 680.315]
>> setpagedevice




