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Radioactive Waste Categories and Disposal Concepts in Japan

Waste Category J Disposal Method J

Reuse/
_ | Recycle Controlled disposal __
. Industrial waste— Trench disposal Concrete pit disposal
Non-radioactive |— \ several % 4 Ground
Waste from waste L, \!_/ \. '/ meters Surface
nuclear >
power plants Concrete Debris 50 100m
Very Low-Level
Waste
—> Decorvvrg&i’%gioning Homo- Mis
Controlled geneous | cellaneous
solidified solid
Low-Level Waste waste waste
¥ Operational Waste Disposal _ .
Intermediate
Waste from depth o =
reprcl)cessmg High-By Waste disposal Over 300m
ants : ]
P —»  Activated waste :
. /
-——P TRU waste
Hull & End-piece Isolated _
Geological N -
- v disposal : -
High-level Disposal : - = I I I
waste gt : ¥ ot :




Total inventory of C-14 for each type of waste

Disposal Method J
Controlled disposal - te pit di |
- oncreep| isposal
Trench disposal Ground Surface
several \/T T
meters
% C-14 Total
Tsss 50 100m inventory(BQq)
H - Mis-
gegg]gus cellsa(gll%ous level =L
se\llgisn;lgd Waete a waste
Intermq{%iate High-
e
disposal  oversoom | PY 3oEHD
= - * waste
- 1.1E+15
Geological
disposal




Important C-14 containing TRU wastes

<>
30-40 mm

cladding hulls (zircaloy)

endpieces (SUS, Inconel)

Dose evaluation of C-14 contained in TRU wastes



Outline of the performance assessment of TRU waste disposal

Biosphere
River water scenario
Drinking water
Crops
Stock farm products
Marine products, etc.
EBS NBS \
_ N O I
Waste and Filler Buffer EDZ Geological Media
Pore Pore Pore
water water water
Release > Diffusion/
model Ao F Advection
- Diffusion Mixing cel LEELD
hull d bpi ; i
Cu s, end pieces; <&—(sorption <@— (Sorption
ongruent leaching model| | «g—

Others;
Mixing model

dimentary; Homogeneous porus model
Crystalline; Simgle fracture model Yy,

e

flller (mortar) |

backfill

host i) i B Waste emplacement
rock e} . . pn s e e area (uniform)

wasestilerssucur) | e Multi-barrier concept of
TRU waste disposal 5

e

Cac) Srcasacdsbeniuast B Lo
the EBS considered in the sectlon of
“Performance Assessment”




Transport parameters for the assessment

base data variation data
oxide film 1.3E+14 Bq
Inventory o :
rr_1atr|x without oxide 4.9E+14 Bq
film
reference constant decreasing
case? release? release?
leaching e il : |
period oxide film Instant release 400 y 200,000y
ot without oxide | 2544y 22,000 y 6.8E+8 y
hydraulic conductivity for NBS 1E-9 m/s 1E-10 m/s, 1E-8 m/s, 1E-7 m/s
distribution coefficient of C-14
for cement and rock 0.1 ml/g 10 mg/l, 100 ml/g, 500 ml/g

1) Progress Report on Disposal Concept for TRU Waste in Japan 2000.3
2) A Study on Chemical Forms and Migration Behavior of Radionuclide in Hull Waste ICEM’SD




leaching rate [mol/y]

C-14 leaching rate of each case

1E+03 ¢

- Reference case
1E+02 | (oxide film),(instanse release)
1E+01

- Constant release case

- (oxide film) (400y)
1E+00 F Reference case

/ Hull (without oxide film) (7600y)
1E-01 F I //
Constant release case
1E02 | | ==, Hull (without oxide film)
- / j (22,000y)

i Decreasing release case /
1E-03 | (oxide film) (200, — | \
1E-04 3
1E-05 3

i Reference case
1E-06

i Constant release case

i Decreasing release case
1E-07 :
1E-08

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05
time [y]

1E+06



dose rate [Sv/y]

Dose evaluation of the case considering the variation
of rock hydraulic conductivity and leaching period (1/2
- oxide film -

Rock hydraulic conductivity : 1E-9m/s 1E-04 Rock hydraulic conductivity : 1IE-10m/s
1E-04 | Kd =0.1ml/g | Kd=0.1ml/g
1E-05 T—y—— — — — — 1E-05 &
dose equivalent limit for exempt wastes or shallow underground disposal -
1B-06 f - mpom e CTTTTT T S T = 1E-06 R T
I | | : : | \ -
I ! | | >
i |  Reference case ! | 2]
107 b o ('”S‘a””e'ease)\ ,,,,,,, S o wE7f ot Referencecase ...
i | | | | | © i (instant release) |
| Constant release case (400y | ; ® — |
I : ; ; ‘ ‘ 3 - Constant release case (400y ‘ |
1E-08 | N Lo ©  1E-08 e I G et
‘ ‘ D:ecreasing release case
I (200,000y)
Y57 SR SR SRR B AN | S e b |
1E_1O L Ll Ll L 1 I NI WHT AT 1E'10 — o il
time [y] time [y]

oxide film: K < 1E-9 m/s — dose << 10 uSvly 8



dose rate [Sv/y]

1E-04

1E-05 ¢

1E-06

1E-08 |

1E-09 |

1E-10

1E-07 ¢

Dose evaluation of the case considering the variation
of rock hydraulic conductivity and leaching period (2/2
- oxide film -

Kd = 0.1 ml/g

—{ Rock hydraulic conductivity : 1E-8m/s

Reference case
(instant release)

| Constant release case (4003‘/

Decreasing release casé
(200,000y)

,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,

1E+00 1E+01 1E+02 1E+03

time [y]

1E+04

1E+05

1E+06

[Sv/y]

dose rate

1E-04

[ Kd=0.1ml/g

Rock hydraulic conductivity : 1E-7m/s

1E-05

Reference case (instant release)
N |

1E-06 | -
1E-07 |-

1E-08 |-

Y% SRR (| S SN I BN S

1E-10

 Constant release case
| (400y)

becreasing release c
(200,000y)

,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

1E+00

1E+01 1E+02 1E+03 1E+04 1E+05

time [y]

oxide film: K > 1E-7 m/s — dose > 10 uSvly 9

1E+06



dose rate [Sv/vl

1E-04 F

'| Rock hydraulic conductivity : 1E-9m/s

|| Kd =0.1ml/g
1E-05
=0 Reference case

(7600y)
07 pommmee Constant release case ™~/ N\~~~
(22,000y)

1E-08 |

: Decreasing release case
EOF (6.8E+8y)
1E_10 L] . Ll L] R | W TR VINE I L

1= O O | =0 0 N | N | O | =0 ST | =10

Dose evaluation of the case considering the variation
of rock hydraulic conductivity and leaching period (1/2
- matrix without oxide film -

time [y]

dose rate [Sv/y]

1E-04 ¢ ‘
- | Rock hydraulic conductivity : 1E-10m/s

| Kd=0.1ml/g
1E-05 P

1E-06
1E-07
1E-08
1E-09

1E-10 —
1E+00

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Reference case
(7600y)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Constant release case

Decireasing release case
(6.8E+8y)
; L L] L L] L - Ll

1E+01 1E+02 1E+03 1E+04

time [y]

matrix: K < 1E-9 m/s — dose << 10 uSvly 10

1E+05

1E+06



dose rate [Sv/y]

1E-04 F

1E-05 F

1E-06 |

1E-07

1E-08 |

1E-09 ¢

1E-10

Dose evaluation of the case considering the variation

of rock hydraulic conductivity and leaching period (2/2
- matrix without oxide film -

Rock hydraulic conductivity : 1E-8m/s

Reference?se (7:600y)

[ Constant release case |
,,,,,,,, (2000y) /N

| Decreasing release case
| (6.8E+8y)

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06

time [y]

matrix: K > 1E-7 m/s — dose = 10 uSv/y

dose rate [Sv/y]

1E-04 ¢ \ \
| Rock hydraulic conductivity : 1E-7m/s
1E-05 [ ——————————— ———
7 Constant release case Reference case
(22,000y) | (7600y)
1E-06 - N
I T Sl EEEEEEEFEE PRl EEEEEEPEEEERE
| Decreasing release case
[(6.8E+8y)
1E-08 f-----mmmmmmmmmbomoflfo o N S EEE T R
1E-09 |- e BREEEEEE
1E-20 b B D
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06
[v]
11



dose rate [Sv/y]

1E-04 ‘ ‘
| Rock hydraulic conductivity : 1E-9m/s
1E-05 ¢ ]
1 T LT CEEEEEE EEREEES
g Reference case 01 :
1E-07 k- Constantrelease __ / \ .
g case02 !
1E08 |~
g Decreasing release ease |
03 | |
IE-09 f ---- P
1E-20 bl L
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05
time [y]

Dose evaluation of the case considering the variation
of rock hydraulic conductivity and leaching period
- oxide film plus matrix -

1E+06

[Sv/y]

dose rate

1E_04 E | | | |
Rock hydraulic conductivity : 1E-10m/s
1E-05 + ]
1E-06 f-------k---mmopooooae R A,
Reference case 10
1E-07 f---mmmbemmes A N
i Constant release
i casell
IE-08 f
’ ' Decreasing release
[ . case 12,
1E-09 |- e e B A B e
1E-10 bl - =
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05
time [y]

oxide film + matrix: K < 1E-9 m/s — dose << 10 uSvly 12

1E+06



[Sv/y]

dose rate

Dose evaluation of the case considering the variation
of rock hydraulic conductivity and leaching period (2/2
- oxide film plus matrix -

1E-04 P

- | Rock hydraulic conductivity : 1E-8m/s
1E-05 F ; ;

i | Reference case 07

. Constant release | |

1E-06 | case08

i Decreésing release
1E-07 |- case 09— ]
1E-08 f------- IR B R || T
1E-09 |- R REEEEEEEEEEY [ EEEEEEEEE EELEEEEeS
1E-10 — —

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06

time [y]

[Sv/y]

dose rate

1E-04 F ‘ ‘ ‘
| Rock hydraulic conductivity : 1E-7m/s
1E-05 I
: Constant release
I case05
1E-06 | - Decreasing release <] "~
- case 06
1E-07 N
1E-08 S s 1 | R R
1E-09 e wfﬂ:f”,,,,%,,,,
1E'10 : - Ll I | ST IR I PR T
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06

time [y]

oxide film + matrix: K > 1E-7 m/s — dose > 10 pSvly 13



dose rate [Sv/y]

Dose evaluation of the case considering the variation
of distribution coefficient for cement
- oxide film plus matrix -

1E-04 o Rock hydraulic conductivity : 1E-9m/s 1E-04 H Rock hydraulic conductivity : 1E-7m/s
leaching period: reference case | leaching period : reference case
| | | : A~ Reference case 04
1E-05 | ] ] ] 16-05 } ] Kd-01 /g
g | | | - Reference case 16 |
| | | Kd:10 /g :
1E-06 | ng(.e:)erice 3ase 0l _ 1E-06 |- Referencecase 17 - {-f-———— {4\ -~ —
’ } e } J | Kd:100 /g 3
| | | ? | |
~ Reference case 13 | = Reference case 18 |
1E-07 ¢ ' Kd:10 /g ; g 1807 Kd:500 /g }
" Reference case 14 o [
- Kd:100 /g | | 2 | |
1E-08 | | | S 1F08fF------- b p R
’ Reference case 15 | ?
Kd :500 /g 1 1
1E-09 |- N T i 1E-09 | } }
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06
time [y] time [y]

Kd : 0.1 ml/g — higher — dose — lower 1



Dose evaluation of each case (Sv/y)
- oxide film plus matrix -

Leaching period (years)

Rock hydraulic

Distribution

)

An . All

conductivity for coefficient for . . C-14

Hull il NBS d Cement(C-14) | radionuclide (Sv/y)

(oxide film) | (Without (m/s) " (Sv/y) Y

axide film) (ml/g)

case01 | Instant release 7,600 1.9E-07 1.7E-07
case02 400 22,000 1.00E-09 1.0E-07 9.2E-08
case03 200,000 6.80E+08 1.1E-08 7.9E-09
N

case04 | Instant release 7,600 1.9E-05 A.SE—OS
case05 400 22,000 1.00E-07 1.6E-05 QSE—O5
V/

case06 200,000 6.80E+08 Base data 9.4E-07 8.2E-07
case07 | Instant release 7,600 0.1 2.2E-06 2.1E-06
case08 400 22,000 1.00E-08 1.2E-06 1.2E-06
case09 200,000 6.80E+08 1.2E-07 1.0E-07
casel0 | Instant release 7,600 9.1E-08 8.2E-08
casell 400 22,000 1.00E-10 5.1E-08 4 5E-08
casel?2 200,000 6.80E+08 5.7E-09 3.8E-09
casel3 10 9.7E-08 7.8E-08
casel4 | Instant release 7600 1.00E-09 100 3.4E-08 1.3E-08
caselb 500 2.5E-08 2.7E-09

Reference case ,

Constant release case ,

Decreasing release case

15



Conclusion

C-14 is one of the dominant nuclide affecting dose from TRU or
high By wastes.

Safe disposal of C-14 containing waste is expected to be
applicable for a wide range of geological condition in Japan, even
when the target dose constraint is set to 10 uSvly.

Fairly inferior geological condition (hydraulic conductivity > 10/
m/s) may give the resultant dose higher than 10 uSvly.

The above disadvantage can be overcome when we can set more
favorable values for other parameters (leaching rates,
distribution coefficients) by knowing the mechanism controlling
these parameters.

Researches for more reliable migration data and more realistic
transport models of C-14 are necessary for the safe disposal of
radioactive wastes. 16
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Behaviour of **C in the Opalinus Clay
Safety Case
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Scope

* Background on the Opalinus Clay study
* Waste Types and EBS

* Assumptions regarding chemical form of 4C in different
waste types (SF, HLW and ILW)

* Release of 14C from the various wastes
* Treatment of solubility and sorption of released +C
* Results of various transport calculations

* Summary and research needs

2004/8/12 2 C-14 Worksho| p



Repository in Opalinus Clay

2004/8/12 3 C-14 Workshop

il
nagraJ



Geological sequence at Benken and isolation concept

Repository depth - 650 m

Thickness of Opalinus Clay - 100 to
130 m

Hydraulic conductivity - 2 x 10 m/s

2004/8/12 4 C-14 Workshop



SF and HLW canisters

il
nugraJ

2004/8/12 5 C-14 Workshop



ILW containers and emplacement geometry

i LC2-MA-25
Emplacement containers for ILW ABNE4

LC2-MA-20

L] [+] L] [] a
2438

25
2400

nagra”’

2004/8/12 6 C-14 Workshop



Assumptions regarding chemical form and release of “C from SF and HLW

* Spent fuel

* Oxide matrix - Concentration of 25 ppm N is assumed for calculations of
14C inventory. Chemical state uncertain (oxycarbide?) and “C is assumed
to be released in inorganic form. Rapid release of 10 % is pessimistically
assumed based on U.S. and Canadian leaching data.

e Zircaloy - 80 ppm N assumed for calculations of **C inventory. Chemical
state of 14C is probably carbide, leading to release of organic 4C upon
corrosion. Rapid release of 20 % of 1*C in Zircaloy is assumed.
Remainder is released slowly as Zircaloy corrodes (10 nm/a).

e Steel and Ni-alloy assembly components - up to 800 ppm N present
* HLW

e 14C inventory about 1000x lower than for SF. Assumed to be inorganic,
with no instant release fraction

2004/8/12 7 C-14 Workshop



Release of 4C from SF

14C Release from Used CANDU Fuel

10!
E. .............................................................. ... ..................... A ........ A....
- [ ) A'A_“_
@

L . ® L A® A Releases range from 1 to 6 %
£
S oo [EEEa /" .................... No relationship to fission gas
o - Avg 2.7 +/-1.6 : .
I release (C form is non-volatile)
C_U L
le —
< i
() L
§ ° A
% 107 - Stroes-Gascoyne et al. 1994
3 - ° A

B ® Xe Gap

L A Xe Gap + Grain Boundary

10-2 | | IIIIII| | | IIIIII| | | IIIIII|
1072 101 10° 10t
Stable Xe Release (% Total Inventory)



Assumptions regarding chemical form and release of 4C from ILW

* Variety of reprocessing waste types from BNFL and COGEMA

* About half of the 4C in the wastes is assumed to be organic
(principally that present in Zircaloy hulls and ends wastes).

* In the release model, all of the **C in all waste types is assumed
to be released 100 years after repository closure, i.e. no credit
for the corrosion resistance of any of the wastes.

2004/8/12 9 C-14 Workshop



Retention processes considered in safety assessment

il
nagraJ

2004/8/12 10 C-14 Workshop



Diffusion of 4C through bentonite and Opalinus Clay

A .
Opalinus Clay

"Kd" of 14Cinorg:
0.001m° kg™
Kd Of 14C0rg — O

Bentonite
"Kg" of *“*Cinorg:
6 x 10°m° kg™
KgOf “*Corg = 0

Inorganic 4C

Isotopic dilution with 0.27% of
the calcite present

Transformed into a pseudo
sorption value "K;"

Opalinus Clay
CaCoOy: 16 wt.%
[COzlorewater: ~ 2-7 Mol m3
Bentonite
CaCOyg: 0.7 wt.%
[COzlorewater:  2-8 mol m=3
Organic “C

No retention assigned because
of unknown structure

2004/8/12 11 C-14 Workshop



Sorption of 4C in cementitious ILW tunnel

Opalinus Clay  * Inorganic *C

"Kg" of “*Cinorg: * Isotopic dilution with 1% of the
0.001 m® kg™ calcite present in cement

14 — .y
Kg Ol *"Corg = 0  Expressed as shared solubility

0 I .
Co-precipitation of 1% of CaCOg in cement:

HCinorg With CaC O35 at 4 x 10 mol kg
the interface?
/ [COB]porewater: 2 % 10_4 mol L

* Organic *C

ILW tunnel Cement
mixing tank 140 ° No retention assigned because of
Inorg -
shared Solgubility unknown structure

2004/8/12 12 C-14 Workshop



Key results

SF

HLW

ILW

Deterministic analyses
Reference Case results

SF - Main dose contributors are 129
36Cl, 14C (org) and °Se

HLW - Main dose contributors are
1291, 3eCl and "°Se

ILW - Main dose contributors are
1291, 3¢Cl, 14C (org) and °Se

Max. doses are ~100x below
regulatory limit

2004/8/12

13

C-14 Workshop



Release of radionuclides from ILW - reference case

il
nugraJ

2004/8/12 14 C-14 Workshop



Organisation of assessment cases

Scenarios

Conceptualisations

Parameters

Reference Scenario - Release
of RN's in solution through
host rock

Diffusion & advection

several sets

NF alternatives

several sets

Geo alternatives

several sets

Role of access tunnels

several sets

Gas & convergence effects

several sets

Release of volatile **C along
gas pathway

Through host rock

several sets

Affected by access

several sets

RN release affected by
human action

borehole (near hit, direct hit)

several sets

abstraction deep groundwater

several sets

abandoned repository

'‘What if?' cases (no scientific
basis but to test system
robustness)

high water flow

several sets

discontinuities with flow

several sets

several phenomena

several sets

gas- induced

several sets

Instantaneous release volatile
14
C

several sets

poor NF/Geo/flow

several sets

System options

more wastes

other ILW waste form

SF canister

several sets

Biosphere uncertainty

alternative geomorphologies

alternative climates

2004/8/12 15 C-14 Workshop



Assessment case for instantaneous transport of 14C

It is assumed that **C that is released in organic form
from SF or ILW can be converted to a volatile form (e.qg.
methane) and be transported with H, formed by
corrosion. Transport through the Opalinus Clay is
assumed to be instantaneous. The case is hypothetical
and meant to illustrate the robustness of the system
with respect to uncertainties.

The results show that doses would be similar to the
reference case.

2004/8/12 16 C-14 Workshop



Summary

* Conservative assumptions regarding 14C release and
transport lead to organic **C being one of the main dose
contributors in calculations.

* Because of its relatively short half-life, any significant
sorption would eliminate the dose contribution in Opalinus
Clay host rock.

* |t is clearly important to gain an improved understanding of
the chemical form of released *C and its sorption
characterisitics.

* By inference, the need for better data on **C behaviour is
more important for host rocks with a confinement capacity
that is lower than that of Opalinus Clay.

2004/8/12 17 C-14 Workshop



Part 1: Mobilisation and degradation of 4C in waste

0:10ene_cbdINAGRA\14C_workshop.ppt” 09.10.2003

CO2

coLSNCOo

Part 1: Degree of microbial degradation

0:\0ene_cbdNAGRA\14C_workshop.ppt 09.10.2003

extreme conditions for living
high salinity

high pH

little food

“There are extremophiles for every condition”
microbial activity found for pH up to ~11.0

“favourable” conditions because of Mg?*
Mg?* (from Carnallitit) lowers pH

sufficient Carnallitit close to all chambers containing organic '*C
complete degradation of organic '*C (to *CH,/*CO,) possible

coL@NCco

Part 1: Sources and types of “C-waste (LLW)

0:10ene_cbd\NAGRA\14C_workshop.ppt 09.10.2003

14C from Nuclear Power stations
(mainly) concentrated liquid waste:

. carbonates

. <oxalic acid, acetic acid, methanol, ethanol>?

14C from Production of Radionuclides; Research
reagents for synthesis:

. formiate, cyanide, cyanamide, methanol, methanal, carbonic acids
metabolites:
. aliphatic alcohols and acids (“fatty alcohols and acids”)

wastes from laboratories
remainings of plants
carcasses
radiation experiment:
. steel box with irradiated AIN

coLENCo

Part 1: Chemical Form and Mobilisation

*  Overview over Repository
» Different sources and types of waste (LLW)
*  Kind of microbiological degradation

* Degree of microbiological degradation

0:10ene_cbdINAGRA\14C_workshop.ppt- 09.10.2003

Part 1: Mobilisation and degradation of '4C in waste

* Plain dissolution
« hydrophilic organic compounds
+ carbonates
. <oxalic acid, acetic acid, methanol, ethanol>?

* Hydrolysis
« 14C-Carbide within irradiated AIN

* microbial degradation
« [no aerobic degradation]
« anaerobic degradation (fermentation); *CH /'*CO -ratio depending on
. oxidizing agents (NO5, SO,%)
. content of oxygen in organic compound
. highest 1CH /"CO-ratio for aliphatic compounds (0.75)

0:10ene_cbdWAGRA\14C_workshop.ppt 09.10.2003

Part 1: Overview over Repository

+ Geology
« located in an old salt mine
« rock salt (NaCl), potash salt (Carnallitit)

+ Solutions formed after access of water
» NaCl-Solution
»  MgCl2-containing solutions (“Q-brine”, “IP21")

» Backfill materials
» crushed salt
* BFA (ashes of lignite)
- “salt concrete” (concrete + crushed salt + SFA (ashes of hard coal) + brine)

0:10ene_cbdWAGRA\14C_workshop.ppt  09.10.2003

coL@NCco

coLENCOo

coLENCOo
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Treatment of C-14 Release and Transport in the Long-
Term Safety Assessment in the Final Repository in
Morsleben

Part 1: Chemical Form and Mobilisation
Matthias J. Niemeyer, Colenco (Baden CH)
Part 2:  Solubility and Transport

Ulrich Noseck, GRS (Braunschweig DE)

O\Oans_obANAGRAIIAC workshopppi 08102003 coLENCO
Morsleben repository: disposal areas
north field
~
central part -
) b (.
west field -y 5 o
e -
LASTIS. = ) ——
‘.‘1‘, ’ t \v‘( -
- east field
\!‘(:”
\-\> -
south field > \
B -~ ~
S I

N

GRS

Treatment of retardation processes for C-14

0  inorganic form
] retardation in the near field by precipitation as calcite or dolomite
o retardation in the far field by linear sorption

o CO,: transport in the gas phase

O  organic form (only in the variant)

o no retardation in the near field and far field

O  CH, considered in separate calculations
o transport in water: no retardation in the near field and far field

o transport in the gas phase

c1é-vortragfolien fm 3 . 241003

v

Morsleben repository: Geology

E
Lappwaldscholle Schacht o
_ Lappwldseho B Allertalzone Weferlinger Triasplatte
e ) Aller m NI
B her L 100
1
20
30
-am
501
-601
701
-801
}:tﬁ:
.egende ] uarte [T Oberer Muschek I’ [ Salnar der Aler-Foige B 10 20300 400 soom
M Oberkreide __ Mittlerer Muschelkalk B Hauptanhydrit
Storung [ Untererdora I Untorer Muschelkelk (mu) s l— Salinar der Leine-Folge
— Schichtung B Overer Kewper ! Miteror Buntsandsten sm) M Kaifsz Staptunt Hauplanhyditim Hutgestein mit ,OGL
p i s Kar
W Norsostand Stsrungszone I Miterer Kouper I Untero Bunisandstoin N ’[- Stenslzdor Startfoige o Orouer Selzon: Lene Karbonat
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0  inorganic form: carbonate

O  organic form: fatty acids, fatty alcohols, ...

o refi : complete degradation of organics by microbial activity
(75% CHy, 25% CO,)

o variant: no degradation, transport in organic form

0  alumina carbide: hydrolysis to CHy

cté-vortrag-folien.fm 2 241003

Transport of C-14 in inorganic form (1)

0O  retardation as calcite and/or dolomite:
CO, + HyO = HCO3 + H* = CO42% + 2H*
CO3% + Ca?* = CaCO,4
2C03% + Ca?* + Mg?* = MgCa(CO;),

0O €O, from degradation of cellulose and polyethelene

0  Ca(OH), from cementitious material, Mg2+ from the brine

T —r-
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Transport of C-14 in inorganic form (2)

0O geochemical calculation with EQ3/6:
o quantity of C-14 in solid, solution and gas phase
o mobile fraction of C-14

o large amount of immobile C-14 in south field and central part
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Determination of gy, and qc-14

O  Isotope fraction of C-14 in methane: qc-14
o Active methane from organic waste and aluminum carbide
o Inactive methane from cellulose and polyethylene

0O  Methane fraction in gas mixture: gy,
o Methane from cellulose and polyethylene

o Hydrogen from iron, aluminium, zinc, cellulose and polyethylene
o Air from operational phase

O  Results
,_ [ _southfied] T ea tfield] - 1 maining]
'ﬂ_:_w
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Results for reference case and variant
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Gas release from the repository
Three ios for the repository

o Dry mine without any inflow of brine
o Not isolated emplacement areas (north field and central part)

o Isolated emplacement areas (west-south field and east field)

Scenario fiir west-south field
o Inflow of brine driven by hydrostatic pressure at lowest sealing
o Pressure build-up reduces brine inflow

o Gas release starts when gas pressure exceeds
hydrostatic pressure at highest sealing

a Displacement of gas by brine inflow and
convergence

o Gas release constant in time: 2.5-10*8 Bqgly
starts at 17 700 y, lasts 1 200y

10°
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Transport in the Geosphere / Biosphere

0O  Transport in the Geosphere

0

a Unresisted, instantaneous release to the surface

n CHyis transformed to CO, by microbes in the unsaturated zone
Only release of CO,

Transport in the Biosphere

o Release from point-source

o Spreading of radionuclides in atmosphere by Gauss-Plume

.

1000 —— bt

a Wind speed: 2.8m/s
7 Release: 2.510*8 Bqly

500-

[

Distance y [m}

|
|
!
500

1000 —
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance x [m]
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Conclusions

Calculations performed for different chemical forms of C-14:

water pathway:

C-14 as carbonate is efficiently reduced

o by precipitation as calcite/dolomite if enough Ca(OH), from cementitious
materials and Mg?* from the brine is present

a by sorption on clayey material during transport through the overburden

If no degradation of organic C-14 containing substances by microbial reactions,
— strong impact on the dose rate due to no retardation in the near and far field

C-14 as methane will cause

o higher dose rates compared to carbonatic C-14 due to no sorption in near
and far field

o dose rates are in the same range as calculated for organic C-14

0  gas pathway: Contribution of C-14 released on the gas phase two orders of mag-

nitude lower than highest dose rates caused by methane / organic C-14 in solution
1008

cté-vortrag-folien fm 16

Calculation of dose rate

Critical group

a Reference Biosphere from Biomass 2000

o 7.6 km? arable land completely located within plume
o 300 - 1 000 people living within plume all year

Inhalation: Inhalation of conataminated air in 1.7 m height

o Mean C-14 concentration in the airin 1.7 m 1.8-10° Bg/m?®

o radiation exposure by inhalation 9.0-107"3 swyy

Ingestion: Plants assimilating air in 0.5 m height; food pattern according to AVV
@ Mean C-14 concentration in the air in 0.5 m 2.1.10° Bg/m3
1.1:102 Bg/kg

1.1.108 sy

o Mean C-14 concentration in plants

o radiation exposure by ingestion

ct-vorragolien.fm 13
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Objective

» The distribution coefficients of C-14 for barrier materials, e.g.
cement, bentonite and so on, would be low, if the form of C-14 is
mainly organic. The distribution coefficient for C-14 released
from activated metal would depend on the chemical form

e In this study, the chemical forms of C-14 released from activated
metals at a disposal site were investigated.

Bentonite
Backfill

wll

Chemical form influences to flow rate of
C-14, and Kd-values

Refer to the distribution
of C-14

Release Rate Dependent on Corrosion Rate of Material

Refer to the Distribution of C-14



Investigation on chemical forms activated stainless steel
Investigation on generation of carbon compounds from some
materials Fe,C ZrC etc

Carbide

No. Material Carbon in Metal
Carbide Solute
1 | Activated Stainless Steel * o*
2 o
3 | Pearlite O Carbon 1wt%
4 | Carbon Steel o
5 | Martensite o Carbon wt
6 o
-
000+ 000000 .
COCHO OO0 e e e
O O OQO O,Q Q.0.0 carbide.
QOO OOOOO




Procedure (Conditions etc)

Materials |7 materials including activated sample

Atmosphere | Anaerobic alkaline condition

PH pH12 pH
Leaching 15 months
Time

Analytical | Activated Sample high performance
Method liquid chromatography

+ liquid scintillation analyzer
Cold Samples high performance liquid
chromatography or GC-MS




2 Experimental Method (Objects for Detection)

Gas Phase The concentration ratio of
each organic compound in
gas phase

Liquid Phase The concentration ratio

for TOC In total carbon in
the solution

The concentration ratio of
each organic compounds in
the TOC in the solution




The Results of Test(No.1) (1/2)

The ratio of organic and inorganic C-14 in gas and liquid
phase

Material Activated
Stainless Steel

Org. in Gas Not Measured
Phase

Liquid | Org. 66 75%

Se® o8 S5 Phase | Inorg. 25 34%




The Results of Test(No.1) (2/2)

Organic carbon in liquid phase

Material pH * The ratio of organic carbon compounds in liquid phase
Formic | Acetic Acet- Form- Metha Ethanol | Propanol Un-
Acid Acid aldehyde | aldehyde nol known
1 Activated 10 10 43 N.D 9 10 6 N.D 22
Stainless
Steel

e The concentration ratio for TOC in total carbon in
the solution is 66% 75%

* pH Simulated Groundwater



The Results of Leaching Test (No.2 7)(1/2)

The ratio of organic/inorganic
carbon in liquid and gas phase

Solid

Carbon in Each Phase

/Cefbon
Steel

Zr

ZrC

K
Organics in Gas Phase

(Organics)

0.01%

0.01%

Not
Measured

Not
Measured

Carbonin «

Organics

70 85%

55 85%

55 65%

88 90%

Liquid Phase

Inorganic

15 30%

15 45%

35 45%

10 12%

O




The Results of Leaching Test (No.2 7)(2/2)

The ratio of each organic carbon compound in the liquid phase

Solid pH for the
solution *
8
12.5
Pearlite 10
Carbon 8
Steel 195
Martensite 10
8
12.5
8
12.5
* pH

The Ratio of Organic Carbon Compounds For Liquid Phase

Acet- Form- Metha | Etha | Propa Un-
aldehyde | aldehyde nol nol | nol known

N.D N.D N.D N.D N.D

N.D N.D N.D N.D N.D

D D D D N.D

N.D 12 N.D 7 N.D

N.D 6 N.D 3 N.D

9 N.D 12 33 6

N.D N.D N.D N.D N.D

N.D N.D N.D N.D N.D

N.D 20 N.D 30 N.D

N.D 16 3 16 N.D

Simulated Groundwater pH8and pH12.5:sodium hydroxide Solution

» D Detected Slightly ND: Not Detected




Conclusion (1/2)

as Phase

The experiments with cold samples (No.2 7) indicate a slight
concentration of organic carbon in gas phase.

Liquid Phase

The experiments with hot samples (No.1) indicate the ratio of organic C-14
released from activated metal in liquid phase is 66 75% (The ratio for
inorganic C-14 is 23  34%).

From carbides and non- activated metals

— Generated organic carbon compounds might be not only carboxylic acid but
also alcohols owing to increasing the ratio of solute carbon in metallic
phase

— The ratio of acetic acid concentration from ZrC is higher than that from
Fe,C.
10



Conclusion (2/2)
* The organic compounds of each material

Material p The ratio of each organic compound
Fe,C 12.5
Pearlite 10
Carbon Steel 12.5 6 |3
Activated 10 9 16 22
Stainless
Martensite 10 9 o1
ZrC 125
Zr 12,5 16 19
0% 10% 20% 30% 40% 50% 60% 70% 80%  90% 100%

n Carboxylic I:'Aldehyde O Alcohol O unknown

There are no differences in the kinds of organic carbon from the metals. 11



The chemical forms released from metals would be
dependent on the chemical condition in the metallic
phase.

Generated organic carbon compounds might be
carboxylic acid for carbides hydrolysis for
carbides .

Generated organic carbon compounds might be
not only carboxylic acid but also alcohols owing

to increasing the ratio of solute carbon in

metallic phase Fischer-Tropsch reaction . ”



Discussion (2/2)

*g:ﬂ oM H
y M™TTHY M7 “H“th“
H+
. ‘H*H*H* . W+ HYH W R
Mo G o oom Qi U CH e H-C-C-H
MH M M MH g o 1
| +H* H* H_H HH H |
S e T TR L
M M M M
+ |
20H - H-¢-¢=0
H OH

CO 2n+tl H, - CnH,,, nH,O
CO+2H, - CH,0OH

Fischer-Tropsch Reaction 13



Summary
The ratio for organic C-14 released from activated metal in liquid phase is 66
75% (The ratio for inorganic C-14 is 23 34%).There is slight concentration
of organic carbon in gas phase from carbides and non- activated metals.

Generated organic carbon compounds might be carboxylic acids for carbides.
Increasing the ratio of solute carbon in metallic phase would cause the
generation of not only carboxylic acid but also alcohols .

There are no differences in the kinds of organic carbon from the metals.

Future Study
The investigation on generation of organic forms of C-14 from activated metals

..e.. The leaching experiment for activated Zirconium alloy or non-activated

stainless steel.

14



Methods for measuring “C on
spent ion exchange resins —a review

Kristina Stenstrom and Asa Magnusson
Div of Nuclear Physics
Lund University, Sweden




14C in reactor coolant

BWR: mainly 4CO,/carbonates

PWR: mainly CO, hydrocarbons (formaldehyde,
formic acid, acetaldehyde, methanol, ethanol,
acetone and acetic acid)

14C on ion exchange resins

Many different opinions in the literature...
Varying results...

14C needs to be measured!




Acid stripping Combustion
Author (year)

carbon- organic specia- total
ate tion

Aitolla and Olsson (1980) X

Speranzini and Buckley (1981)

Nott (1982)

Salonen/Snellman (1981-1985)

Bleier (1983)

Martin (1986)

Chang et al (1989)

Martin et al (1993)

Moir et al (1994)

Vance et al (1995)

Supercritical fluid extraction — Dias and Krasznai (1996)
Microbial treatment (total 1#C) — Tusa (1989)




Acid stripping In general
Gas Gas

flow In flow ,out

CO,
Absorbtion
(NaOH or
LSC cocktalil)

IX sample
(afew Q) e
6(52 Purifier

+ carrier
+ acid

Aerated Water trap >]1 trap
Magnetic stirring Ice trap Various designs
Ultrasonic probe HCI trap

Flowing acid
etc... etc...




Aittola and Olsson (1980)

30 ml
konc. HCI
Air > > {»_ E? X R .
4 ¢ N
\ 4 v v v v
Water
trap Sl
Resin sample (~4 mg)  2x250 ml 5M sa?Srr;tled
1. Na,CO NaOH
aCo Ca(OH),

2. NaHCO,+NaOH

Recovery (**C-labelled standard) :
1) 33%-49% 2) 85%

Precipitate as BaCO,; (modified in test 2))
No info about reproducibility, interference or
memory effect




Stripping

fg’s'fnm” Wi Nott (1982)

>

Acid
um
PP Spray trap
- > > Exhaust
| to fume
Air Vacuum hood
75 EEK}}(
: HCI (2.0-3.0 M) itted glass disc
Ultrasonic  magnetic stirring . 0.5-2.0 M NaOH
probe and (first two 250 ml; third
generator 150 ml)

*Recovery: Range (91.8 - 102.1)% Mean (97.4 & 3.6)%

*No info about memory effect
*Potential problem of interfering radionuclides




Salonen/Snellman (1981, 1982, 1985)

Mol_ecular 6M HCI Silica
gel Y
CuO-catalyzer at 800 °C Flow
—— > Cheter
Y \4 A4
— Sample vial 5 Safety 2M  Safety Pump

NaOH = NaOH  flask NaOH flask
NaHCO; carrier (NaOH) (NaOH)

Magnetic stirring

Recovery: 93% with minor variations
Precipitate as BaCO,

No memory effect

No interference from other radionuclides

Catalyst efficiency?
CO/hydrocarbons are easily lost
Drying the resin evaporates 14C




SDEC-France




Chang et al (1989)

(HCI, NaCl, Na,CO, or
NaOH) — ]

Air'Eﬂ

[aslasaa oo oalans
AR

\ 4

E.;-:.:.J

—

Vacuum

E-:.:.J

Pump

Batch reactor with Water trap
magnetic stirring (5% HCI)

*Best results with aerated agitated HCI

*Recovery: (98.5-100)%

2 M NaOH

*No interfering radionuclides in the NaOH (but in water

trap) and no memory effect
*Real samples: remaining 0.5% removed with K,S,0Oq4




Combustion in general
Gas Gas
flow In flow ,out

CO,
Absorbtion

IX sample

(afew g) NS
N

furnace

(NaOH or
LSC cocktalil)

Oxygen, air Water trap >1 trap
Catalyst Ice trap Various designs
Various temp HCI trap
etc...




Speranzini and Buckley (1981)

Furnace

(400-900 °C)  gtainless CuO-catalyzer

/Steel tube at 250 °C
Ry SR o »&

Air
/r/ . [ I — Vacuum
Ceramic 4 N Y
boat <,|l:> Pump
7 i EX EA ES ES
Cooling water

Condenser HCltrap \\ /

(1 M, 100 ml) NaOH traps

(2 M, 100 ml)

*Recovery: (93-98)%
elon exchanged carbonates are not thermally stable:

CaCO; + SO, + %2 O, » CaS0O, + CO,
Reaction rate increases in the presence of CacCl,




Martin et al (1993): Combustion

Electric tube

furnace Pt on Al and
. CuO
Al —>{] ;E';D wire catalysts
05¢g
samplein
a nickel Vacuum
boat valve
> X—»(O—>To vacuum
Flow
Jr ! J’ ! meter

Bubblers filled with
carbon-specific LSC
cocktail

Ice traps

«740 <= C for 30 minutes
*Recovery: (63+9)%

*Not clear how well optimized




Martin et al (1993): Acid stripping

Room air —— v
and acid or acuum
base control valve
MJ}—>()—» TOvacuum
4 N Flow
> meter
Y \ 4
N
Flask and bubbler Bubble_rs filled
containing resin sample with

carbon-specific
i )

*Recovery: (85x7)% (combustion (63=29)%)
*No memory effect

*0Co does not interfere



Moir et al (1994)

sAnion/cation separation by a sugar solution
Parr bomb combustion for total 4C
*Acid stripping for 1*C/carbonates

*Recoveries:

acid stripping (93=%5)%

Parr bomb combustion (100410)%
*No cross-contamination or memory effect
eSugar separation = microbial activity?




Vance et al (1995)

Acid stripping (inorganic 4C)
6 M H,SO,

purification traps

Ca(OH),/methanol trap

purification of CaCO, precipitate

Combustion (total #C)

No information about recovery etc.




What do we want to do?

 Organic/inorganic fraction

Acid regeneration Combustion
Author (year)

carbon- organic specia- total
ate {[e]g

Aitolla and Olsson (1980) X

Speranzini and Buckley (1981) X
Nott (1982)

Salonen/Snellman (1981-1985)
Bleier (1983)

Martin (1986)

Chang et al (1989)

Martin et al (1993)

Moir et al (1994)

Vance et al (1995)
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N and C-14 Contents of Spent Fuel

P. MARIMBEAU, DEN / DER / SPRC

E. ESBELIN, DEN/DRCP/SE2A

CEA - DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments ~ Oct. 27-28. 2003 1
DEN/DER/SPRC

C14 contents of Spent Fuel - Source term calculation

The DARWIN - CESAR Package

~

ERALIB

, N
Collapsed reaction rates

PEPIN2
Depletion calculation

v

OUTPUTS
Concentrations, masses, activity
Decay heat, radiotoxicity

\ Neutron emission SF and (c,n) ourrUTS j

CEA - DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments P. MARIMBEAU 3
DEN/DER/SPRC 10/27-28/2003

C14 contents of Spent Fuel - PRECCI isotoy. -

Isotopes of interest for PRECCI

o *Actinides : Present isotopes in fuel :
U, Np, Pu, Am, Cm
+ their decrease products

e Fission products : 9°Sr/Y, 137Cs/Ba
The LLFPs :79Se, 93Zr, 99T¢, 197Pd, 126Sn, 129] 135Cs

* Impurities activation products (IAP) of fuel
activation products of structural materials (APS) :
3H, 60Co, 63Nij,14C, 36ClI, 41Ca, 5Ni, 93Mo, %4Nb, 9Tc

CEA — DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments P. MARIMBEAU 5
DEN/DER/SPRC 10/27-28/2003

(?1,4,99'!@“13, of Spent Fuel - PRECCI SP1 goals
The aims of SP1 are

- to provide the source term to other PRECCI SPs

- to constitute a gualified reference database on
spent fuel intrinsic data

» To characterise the spent fuel for a range of realistic cases by
a qualified depletion code

»To identify the PRECCI isotopes of interest
» To make out the qualification documents for these isotopes

» To lead a deliberate step to supply the identified failures

CEA - DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments
DEN/DER/SPRC 10/27-28/2003

P. MARIMBEAU 2

(G4 contents of Spent Fuel - Source term calculeon
State of DARWIN-CESAR qualification -
Actinides and FPs

25 et e e R —— —_— e
® 204 <
T o5y ®UOx |
1
g 1 7 mmox]
'S 5+ 1
<
£ 01
8 @ & PP PR PR PSS
B PR CRRE
8 K \
O kS
o‘.}
Isotope

CEA - DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments P. MARIMBEAU 4
DEN/DER/SPRC 10/27-28/2003
C14 f Spent Fuel - PRECCI analytical program

Analyses for inventories qualification
cen) e Fuels : 2 PWR-UOx, 2 MOx = ~35 and 60 GWd/t
~ e Dissolutions : COMIR and ATALANTE

3 groups of LLRN, 3 analyses laboratories
- LLFPs : 79Se, 9Gr, 93Zr, 107Pd, 126Sn  » SECR /Saclay
- IAPs: 5°Ni, %Mo, %“Nb » LARC /Cadarache
- Gaseous and volatile : C, 3Cl, 129] » SE2A /Marcoule

Progress state :
- Measuring techniques are operational (except %CL)
- 14C and '?°| analyses on MOx fuel in process
- LLFPs : analyses on UOx fuel in process
- 36Cl : R&D

CEA — DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments
28/2003

DEN/DER/SPRC P.MARIMBEAU 6



C14 conte}msrof Spent Fuel - Formation of C-1-.

Formation of C for PWR fuels at 50 GWd/t

Channels of Contributions (%)
formation UOx MOx
70 (n,0) 1C 59.6 63.5
14N (n,p) 1“C 35.6 27.9
ternary fission & 1“C 4.1 7.8
160 (n, °He) 14C 0.23 0.35
160 (n,y) 170 (n,0) "C 0.22 0.19
180 (n, no) 14C 0.14 0.20
CEA - DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments P. MARIMBEAL 7
DEN/DER/SPRC 10/27-28/2003
C14 conte~is cf Spent ruel - Formationc. C-14

Main cross-sections for C-14 formation

EAF-2001
Sigma(E) T N-14 (n, p) C-14
(in barn;L 0-17 {n alpha) C-14
bbbbbbbb Joo] O-16 (x, garma) O-17
104
H
0.
00r
0.0014
14}
1e5]
1e .
les le4 0001 001 01 1 10 100 1000 1e8 165 166 1w E
(inel)
CEA — DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments P. MARIMBEAU 9
DEN/DER/SPRC 10/27-28/2003

C14 contents of Spent Fuel - IAPs estimated activities

Statistical study of industrial analyses of
manufacturers’ batches

€SP
" e Results for UOx and MOx fuels (~10 000 t and 400 t)
»LD = 8 ppm for N impurity

« Activities of some IAPs in UOx fuel at 50 GWd/t

Acttixgile(%i(;gl;Ox 10 years 300 years 10,000 years
14C 2.05E+4 1.978E+4 6.12E+3
36Cl 5.37E+2 5.37E+2 5.25E+2
S9N 1.387E+2 1.383E+2 1.265E+2
83N 1.984E+4 2.66E+3 0.0

CEA - DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments p MaRivBEAU 11

DEN/DER/SPRC 10/27-28/2003

,C,M contents of Spent Fuel - Formation of C-14

¢ Masses of C in grams contained in a 900 MWe assembly

Ce:] Masses of C14’ 10 years 300 years | 3,000 years 10,000
— __/assembly _ . - _ years
> T - ~fgr ¢ IME T
g?%gsgggarame Workshop on C14 Release a:n;l/;r;:xzsgpugrr in Repository Environments P. MARIMBEAU 8
C14 contents of Spent Fuel - Formation of G-14
Threshold cross-sections for C-14 formation
Ce:] Sigma(E) Lz nahy Cla FAF-2001
@nbarns) | O-16 (n, He-3) C-14
0.04-
0.02-
56 7.5¢6 1e7 12567 1367 1757 201 E
(ine¥)
CEA — DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments p.marIMBEAU 10
DEN/DER/SPRC 10/27-28/2003
C14 contents of Spent Fuel - Benchmark on evolution codes
The aim is to compare CESAR results with those
e coming from other international codes
" e using their own tools : basic nuclear data,
calculation schemes...
¢ » Domain : Fuel cycle and back-end of the cycle
e > Fuel : PWR UOx and MOx (1st phase)
¢ > Results : Inventories of actinides, FPs, IAPs
¢ > Framework : WPPR of the OECD
* > Progress : specifications currently being drafted
CEA — DEN/Cadarache Workshop on C14 Release and Transport in Repository Environments P.MARIMBEAU 12
DEN/DER/SPRC 10/27-28/2003



~.C in a graphite reflector- |

- method development and measurer ‘nt '

' ‘of organic and inorganic 1#C"

e A.;Ma‘dnbsson, K Stenstrém, M. Faarinen,
- R Hellporg, P. Persson, G. Skog

wy measuning the fraciions of
#ganicfinorgan,c 4"

.+ Different chemical properties...

|

- ...important for classification and disposal |

i
|
l
|
b -

|

Aim: To develop a suitable method for measuring the D ——
fractions of organic and inorganic “C in graphite B
Our definitions
. Organic: Compounds oxidized at T<600°C
R lm| Inorganic: Compounds oxidized at 600°C<T<900°C
LUND ‘
UNIVERSITY
R1- The first Swedish researcti reactor T e grepFite reflector
- — - “ .
+ Put into operation 1955 - T T i
pe - 0.9 m, 52 tonnes ’
' » D,0-moderated and cooled * . + Air-cooled
L R + 14N(n,p)C (~86%)
i i+ Natural uranium [ ’ @
(o o " o 1BC(n,y)1*C (-14%)
. -~ w.
E ] Lo, A Maximom power 1MW, : « Chemical form of 4C?
» Shut down 1970 ' + 10 samples
'+ Decommissioned 1981-83 - T T
Exnerimental setup “Resuits
+ Method based on combustion and sample | 0TS | oML EC
absorption of evolved CO, in NaOH R1-020 443 1011
R1-030 131 371
RI-045 346 1104
Ri:055 96 os| Jotal amount
R1-058 1561 2760]  Organic C: 27 GBq
R1-088 570 238| Inorganic #C: 54 GBq
R1-093 77 377
RI-108 308 964
R1-109 737 1855
e RI-113 272 300
= J Mean value 519 1033




' "System' pe"r-'fofm'amce :

. Proof of complete oxidation:
- No signs of CO

- No visible traces of remaining sample
material

Proof of complete absorption of CO,:
- No signs of CO,
- No activity above background level

System ;p‘,'.rformahce:

Proof of non-existing cross

-contamination:

- No activity above background level

. Proof of a nearly 100% system recovery

of 4C:

- No signs of remaining “C

- Complete CO, absorption

- No signs of remaining sample material

SyStem performance

Proof of reproducibility:

Sample Organic '*C Inorganic “C Total “C
Ba/g Ba/g Ba/g
(mean value) (mean value)
R1-058 1685 2573 4258
R1-058 1370 2800 4170
R1-058 1629 2907 4536
R1-093 77 376 453
R1-093 76 377 453
R1-108 278 1026 | 1304
RI-108 337 901 | 1238

Uncertainties

« Errors arising d—uring combustion and
measuring procedure: 3 - 20%

_« Errors arising due to the inhomogenity of

4C within the sample material:
- 19%, organic #C fraction
- 11%, inorganic '4C fraction

» Simple system construction

* Oxidation and CO, absorption
* System recovery of '“C

» Contamination

» Decreasing the errors

» Complete separation of the organic
and inorganic “C fractions?




Study on Photocatalytic Decomposition of
Organic C-14
In Waste Packages

October 27-28, 2003

RWMC

(Radioactive Waste Management Funding and Research Center)

Kobe Steel, Ltd.



1. Expected Performance and Tasks of Waste Packages

Characteristics of organic C-14
Long half-life (5730 years)
Low adsorption to clay, rock
Low propensity to precipitate

Barrier of waste packages
e Corrosion resistance

L @ Restriction of water permeability/nuclide release )

U

Difficult to reduce organic C-14
release by present barrier
materials

R R T R R T T R R R TR

-
Barrier of infilling material

[ @ Decomposition of
organic C-14 by photocatalysts

<=

Improvement of distribution
coefficient by decomposition

LT LT LT LTI

.

~

J

Objectives of this study

Evaluation of corrosion resistance of package material (local corrosion, bending/welding parts)

Evaluation of photocatalytic effect for decomposition of organic C-14




(1) Reactions on Photocatalysts

TiO, Particle

e 98 T Valence
il et o] o 1 < ﬂ Band
oo % fe
2l ”m Balid Gap of TiO,
N B R ) Pt
Schematic model of photoelectrochemical reactions = : :?::

TiO,+hw-> TiO,+ e+h* s

Reduction e+0,> O, (Aerated) Conductio

n Band

29’+2H209H2+20H' (Deaerated) B T e e e T l;g:ﬁ._
Fig. 3. Peassiigl-pdf squikhrum disgram [ (B 1310 Sarhan-waler, 51 200
. . vestleriog carbon in the form of gghie]
Oxidation h*+H.O—> OH+H* o T B R T 0 S
2 diagrar beloss thik hie delers 0 stduliens (hermodyesnaly saturaled wilh sHel dasban

h+9htrap+ Potential-pH equilibrium diagram
or the system carbon-water at 25



(2) Application of Photocatalysts to Waste Packages

REpOSItOry  prr——
RS I ooy W 5 v

Waste Packages |:]
| ] &

Infill photocatalysts in waste packages

T

Photocatalytic decomposition

of organic C-14

T

Retention of C-14 by sorption

(Improve Distribution Coefficient)

" Photocatalysts

T

Waste Package

Improve barrier performance

by infilling




(3) Studies with UV

Decomposition test of methanol by TiO, with UV

30
_ | | |
Ziog || #Ti02 (100 ppm) .
g WmTi02 (1000 ppm)
© 20 [ AFe203, Mn02, V205 e
S 15 ‘
- UV energy 8000-10000 mW/m?2
‘D 10 + UV source black light
é. u Wave length 360 nm
o
& ° [ e
(]
0 % A
0 ) 10 15 20 25
Time [hr]
UV Source D, Xe lamp UV Source Black light
Wave length 360 nm Wave length 360 nm
/_H P A
— 100 )
S
N (%2)
S 0l g o
% () ‘ ’ :
= > :
g 118 L.
E Q A , ’ g
s 01| O X
fras} —i . . .
- L_ |L|near|zat|on
S 0.01 [ &
g <
O
<)
©0.001 =
0.1 1 10 100 1000 10000

UV energy [mW/m2]

1) TiO, can decompose methanol.

2) The decomposition proceeds
with time.

3) TiO, can act with low energy
UV.

- Improved Quantum efficiency

~_"

Possibility of photocatalysts
with low energy radiation




(4) C-14 in Waste Packages

<Dimensions>
Disposal
Waste package:1.4x1.4x1.4m 5.0E+11 Bq
6.0E+11 :
Canister:¢p0.43 x 1.34 mH x 9 _ /ﬂfter 1,000 years
g 5.0E+11
A AT g — _ 4.4E+11Bq
! C-14 inventory 8 4.0E+11 | ‘
: in a canister | 5 After 10,000 years
: ; 3.0E+11 | 1.5E+11 Bq
5.5E+10 Bg/canister? ‘é pomsi | M
S 1.0E+11
@)
0.0E+00

2,000 4,000 6,000 8,000 10,000 12,000

Time [year]

/

@C—M in oxide film: 20%2

_ | C-14 concentration
Leach immediately in waste package
(2) C-14 in base material: 80% 10-5 mol/L order*™

L

Leach with corrosion gradually

*1) RWMC, Development of radioactive wastes treatment system (1998).
*2) Noma et al., Study for TRU waste disposal system (2000).
*3) Specific activity of C-14: 2.31TBg/mol, filling factor of packages: 60% @

image sample



2. Objectives

- Photocatalysts oxidize organics by converting
photon energy to electro-chemical energy.

- Activation of photocatalysts by y- rays has

been reported.

1) Activation by low energy radiation in repository conditions

2) Decomposition of suggested organic matters

- -

Evaluate technical possibility of

Decomposition of organic C-14 by
photocatalysts with [3- rays




3. Materials

- Photocatalysts :

Anatase TiO, sintered on titanium plate (Kobe Steel,ltd.)

high photoactivity, stable physically and chemically @1 1

- Qrganic matters :

C-14 labeled Methanol (cN Biochemicals)

C-14 labeled Formaldehyde (cN Biochemicals)

C-14 labeled Formic Acid (American radiolabeled chemicals)

Micro grooves on
surface

Cross section

TiO, surface

J

oo N
(e N
w >
o o
o1

20

N~

Crystal structure
(<100 nm)

>TiO, layer

~Titanium




4. Methods

Prepare test solution

&

Install photocatalysts and test solution

&

Seal glass vials

&

Place in container for shielding

&

[3- ray irradiation

Photocatalyst

Container for shielding




5. Conditions

(1) Temp
(2) Solution pH

(3) Organic matters

(4) Radioactive concentration
(5) Organics concentration

(6) Surface area/water volume
(7) Irradiation time

(8) Analysis

. Room temperature
. pH11 (NaOH)

. Methanol

Formaldehyde

Formic acid

. 25 MBg/L

1.2 -1.4><10" mol/L
: 1.27 cm?/ml

. 10, 20, 40, 80 days

. Radioactive concentration

Liquid Scintillation Counter



6. Procedure for Analysis

Decomposition of organics by photocatalyst

&

Decomposition products (*#C0O,4?*) in solution

&

Separate 4CO,2* (carbonate precipitation)

& &

Deposit (inorganic C-14) Filtrate (organic C-14)

& &

LSC LSC

&

Evaluate decomposition of organic C-14




7. Results - Methanol

Variation of C; (radioactive concentration) in methanol solution

w
o

—— Total C-14 (w/ TiO2)

N
ol

—— Organic C-14 (w/ TiO2)

N
o

—A— Inorganic C-14 (w/ TiO2)

=
o

—@— Total C-14 (w/o TiO2)

o1

Radioactive consentration [MBqg/L]
|_\
o1

o

0O 10 20 30 40 50 60 70 80
Time [day]

- Ci of inorganic C-14 increased. decomposition rate: 20%/80days
- Cr of organic C-14 decreased.
- 90 % of organic C-14 removed by 60 days.

- Cr of total C-14 (w/o TiO2) not changed. € No evaporation of C-14 5



8. Decomposition Reaction of Methanol

<Proposed decomposition reaction of methanol™)>

CH,§ CH, CH,
CH, | I / N\
| 1o, » 0 —>» O —> O OH —> co, TiO,
OH
TiO, TiO, Tio, TiO,
“ adsorption “ Oxidation Oxidation Oxidation “ desorption “

(1) Adsorbed onto TiO,, then decomposed
- Removed organic C-14 in solution could contain
“adsorbed” and “decomposed” C-14
(2) Oxidized to CO,, then desorbed.
- “Adsorbed” C-14 would be finally decomposed

*5) Yamagata et al.: Bull. Chem. Soc. Jpn., Vol.62, No.4,
pp.1004-1010 (1989). @



9. Results — Effect of Organic Forms

<Removal rate of organic C-14>

O Decomposed

O Others (Adsorbed, etc)
100

‘ —A T
= - o f/,* Methanol 199 | — 95%
E 80 A T 80 days) — : |
E o | * ‘ 90%
< Formaldehyde 66.5 232
R = —— Methanol 75 days - |
Q I | 98%
= —m— Formaldehyde ) . w
> 90 Eormic acid Formic acid 79 90.0
O —A— FOormic acl | 75 dayS ;
0
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100
Time [day] Organic C-14 removal [%]

Clarified decomposition of 3 organics by TiO,
Removal rate (“adsorbed’+ “decomposed”)

Formaldehyde < Methanol < Formic Acid



10. Application to Waste Packages

Installation of Photocatalysts

Infill photocatalyst particles in waste packages.

Waste

Package

Canister

TiO, particles

<Conditions>
-Infill TiO, particle (¢p2 mm)

- Filling factor : 60%

<+

Surface area/water volume

35 times as the experiments




11. Conclusions

- Clarified decomposition of organic C-14
by photocatalysts irradiated with [3- rays
- Decomposition rate of organic C-14 (75 - 80days)

Methanol : 20%
Formaldehyde :67%
Formic Acid . 8%

- Confirmed possibility of decomposition of organic C-14

In waste packages



12. Future Tasks

1. Performance of photocatalysts in repository
- Reaction mechanism (sorption, decomposition)
- Performance in reduced condition
- Effect of components in ground water (Ca?*, other organics, etc.)

2. Reliablility of photocatalysts

- Durability of photocatalysts

- Resistance to ionized radiation, heat
3. Effect to environment

- Effect of H, gas generated by photocatalytic water decomposition
- Effect to corrosion of waste package materials and metal wastes

4. Others

- Productivity, cost
- Handling, infilling method




Appendix



Results — Decomposition Rate with Time

<Decomposition reaction of methanol>

CH,OH+2H,0 > H,CO,+3H, <Residual organic C-14 in methanol solution>

— 100 904~
Description as a Langmuir formula*® 3 : \\
1 k,K [CH ,OH e 0 )
= B X 2
——[CH ,0OH 1= [CH ;OH ] S, * .
dt 1+ K[CH ,OH ] s .| \
3 > 1 \
S \
(k,:rate constant  K:equilibrium constant) = "
(5} \
Q (' 0.1 L
0 50 100 150 200
Time [day]

Organic C-14 can reduced to
1/1000 by 110 days

6) Jian Chen et al., Water Research, Vol.33, No.5,
pp.1173-1180, 1999



Application to Waste Packages
Reaction in Waste Package

Underground repository

Waste Package

¥ .:%'_1‘._; [ .._ 3 |1-,:._ I, #
AR R A,
[

N

Proposed formula

s
e

I
x| | Waste

1 L packages —

(k,:rate constant  K:equilibrium constant)

<j|| L e _147- KKIC -14)
dt 1+ K[C -14]

Consider surface area

Filler Concrete pit | | Buffer material Organic C-14
Flow rate of groundwater Condition in waste package
would be very slow inside of would be assumed to be static.

bentonite layer.



Application to Waste Package

Installation of Photocatalysts-2

Place photocatalytic plates in waste packages.

Waste

Package

Canister

<Conditions>
- Install TiO,, plate
- Infill quartz sand

(Filling factor: 60%)

<t

Surface area/water volume

1/4 as the experiments




Application to Waste Package
Evaluation

Evaluation on results of methanol experiments

<Time required to reduce organic C-14 to 1/1000>

Case 1 TIO, particles

4 days

Case 2 TiO, plates

485 days

Released organic C-14 can be reduced

In a shorter period by photocatalysts.




Fundamental study of C-14 chemical
form under Irradiated condition

NAGRA/RWMC Workshop on C-14, Oct. 27-28, 2003

JNFL
Japan Nuclear Fuel Ltd.

RWMC

Radioactive Waste Management
Funding and Research Center

Hitachi Ltd.



Outline

1. Introduction

2. Basic decomposition model

3. Application to actual disposal system
4. Evaluation of C-14 chemical form

5. Conclusion




Background 2

— Activated metal — Low molecular weight of organic C-14
_ zirconium alloy corrosion - formic acid, acetic acid
—l - formaldehyde
- steel alloy y
- methanol, ethanol

N

Due to low sorption abilities of organic C-14, it is very important to
evaluate the long-term stability of organic forms

E

» An inorganic form is more stable thermodynamically E———
in the disposal condition (pH=12.5, Eh= -600mV). A gy

»However, high energy is required to decompose Olgete

an organic matter. _
Inorganic

> In this study, irradiation effect was investigated. >

Energy level




Objective

Disposal system of activated metal

. Gamma ray
Waste
package
\A
4
//
Activated metal Mortar

Calculated dose rate in the waste package

108
el coso
g\ 101 “”0, ..
S 1 LY Gamma radiation surce
Q 13
§ 101 T & ””””””””
o 102t e Nb-94
(D ] XXXM SOOUOORBUC X SOOI X
8 10—3 , _a 7A,AM ,iggeMAmm,AAmmm z?&%x ,,,,,,,,,,,
104 +++~$AA°§VX&X ,,,,,,,
105 [ R e . S —
¢ 10t 12 18 100 100 1O¢

Time (y)

In the actual disp@d system, it is
possible to expediib-94 as a long-term
gamma radiatin source.

E

Objectve

To evaluate the C-14 chemical form
In the waste package considering
the radiolysidy Nb-94.



Outline

1. Introduction

2. Decomposition model

3. Application to actual disposal system
4. Evaluation of C-14 chemical form

5. Conclusion




— Direct decomposition Indirect decomposition
H,0 —\\» OH
Organic C-14 J\/\ﬁ CO,* _
OH + Organic C-14 - CO,*
\
4 )
Indirect decomposition is a dominant process in a low organic concentration.
& J
Decomposition model
d . ™
»Decomposition reactions of organic matters should be described as follows.
» Firstly, the validity of this model was investigated by a simple irradiation test.
Formic acid HCOOH +20H - CO,1+H,0
Formaldehyde HCHO +40H - CO,t+3H,0
Methanol CH,OH +60H - CO, T + 5H,0
Acetic acid CH;COOH +80H - CO, T +6H,0
\_ Ethanol C,H:OH +120H - CO,T+9H,0 )




Irradiation test 6

Gamma
Co-60 mlll irradiation
source

[l : experiment (filled)
1 : calculation (clear)

100 =
| D,
* Methanol
o ® Formic acid
N o PRI A AN
eo/ 80 s Formaldehyde
-% o Ethapol _
; 60 | X Aceticacid | [ |
= Dose rate: 100Gy/h
-
"D
© 40
= &
-
o
(&)
» 20 b ) L\
D : .
A
i @
1E+0 1E+1 1E+2 1E+3

Absorbed dose (Gy)

1E+4

I

Organic C-14 solution
(Conc. = 10*mol/L)

The experimental results agreed with
the calculated results obtained by an
absorbed energy and G-value*.

“G-value : OH radical number which is generated,

when the water absorbed 100eV.



Outline

1. Introduction

2. Decomposition model

3. Application to actual disposal system
4. Evaluation of C-14 chemical form

5. Conclusion




Actual conditions 8

Waste package (4.6m?)

x . Gamma ray

4

/

Activated metal

Organic C-14 concentration

® Concentration of C-14 in activated metal
®Corrosion rate

®Surface area

® The ratio of organic form

®Porosity in a waste package

P
Leaching rate of Organic C-14

/
Mortar

Irradiation conditions

®Dose rate by Nb-94
® Amount of water in a waste package
®G-value of OH radical

Generation rate of OH radical



Estimation 9

Waste package (4.6m?)

x . Gamma ray

Activated metal Mortar
Leaching rate of Organic C-14 Generation rate of OH radical
6.6><10° mol/L/y 4.7>10° mol/Lly
*1: Calculated from the surface area of metal, *2: Calculated by the dose rate of Nb-94

corrosion rate, porosity, etc.

r

order to decompose the 1mol acetic acid.

\ ‘ 8mol of OH radicals are necessary in

Organic C-14 becomes almost inorganic,

Theoretical maximum decomposition rate

when 1% of OH radical is consumed for
the decomposition.

5.9>10" mol/L/y



Irradiation conditions

The value evaluated in the experiment

Decomposition efficiency”

*: The ratio of OH radicals used for the decomposition of organic C-14

=

Task

® Concentration dependence
® Dose rate dependence

10

- =
Irradiation conditions
Iltem Conditions
-1 _ 2
Dose rate 2><10"1-2><10% Gy/h
(Actual dose rate: 10-3 - 10-2Gy/h)
Organic 107 - 105 mol/L
C-14 Conc. (Actual concentration: 10-7 -10-°> mol/L)




Experimental conditions 11

Irradiation condition
Dose rate: 2><101 - 2><102 Gy/h ®C-laform
Acetic acid, Methanol

Absorbed dose: 3 - 3000 Gy c _
® Concentration
N W %

107 - 10>mol/L

Co-60 Gamma
source radiation ®Temp. 75
~ | @ Atmosphere Anaerobic(3%-H, gas)
20mL - @Solution Alkaline solution(pH=10)
Addition of carrier and HCI Actual groundwater
+Ar purge

N Total Organic
‘ C-14 ‘ C-14 Decomposition Ci14 —— C.4
Analyses Analyses Ratio(%o) —
Total C-14

Total C-14 Organic C-14

Decomposition Ratio(%o)

. - _ _ Decomposition —
Irradiation factor : Theoretical dose Efficiency(%6)

necessary for 100% decomposition

Irradiation factor*



Appearance 12
Irradiation Irradiated samples™
Inorganic C-14 separation *10* - 10°Gy

purge Addition Addition Irradiated
of HCI  of carrier sample
«




[
)
o

Decomposition efficiency (%)

o
|_\

Experimental results 13

® The decomposition efficiency increased in proportion to the
organic C-14 concentration.

® The dose rate dependence was not observed in this study.

Concentration dependence Dose rate dependence

100 F

C-14 form Acetic acid C-14 form Acetic acid

Dose rate  2><10°0 - 2><102 Gy/h Conc. : 10°mol/L
10 | 4 10 ¢
- Actual _
rdose rate This study
— —\ fT = I
2 ¢ 1| =

Decomposition efficiency (%)

i

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2

Organic C-14 concentration (mol/L) Dose rate (Gy/h)



Decomposition efficiency (%)

Effects of C-14 form and groundwater! 14

® The effect of chemical form and groundwater composition
was very small.

Effect of organic form Effect of Groundwater

___ C-14form Acetic acid, Methanol

100 p - C-14 form Acetic acid
- Doserate  2>100-2>102 Gy/h '

Dose rate 2><100-2>102 Gy/h

10 € Alkaline solution(pH=10) |
§ % | ® Actual groundwater J y
- | ® Acetic acid »
. | |4 Methanol
0.1 e - ll SR 01 u ——"

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4

Organic C-14 concentration (mol/L) Organic C-14 concentration (mol/L)

10 |

Decomposition efficiency (%)




The decomposition efficiency increased

Discussion

15

Experimental results Reaction of OH radical

In proportion to the organic C-14 H0 .
- " —>

concentration.

Generation of OH

Previous study * *
S 100 { & Acetic acid h ——o> Decomposition Competitive reaction
> ||4 Methanol OH +Org. C-14 OH +X - H,0
= = Rokkasho groundwater ~ Inorg.C-14 X : Competitive material
S 10| - L
= %
15 ~1 Competition model ~
= s ® The decomposition efficiency should be
% l BI dependent on the organic C-14 concentration.
A ®This model agrees with the experimental result.
0.1 X
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 \ /
Organic C-14 concentration (mol/L) -

It is considered that the decomposition
efficiency is not dependent on dose rate.



Outline

1. Introduction

2. Decomposition model

3. Application to actual disposal system
4. Evaluation of C-14 chemical form

5. Conclusion

16




Evaluation of chemical form L7

3
Generation r Waste package (4.6m°)

@ | eaching rate ‘ »

-
Evaluation of organic C-14 concentration in the waste package

(t—dt)

Decomposition
& migration

® Chemical form
® Dose rate

e Staying time in
a waste package

dt
1Y 7 1 1 1\T
Cn = Cn_1+G°dt'(Ej X(l—U°dth{1— Ctemp '(D'dt)'(ctemp E)}X(Ej

C,: Organic C-14 conc. (mol/L) U: Staying time of Organic C-14 in waste package(y)

G: Organic C-14 leaching rate (mol/L/y) D: Theoretical maximum decomposition rate(mol/L/y)
T: Half life of C-14(5730y) E: Decomposition efficiency(mol? L)




Organic C-14 conc.(mol/L)

Estimated results 18

It was found that the rate of an organic form might fall sharply by

considering the irradiation effect.

Calculated results in casel

C-14 form Acetic acid
Dose rate 2><103 Gy/h
Leaching rate 6.6><10°mol/L/y
Staying time 18000 y
1E-4 ¢
no radiolysis
1E-8 f-——---—--—----- ] ] -
radiolysis
1E-9 ——
10 100 1000 10000
Time (y)

Organic C-14 conc.(mol/L)

Calculated results in case2

C-14 form Acetic acid
Dose rate 2><103 Gy/h
Leaching rate 6.6><10°mol/L/y

Staying time 1800 y

0""W
[ 3¢ 4 \

no radiolysis
radiolysis

100 1000 10000

Time (y)



Future work

19

1. The effect of competitive substance

The effect on the decomposition efficiency must be evaluated

on the substance which coexists in the actual disposal condition.

2. The effect of low dose rate
The effect of low dose rate must be theoretically examined,
since to simulate the low dose rate experimentally is difficult.

3. Evaluation of C-14 staying time in the waste package
C-14 staying time should be evaluated considering the waste

package design.




Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft

Interactions of Carbon in a Repository
Environment

Workshop on 14C Release and Transport in Repository Environments
Wettingen, Switzerland - Oct. 27-28, 2003

B. Kienzler, V. Metz, M. Kelm,

Forschungszentrum Karlsruhe, Institut fir Nukleare Entsorgung (INE)
C. Nebelung, L. Baraniak
Forschungszentrum Rossendorf, Institut flir Radiochemie




14C disposal in Germany

YN(n,p)i4C c = 1.48 barn
O(n,a)**C c = 0.183 barn

14C specific activity: 1.65x10'! Bg g
Zircalloy cladding 1N:  max. 65 ppm
UO,, moderator (H,O): 170:  0.038%

Zircalloy per ton heavy metal: 520kg(GKN I), 550kg(GKNII)
14N ~ 2 mol /t HM
70 ~ 3.2 mol/tHM

LWR: 370 - 390 GBqg / (GWe yr)
Installed nuclear power in Germany: 22 GWe
phase-out, total life-time: 32 yrs.

Total *C inventory in a disposal: 2.8x10° GBq

1700 g (120 mol)
pebble bed HTR (total 5x10*? Bq), LLW, tracers.....



Behaviour of “C loaded waste

Zircalloy: (Kaneko 2002), ZrC
Release: DOC from carbides ~2 x DIC

HTR fuel:1*CO,, depending on O,
total release < 2%

ERAM: Al-carbides from 4C production — methane

14C labelled organic material: biodegradation depending on
- pH
- electron acceptors (O,, NOy, Fe3*, SO,%, CO,)

CH,O + O, — CO, + H,0 AG°=-502.4 kJ mol-1
CH,O +4/5NO, + 4/5H*  — CO, +2/5N, + 7/5 H,0 AG°=-476.9 kJ mol-1
CH,O + 8 H* + 4 Fe(OH),  —» CO, + 11 H,O + 4 Fe?* AG°=-116.0 kJ mol-1

CH,O + % CO, —> CO, +% CH, AG°=-92.9 kJ mol-1



Recent Experimental
Investigations
for FB Asse
ERAM

Steps for conditioning
-solids
- solutions

Solids Solutions
Inactive conditioning
min. 6 weeks
I
Separation
Solids - Solutions
Conditoned Solid Condit. Solution

Active conditioning
conditioned solution

+

radioactive tracer
(min. 6 weeks)

standard solution Il

Sorption experiments (batch)

Standard solution Il

+ conditioned solid (min. 0.5 years)




4Methane Sorption

Solids:  sorel concrete Solutions: MgCl,-rich brine

Monitoring the CH,/Ar ratio

Result:

CH,/Ar ratio constant within a deviation of 5%
~ Total methane sorption onto sorel phases
below 0.2 mmol CH,/kg solid material



4Carbonate Solubility /7 Sorption

Solids:  salt concrete Solutions: MgCl,-rich brine
sorel concrete NacCl brine
“Grauer Salzton”

pH NacCl MgCl,
salt concrete 10.6 6
sorel concrete 9 6.7
Grauer Salzton 7.3 57
Solubility NacCl MgCl,
2.5x107° - 1.2x104 mol/l 1.6x1073 - 6.7x10-3 mol/l

Sorption NacCl MgCl,

R - A-AV, R, ~ 3000 ml/g R, =2.3 ml/gto 11 ml/g

> A m



Asse Salt Mine

+200 m

13 emplacement rooms

~1300 drums intermediate-level waste

» #125000 drums low-level waste Sea level

» ~1015 Bg total RN inventory -
mainly An: =120t U, =80t Th, 12 kg Pu

« intrusion of MgCl,-rich brine expected

« >30000 t Portland cement (OPC)

> 670t NO;

» 2800 t organic carbon = degradation -400 m
to CO,, inorganic carbon (DIC), e.g. -

CeH,,O; + 4.8H* + 4.8NO, = 7.4H,0 + 6CO, + 2.4N,

affecting geochemical environment
= affecting radionuclide release

-800 m

brine




Quasi-closed system modeling approach

NATURAL OPEN SYSTEM

-
________________________________________

o EVMIFLAUENMENT RUVUM - e -

. £ZZ SOLUTION L S
————— omplexes, ‘:_:_:_:_3

colloids

| ACCESS GALLER




concentration / mol (kg H,0)™

Reaction of cement in Q-brine + DIC input @

reaction

0.47 kg cement (kg HZO)'1
10 = .

reaction
0.40 kg DIC (kg H,0)"

o
=

0.01

kg cement (kg H,0)*?

kg DIC (kg H,0)*?

log (Am mol? kg H,0)

- S & & A

pH
6.5 7 75 8 85

-6

R

log (COz% mol? kg H,0)

-!



Recommended buffer material

Mg-depot provided by K-UTEC GmbH
» ~69 Wt.% brucite + Mg-oxychloride

o ~25 wt.% halite

e ~ 6 Wt.% accessory minerals

1pm

brucite (SEM: INE)

Mg-oxychloride (SEM: INE)

wrm= U o Oy

Mg-depot (SEM: Klaus Spieler, INE)

INE recommendation to FB Asse:

brucite + Mg-oxychloride
“Mg depot”

studying effectivnhess
 buffering pH
e limiting [CO;7]

e resulting in low [An]




Reaction of cement + Mg-depot in Q-brine + DIC input @

reaction
0.71 kg cement (kg H,0)*

1.96 kg Mg-Depot (kg HZO)_l reaction

l _

} 0.40 kg DIC (kg H,0)"

| i T T T 14
Ca—j 113

i

10

Mg

o
=
lllu.'.l Ll LLl

0.01

1E-3

1E-4

concentration / mol (kg H,0)"

i 13
1E-6 4+——1— — 2

0.0 0.1 02 03 04 05 06 07 01 02 03 04 05 0.6 0.7

kg cement (kg H,0)* kg DIC (kg H,0)?

pH

A
T

log (Am mol* kg H,0)

- N & &
T . T

Magnesite
precipitation



concentration / mol (kg H,0)"

10

o
=

0.01

1E-3

1E-4

1E-5

1E-6

Reaction of cement + Mg-depot in Q-brine + DIC input @

reaction

6

pH
6.5

8 8.5
L

Am

0.71 kg cement (kg H,0)* : Q
r ion = 4l
1.96 kg Mg-Depot (kg H,O)1 1 eactio 1 2
| 0.40 kg DIC (kg H,0) 3 %
€
. — . - 14 N
Cop s BTN 7
i [ S
é Mg | 112 log (CO4% mol? kg H,0)
] h — 411
3 ' _
| 9 * ]
! I g Pu ' /
! T -f_cg, 64 02
! 47 > g ] 1035
! _w 10°
| - — g 1ol .
Liﬁ 45
! | 4 2 4 6 -Iog[Hf; 10
f__\\ 43
|'|'|'|'|'|'|'|l"""-''-'-2 ()
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kg cement (kg H,0)*

kg DIC (kg H,0)?



Autoclave experiment: formation of carbonates

350

300

250

intensity

100

50 -

200 |

150

20

Mg-depot
S o
S, S m
o= |8 g DIC
o= 3
) = 3 ]
2 i x
S gc g
o = > .
o S S § ol o autoclave experiment
4('_6' O °© 6 p X _ . ) .
£ L2 S @ Mg-depot in Q-brine
2 S g N > ¢ <17 bar CO;:
S S 29 £ &  formation of magnesite
= i | g2 besides metastable
c; = = Mg-hydroxo-carbonates
2 _
! MM R [ | L | [ | L | L
10 20 30 40 50 60 70 80



mproving thermodynamic data for brucite / Mg-oxychloride

Equilibrium pHgoz6 Values in
MgCl, solutions saturated with _
Brc, Mg-Oxy (25°C) Mg(OH),(cr)  solid lines: calculated!

10.0

1°2)
(¢

with improved databa;

log K°¢(Brc) =17.1+0.2

solid transformation

log K°, (Mg-Oxy) = 26.0 + 0.2

.t
.
.
.
.
.
.
.
.
Py
.
.
.
.
.
.
Y
.
.
.
.
.
.
.
.
.
.

Su,

with thermodynamic data of 57 <
EQ3/6, GWB, CHESS, ] Mg,(OH)5Cl4 H,0(s)
SUPCRT92 ... databases 7.0

Mpgciz (Mol (kg H,0) 1)

Altmaier, M., Metz, V., Neck, V., Mlller, R. & Fanghanel, Th.: Geochim Cosmochim. Acta (in press)



-1
log ([Pu] mol™ kg H,0)

-12

Pu solubility

EQ3/6

7 8 9

10

11

Pu(lV) coll.

Pu(lV)

-12



Summary and Conclusions

14C load from irradiated zircalloy and spent fuel some from THTR and
organic tracers.

Release during storage of THTR spent fuel by contact with air and gamma
radiation generating CO.,,.

In rock salt, dissolved carbonate species sorb onto carbonate containing
solids by isotopic exchange.

In cement dominated systems, high distribution coefficient between DIC and
DOC is observed (>1000 ml g-1).

Interaction of CO,, gas with Mg bearing material: formation of magnesite and
magnesium-hydroxo-carbonate.

Weak sorption of 14#CO,? onto salt concrete in MgCl,-rich brine. Sorel
phases reduce dissolved 4C by more than 100 during 0.5 yr.

Sorption of methane onto solids could not be verified.
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1.Background

Disposal

<> &l
00 12 1 C >

0 2 4 6 8 10 12 14
Low Eh value around the surface of activated metals

caused corrosion reaction
In this condition, are organic carbons(C-14:released from
metal) stable ?

In disposal condition, is inor?anic carbon stable ?

The Change of C-14 species from activated metals
In disposal condition




N

2.0bjective

L

The study on the change of the chemical forms
from activated metals in disposal condition.

-The disposal facility made from cement materials

etc.1s alkaline and in a reduced condition.




3.Procedure

The Leaching for
Cutting Powder
of Activated
Metal

The Leaching

Simulated
pH 10

Anaerobic
3 Hz2 97%N2

Leaching
1 month

The Leaching test

Removal of Co-60

The Cation exchange for
removal of Co-60
to avoid the radiolysis

pH adjustment

Leaching
1 Month

1 Leaching Test of Organic C-14 from Activated Metal Waste(Test No.1)

Chemical Form

High performance
liquid chromatography

Total organic carbon and
inorganic carbon
anal sis

Time
1,3,6,12 Month after the
removal of Co-60




/3.Procedure 2 2

2 Immersing Test of Organic Compounds in Alkaline Condition(Test No.2)

Preserve in Chemical
Alkaline Solution Analysis
The Chemicals Total organic carbon and
Formic Acid inorganic carbon
Acetic Acid analysis
Formaldehyde _
Acetaldehyde Time
Methanol 1 15 month
Ethanol

pH




N

Organic Carbon Ratio/The Organic

Cabon Ratio at the start

1 Test No.1

100%

80%

60%

40%

20%

4. Results 1

The change in the ratio of organic carbon

T,

1 3
Time (month

12

The Ratio of Organics in Total Carbon

Time
Data of Measurement] The Data nomalized
0 month 74.9% 100%
1month 74.6% 99.6%
3 month 66.2% 88.4%
6 month 71.6% 95.6%
12 months 67.3% 90.0%

The Ratios of Each Organics(%)

50

40

30

20

10

The change in the ratio for each organic to to total

organic carbon

e CHICOH
—0—  HoooH
—I—::m
—=—  CHIOH
/\ —
P
0 3 6 12
Time (month




4.Result

/
N
1 Test No.2 : . .
The change in concentration of organics
100%
) O
! |
90% . O ' = [
,_| O
80% - e
|
g 70% . ® | |
o
T 60
% 50%
£
40% O Methanol(pH8) —
30% ® \lethanol(pH12.5) 1
20% O Ethanol(pH8) N
10% M Ethanol(pH12.5) |
0%
0 2 4 6 8 10 12 14 16
Time Month
) The Residual Ratio (after 14 months)
Added Organics
pH 8 pH 125
) ~ |Formic Acid 88% 71%
Carboxylic Acid ) )
Acetic Acid 91% 84%
Formaldehyde 90% 80%
Aldehyde
Acetaldehyde 90% 7%
Methanol 90% 73%
Alcohol
Ethanol 88% 72%




Residual Ratio

100% ‘

9o @ 8 Q @ O
O * .
8% | ° O & o ¢
700 | ¢ ° d o
60% |
50%
A0 O Formic acid pH8
30% @ Formic acid pH12.5
20% ¢ Acetic acid pH8
10%
¢ Acetic acid pH12.5
%
0 2 10 12 14 16 18

Time Month

20



Residual Ratio

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

¢ @@

)
*@®
*0
@ O

0 &
 _

O Formaldehyde pH8

® Formaldehyde pH12.5
% Acetaldehyde pH8

Ad Acetaldehyde pH12.5

2 4 6 8 10 12 14 16 18
Time Month

10

20
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“9.Summary

# The organic C-14 released from the activated
metals might change to inorganic carbon in the
disposal condition (alkaline,reduced)

# In the higher pH Condition, the rate of change to
Inorganic carbon might be faster.

# The organic carbon might change to inorganic
carbon slowly.

11




N

‘6.Future Study

# We are going to study the hydrolysis reaction for
organic C-14 in alkaline condition and velocity of
this reaction.

# |f the hydrolysis of organic C-14 in alkaline
condition occurred at a disposal site, it would be
possible to rationalize engineering of disposal
facility.

12
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e Because the C-14 released from the activated metals
mainly forms organic compounds that weakly sorb on
engineering barriers, effective absorption materials for
organic C-14 or oxidation to inorganic C-14 are required for
rationalization of engineering for disposal facilities.

» The distribution coefficients of cements for C-14 released
from activated metal were measured in this study.

For other types of materials suitable for engineering barriers,
the distribution coefficient experiments were carried out in
this study too.



Procedure (1/3)

(1) The conditions for the distribution coefficient
measurements for C-14 from activated metal

(a) Activated Zirconium Alloy u
Metallic sample and the sample
Activated Materials covered with zirconium oxide
(b) Activated stainless steel

without surface oxides

Liguid Phase Simulated Groundwater
Anaerobic alkaline condition

Cement OPC and mixed cements (OPC:BFS=1/9)

Solid Liquid Ratio 19/10m|

Ordinary Portland Cement
Mixed Cement ; OPC:BFS=1/9 BFS:Blast Furnace Slag




Procedure (2/3)
(2) The Method of the distribution coefficient
measurements for C-14 from activated metals

The Cutting Powder
of Activated Stainless
Steel 100g

£ Simulalted Groundwater G|Ove BOX fOI’ Settllng Glove BOX Kd Values
1009 / Atmosphere 3%H,+N, \
o I Temp. Room Temp. / Atmosphere 3%H2+N2\
o, [ Settling Time Max 12 Months Temp. Room Temp.
Tenp. i — Time Days

-Leachingll Month

lon Exchange for e
Co-60 Removal >

Each Solution for Experiments

The concentrations of organic and
inorganic C-14 were measured Cement OPC I ——

individually.
Calculation Kd values from |
these data Solid Liquid Separation \ /




Procedure (3/3)

(3) The Measurements for Kd values of organic C-14 for
effective materials

Materials and Organics

Materials Organic Carbons Notes

5 types of organic | * Based on the analysis for
20 Type | carbon compounds activated stainless steel
spiked with C-14 leaching experiment

Solid Liquid Ratio 1g/10ml



Result (1/4)

(1) The measurements for Kd values of C-14 from
activated metals

Activated Zirconium Alloy “Organic C-14" (ml/g)

Metallic Sample covered
Cement | Run No with Zirconium Ave.
Sample _
Oxide
1 1.9 c g
OPC 2 46 -
Ave. 3.3 49 -
1 3.6 36
Mixed , i >
cement
Ave. 3.2 6.2 e

The concentration of inorganic C-14 was under the detection limit. ¢



Result(2/4)

(1) The measurements for Kd values of C-14 from
activated metals

Activated Stainless Steel (mlig)

ltem RUN A RUN B Ave.

Leaching Time 11Months 1 Months -

Settling Time 0 Month | 0 Month | 1Month | 3 Months | 6 Months | 12 Months | Ave. -

The Ratio for TOC(C-14) 37% 74.9% | 74.6% 66.2% 71.6% 67.3% - -
Inorg. 580 245 486 1060 873 870 707 686

cement | opc | Org. 75 9.3 5.8 35 5.9 2.9 55 5.8
Total 35 15 11 10 12 9.1 114 154

Mixed | Inorg. 90 - - - - - - -

Cement Org. 12 _ _ _ _ _ _ _

Total 33 - - - - - - -




Result(37/4)

(2) The experiments on effective materials for organic C-14 sorption
selecting materials with high Kd values using acetic acid-C-14

(ml/9)
Materials Acetic Acid
CSHgel 0.65 0.9
CSHgel 0.90 0.8
Minerals in | cstigel 1.65 0.7
Cement Ettringite 7.3
Monosulphate 0.8
Tobermolite 1
Hydrotalcite OH Type 14.1
Ilite 5.9
Acid Clay 39.1
Natural gO 1.8
Minerals | aip, 2.1
TiO, 0.6
Zro, 1.5
Fumic Acid <0.1
Coal 4.3
Art|f|C|a| Halloysite 64.9
I\/Iinel‘als Ferric Oxides 0.1
Bismuth Phosphate 0.3
Charcoal 19.7
Asphalt 0.2




Result(4/4)

(2) The experiments for effective materials for each organic carbon
compounds sorption
Kd values experiments mi/g

Oraganic Carbon Compounds
Materials Acetic Acid Formic Acid | Formaldehyde Methanol Ethanol

Frringite 7.3 16 6 0.4
Hydrotalcite 14 21 7 0.4
it 5.9 0.1 3.8 1.2 8.4
Japanese Acid 39 7 3.2 0.5 13

Clay

Hal loysite 65 15 3.8 0.3 12

Charcoal 20 11 43 25 17




The Kd value of cement for inorganic C-14 released
form activated stainless steel is 1060ml/g 245ml/g,
and that for organic is 9.3ml/g 3.5ml/qg.

There are no differences between the organic C-14 from
the activated zirconium alloy and that from the activated
stainless steel.

The Kd value of OPC for organic C-14 is the same as
that for mixed cement.

Several minerals are effective for organic carbon
sorption. Regarding their use as engineering barriers,
further investigation is required.

10



Summary

» The cement Kd values for C-14 from activated
zirconium alloy and activated stainless steel were
measured in this study.

» Preparation of a Kd values database for some
organic carbons, e.g. carboxylic acids and alcohols,
and Inorganic carbon would be important for setting
up the C-14 in the activated metals.

11
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Migration of C-14 in Activated Metals under Anaerobic Alkaline Condition

1. Objective

2. Corrosion Test

3. C-14 Leaching Test
4. Discussion

5. Conclusion

NAGRA / RWMC Workshop on C-14



— For the safety assessment of radionuclide migration, it is necessary
to access not excessively conservatively but actually.

— C-14 is considered an important nuclide for the safety assessment of a
geological repository facility.

— It is the aim of this investigation to provide data relevant to design the
model of C-14 migration mechanism, by dual determinations of
leaching rate and corrosion rate.

NAGRA / RWMC Workshop on C-14



Material e Zirconium Alloy
Of Specimen o Stainless Steel

* Nickel Alloy
Shape * Plate as Flag G'aj“’be
of Specimen _H
Surface e Elimination of Oxide-Film by Polishing
on Specimen
Environment » Anaerobic Alkaline Condition
of Test
Method  Polarization Resistance Measurement

of Measurement & Best-fit Curve Calculation

NAGRA / RWMC Workshop on C-14




- Polarization Resistance Measurement -\
= :O

Possible to measure the small

Personal

corrosion current over a long period S
Of tlme —— ooo | Potentiostat

- Best-fit Curve Calculation /Galvanostat
Possible to obtain the corrosion awh.n,» > 300N,
parameters by graphical analysis of 1

polarization curve :
- Reference Electrode use same Material "
for Working Electrode T

_ " o]
Possible to keep the experiment R
Condition eaSy by USing a Simple Ptas Counter Sample as Reference

Electrode Electrode

experimental setup v

Sample as Working
Electrode

NAGRA / RWMC Workshop on C-14 )



Corrosion Test
-Comparison with Alternate Methods-

1.0E-1
Il ANOTHER WAY MEASUREMENT
I POLARIZATION RESISTANCE
MEASUREMENT

1.0E-2 +

Corrosion Depth ( um)

Ag ALLOY STAINLESS STEEL



Corrosion Tes

Stainless Steel
Nickel Alloy

Zirconium Alloy




Material of Specimen

e Activated Zirconium Alloy
* Activated Stainless Steel
* Activated Nickel Alloy

Shape of Specimen

e Activated Zirconium Alloy
Tube

» Activated Stainless Steel / Activated Nickel Alloy
Plate

Surface on Specimen

e Elimination of Oxide-Film by Polishing

Environment of Test

» Anaerobic Alkaline Condition

Specimen E g Test Solution f‘l> ‘ :> — .L—
Test Solution ! ( '

Immersion Analyze
1~11.5 months Quantity of C-14

NAGRA / RWMC Workshop on C-14

8



Activated Zirconium Alloy

Bg/Unit

Test Period (Month) 55 9 115
- 1.1><10¢ 1510 | 1.6><10!
Activated Stainless Steel Bg/Unit
Test Period (Month) 1 3 6
High Irradiated 8.7>=<101 | 7910t | 19109
Low Irradiated 43><101 | 20100 ND
Activated Nickel Alloy Bg/Unit
Test Period (Month) 1 3 6 11
- ND ND ND 2.9><10"

NAGRA / RWMC Workshop on C-14




Discussion -Zi

1.0E-04
—_ Leaching Test
NE ] Corrosion Test
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Discussion -S

Low Irradiated
High Irradiated

1.0E-03

Leaching Test ( High irradiated Stainless Steel Specimen)
Corrosion Test ( High irradiated Stainless Steel Specimen)
1.0E-04 A LeachingTest (Low irradiated Stainless Steel Specimen)
Corrosion Test ( Low irradiated Stainless Steel Specimen)
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Discussion -Ni

1.0E-04

Leaching Test
Corrosion Test
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The C-14 leaching test and the corrosion test have been
carried out to design the model of C-14 migration
mechanism.

— The C-14 leaching test results coincide approximately
with the leaching rate calculated from corrosion rates.
Our plans for the near future are:

— The estimation about the influence of fluctuation In
disposal environment parameters for C-14 migration
behavior.

NAGRA / RWMC Workshop on C-14 13



€)BNFL

Modelling the Partitioning and
Transport of C-14 in a Microbially
Active LLW Site

Joe Small

Nuclear Sciences and Technology Services (NSTS)

NAGRA C-14 Workshop 28th October, 2003
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@ BNrL

Introduction

e Carbon is a key reactive element in LLW resulting
from its organic content and the microbiological
and geochemical processes that occur in the
surface and near-surface.

e Realistic assessment of C-14 release from LLW
requires consideration of the various organic and
Inorganic reactions that occur in the near-field that
Involve carbon.

File ref: Page 2



@ BNrL

Aims

e Presentation of a mechanistic based modelling
approach to consider the partitioning of C-14
among reactive carbon species.

e Discussion of isotope fractionation effects.

e Discuss how such models are used in performance
assessment calculation of the Drigg LLW site, UK.

File ref: Page 3



The Drigg site

Drigg

Trenches
(1959-1995)
*_&,:;:-_‘ -2

Vault 8

(1988 - present)

File ref:

Page 4



@ BNrL

e Drigg LLW comprises organic (cellulosic) and iron
waste and has the potential for gas generation and
generation of anaerobic conditions.

Drigg LLW & C-14

e The form of the C-14 inventory in LLW Is, In
general, poorly constrained and may be distributed
among activation products in steel and concrete
and graphite as well as being associated with
reactive cellulose waste.

e For the Drigg PCSC it Is assumed, conservatively,
to consider C-14 present in the form of cellulose.

File ref: Page 5



@ BNrL

Fate of C-14 in LLW

Through processes of LLW waste degradation C-14
nas the potential to be redistributed to various
phases e.g.

— Carbonate phases (primarily associated with cement
grout)

—Residual organic matter (microbial biomass)
—Gases CO,, CH,
—Aqueous species HCO5", CH;COO-, complex organics

File ref: Page 6



Modelling the Drigg
near-field

@ BNrL
BNFL-NSTS has developed the GRM reactive-
transport code to model biogeochemical processes of
LLW degradation.

The GRM code couples various process:

» Microbial processes of organic degradation and mediation of redox
reactions

» Metal corrosion

» Chemical speciation, mineral precipitation and dissolution

» Gas exchange and reaction

» Radionuclide sorption

» Radioactive decay

» Groundwater flow

The GRM code includes specific subroutines that follow the
reaction and transport of C-14

File ref: Page 7



The GRM-DRINK model

@ BNrL

i

Intenmedinke
lermce

=¥

Futare vaulls

1
L R |

o sen fed

ared houndary

Reaction-transport
calculation are performed
using a finite difference
grid

Reactive calculations are
performed in a each of
the 63 cells representing
the Trenches and Vaults
to determine chemical
conditions

The model outputs an
aqueous and gaseous
source term of
radionuclides including
C-14

File ref:

Page 8



Model Results:
pH variation - trench cells

9.0
8.5 1

8.0 1
Groundwater pH

7.5

7.0 -

pH

6.5

6.0 -

5.5 T

5.0 1

4.5 -

4.0 . .
10 100 1000 10000
Time, years
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Model Results:
Redox variation - trench cells

Groundwater pe

pe
o

=——

10 100 1000 10000
Time, years
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Model Results:
acetate - trench cells

4.E-02

3.E-02 -

3.E-02 +

Acetate, mol/l

10 100 1000 10000 100000
Time, years
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Model Results:
Calcite - vault cells

1.E+02
1.E+01 -
= 1.E+00 -
=
9
£
S 1.E-01 -
_ ﬂ
1.E-03 T | |
10 100 1000 10000 100000

Time, years
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@ BNrL

C-14 partitioning

For each reaction involving carbon, C-14
released from the reactants iIs redistributed into
the product species.

e The C-14 content of each species is followed as a fraction
of the total moles of carbon present in that species.

e The C-14 fraction of each product species is recalculated at
each reaction as a average for that species in each
calculation cell

File ref: Page 13



Model Results:
C-14 aqueous - trench cells

@ BNrL

C-14 agueous mol/l

1.E-08
1.E-09 H
1.E-10

1.E-11 E
1.E-12 A

1.E-13 -
1.E-14
1.E-15 -
1.E-16 o
1.E-17 A
1.E-18
1.E-19 -

Agueous considers
HCO; & CH,COO-
species

/J //// ///
/4
I

1.E-20

10

100

1000
Time, years

10000

100000
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Model Results:
C-14 gaseous - trench cells

@ BNrL

1582 | Gases considers both

1.E-03
1.E-04
1.E-05
1.E-06 A
1.E-07 -
1.E-08
1.E-09
1.E-10 o
1.E-11 -
1.E-12 -
1.E-13 A
1.E-14 -
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Model Results:
C-14 solid - trench cells

1.E+00

1.E-01 A

1.E-02

S 1E-03-
(@)
=
©
§ 1.E-04
q- T - -
5 L1E-05 1 Solid C-14 includes:

LEosd disposed cellulose waste,

| e carbonate minerals and
1.E-07 A e biIomass
1.E-08 T . .
10 100 1000 10000 100000

Time, years

File ref: Page 16



Model Results:
C-14 solid - vault cells
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C-14 modelled redistribution - single trench cell

@ BNrL
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C-14 modelled redistribution - single vault cell

@ BNrL
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Isotope fractionation

@ BNrL
The fractionation of C-14 and C-12 during biogeochemical
processes has the potential to influence the partitioning of C-14
during waste degradation.

C-13/C-12 fractionation is extensively researched and is an
Important geochemical tool. Fractionation results from slight
differences in the strength of chemical bonds of C-12, C-13
and C-14.

Fractionation affects both inorganic and biological processes
and there is the potential to deplete or enrich C-14 In
products of LLW degradation.

File ref: Page 20



Consideration of isotope fractionation

@ BNrL

The extent of isotopic fractionation between two phases (A&B)
IS given by the fractionation factor o.

Phase Fractionation Factor ()
CO, gas (reference) 1.0
Dissolved Carbonate 11
Acetate 0.8
Microbial Biomass 0.9
Carbonate Minerals 1.2

13CA/12CA
aA—B — 13C /12C
B B

Estimated values of O for
C-14/C-12 for reactions
between species in the
GRM model
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Effect of fractionation

kmol C-14 in whole site
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@ BNrL

e In LLW microbial and geochemical processes influence the
reactions of carbon and hence the release and transport of
C-14

Summary

e A modelling approach has been developed to examine the
partitioning and release of C-14 from LLW through the
gaseous and aqueous pathways

e |sotope fractionation effects have been considered and
have been shown to be insignificant

e The model has been used to provide a cautious-realistic
assessment of C-14 release for the Drigg safety case which
shows that around 80% of the C-14 inventory is immobilised
by chemical processes within the near-field

File ref: Page 23
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Nirex

Nirex is the UK waste management organisation,
providing options for the long-term management of
radioactive materials
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Phased Geological Long-term Management Concept
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Assessments of gas generation for
* Providing packaging advice to waste producers
 Modelling the operational period of a repository

« Modelling the post-closure period of a repository

nirex



C-14
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Wastes containing C-14 in the
1998 UK inventory

rradiated steel, 1670 TBq (Hydrocarbons?)
rradiated Zircaloy, 21 TBqg (“Organic form”?)
rradiated Magnox, 29 TBq (acetylene?)
rradiated uranium, 4.7 TBq (methane etc?)
rradiated aluminium, <7 TBg (methane?)
rradiated graphite, 1800 TBq (dissolved CO,?)
Barium carbonate, 205 TBq (no gas release)
Organic molecules, 670 TBq (CO, or CH,)

nirex



Further work on sources of C-14

« Graphite experiments ongoing

— Alkaline leaching of graphite, with gas
measurement

 Metal carbides
— Data presented here?
— Monitoring of Magnox wastes during packaging

nirex



New model of gas generation (SMOGG)

Considers release of C-14 in gas from

e Corrosion of irradiated metal

e Leaching of irradiated graphite

e Microbial degradation of organic molecules

nirex



Conditions

o Water
— Initial amount specified by the user
— Additional water from diffusion & resaturation
— Eventually becomes unlimited

e Oxygen

— aerobic during transport and storage
— becoming anaerobic post closure

 Temperature
— Profile set by the user

nirex



Corrosion

4




Microbial degradation of organic waste -
Reaction scheme

=

Aerobic or -
Anaerobic
N, / SO, A’f

nirex



Microbial degradation (2)

-3




Graphite leaching




Carbonation
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Radiological consequences

>

Risk depends on:

Release area

Consumption by microbes in soll

Tolerable release rate is 2.4 103 TBq/year,

3
to surface area 10,000m nirex



Comparison with GAMMON

Comparison of new model with GAMMON

GAMMON represents complex microbial
reactions - difficult to validate

C-14 from microbial degradation only (both
GAMMON and SMOGG)

SMOGG calculates more CH, and less CO,

nirex



Repository Operation and Closure Timing and
Conditions, GAMMON & SMOGG Models

Stage Year Temp (°C) Water Oxygen
availability availability
Emplacement | 2040 - 2090 35 Pore space in Aerobic
containers
initially water
filled
Care and 2090 - 2140 35 Continue Aerobic
maintenance
Backfilling and | 2140-2150 80 for 5 years Continue Aerobic
closure 50 for 5 years
Post-closure 2150 - 50 for 100 years | Resaturates all | Oxygen present
35 subsequently pore space at closure is
consumed

nirex



Comparison of SMOGG and GAMMON Active Gas Generation
Rates, on Basis of Unshielded Intermediate Level Waste
Inventory from 2003 Update of Generic Documents

1E+14 | H-3 (SMOGG)
y e Total C-14 (SMOGG)
E+12 47 Rn-222 (SMOGG)

— Kr-81(SMOGG)

410 | ;q_}_t ) - = = =Kr-85(SMOGG)

Rate of Radioactire Gas generation, TBqglyr

‘ -----
1E+08 | \ Ar-39 (SMOGG)
¥ = = = =Ar-42 (SMOGG)
1E+06 - A\ HT (GAMMON)
\ | C14H4 (GAMMON)
1E+04 - \ | Rn-222 (a) (GAMMON)
x Rn-222 (b) (GAMMON
1E+02 | \, (b) ( )
\ C1402 (GAMMON)
1E+00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | 14C02 (SMOGG)
2040 2140 2240 2340 2440 2540 2640 2740 2840 2940 3040 14CH4 (SMOGG)
Years
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Summary & Key Issues

e Potential sources of C-14 have been
identified

A model has been developed, which can
calculate a source term

« Key unresolved issues
— C-14 release from irradiated materials
— Carbonation
— Data
— Differences In software output

nirex
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A STUDY ON CHEMICAL FORMSAND MIGRATION BEHAVIOR OF RADIONUCLIDESIN HULL WASTES
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ABSTRACT

A hot test using real hull was conducted, to evaluate chemical forms, migration behavior and other properties
of C-14 and nuclides in the hull waste, with large contributions to a dose equivalent to TRU waste disposal. As a
result of hull specimen without oxide film radioactive inventory analysis, the inventory of C-14 was 9.9 x
10*Bg/35mm sample (3.0 x 10° Bg/g), roughly matching ORIGEN 2 calculation results. The leaching test results
showed that the chemical forms of C-14 leached from the hull are organic and that the oxide film influences leach-
ing speed. A study of a C-14 leaching model, based on leaching test results and reference data show a possibility of
leaching from the oxide film diffusing out. There is also a possibility of film formation after corrosion and diffu-
sion inside the film for the leaching from base material. On the basis of this leaching scenario, an evaluation of the

leaching period of C-14 was conducted.

Keywords: TRU waste disposal, hull waste, C-14, chemical form, inventory, distribution coefficient.

INTRODUCTION

In TRU waste disposal, C-14 and CI-36 in hull waste are
considered nuclides which contribute substantially to radiation
exposure. C-14 in particular, is considered an important nuclide
with considerable influence on disposal notion, and stability and
economy in disposal.

However, observational data on the leaching rate of C-14 in
hull waste and its distribution coefficient in barrier material have
not been obtained, resulting in a rather conservative parameter
setting in safety evaluation. For this reason, the possibility of C-
14 or CI-36 becoming a dominant nuclide in safety assessment
and exerting influence on the current disposal concept is now
being examined.

The purpose of this study was to contribute to the establish-
ment of an optimum disposal concept by obtaining and evaluating
data on hull waste radiation, its leaching behavior and the distribu-
tion coefficient for cement which isan engineered barrier material.

TEST DESCRIPTIONS
Fabrication of Hull Specimens

Most of C-14 in zircaloy is generated as an activation prod-
uct of nitrogen, contained as an impurity in zircaloy. [N (n,p)
14C] Thereis no difference in this generation mechanism accord-
ing to the type of light water reactor, so the hull specimen for the
hot test in this research was prepared from PWR spent fuel
(burn-up: 47.9GWd/t).

In our hull specimen preparation method, the treatment
method of spent fuel was similar to the one in a reprocessing
plant, but there was no dissolution of fuel pellet, which was first
eliminated by a mechanical process, followed by the dissolution
and cleaning of a small amount of attached pellet powder in the
same dissolution conditions asin areprocessing plant.

In this study, the following three types of specimen, were
prepared to examine differences in radioactive inventory and
leaching behavior between zircaloy base material and oxide film:

1) Hull specimen 2) Hull specimen without oxide film 3) Oxide
film (separation treatment from hull specimen) The hull specimen
without oxide film was prepared by mechanical scraping, and the
oxide film was prepared by compressing the hull specimen.

Radioactive I nventory Analysis

For conducting the analysis of radioactive inventory in hull,
the whole hull specimen was dissolved by acid, and an analysis
of nuclides in the solution and the off-gas was carried out. The
following three types of specimen were analyzed: 1) Hull speci-
men 2) Hull specimen without oxide film 3) Oxide film. After
the solution undergoes refining treatment and sodium hydrate,
which is the off-gas trap, the measurement of C-14 and CI-36 is
conducted by beta liquid scintillation counting. The measure-
ment of gamma-ray nuclide was conducted by a gamma spec-
trometry of the solution.

Leaching Test of C-14 in an Environment Simulating
a Disposal Environment

For the C-14 leaching test, the following two types of tests
were planned: 1) Short-term test focusing on grasping the
leached C-14 chemical form, and 2) Long-term test focusing on
leached volume. The composition of the test solution was decid-
ed from the calculation results using the geochemical calculation
code PHREEQE (2, 3) by assuming a reaction between concrete
and sea-water-derived groundwater, which is considered to pro-
vide conditions for the most advanced corrosion of hull. In the
short-term test, the specimen was compressed in order to
increase the surface area to volume ratio with the purpose of
accelerating the leaching process. This was based on the predic-
tion that the nuclide leaching behavior from the hull waste dif-
fers from the leaching from oxide film and the leaching from
hull base material. A test was conducted on two types of speci-
men, the hull specimen and hull specimen without oxide film.
The test conditions are shown in Table .
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TABLE |
Test Parameters of the Leaching Test
Test specimen and test solution / batch
item Specimen form Specimen Test solution Test Specimen surface Test period
volume characteristics solution area per unit
used volume volume
Short- Hull specimen 35mm x 2 | Cement equilibrium 1 liter 40cm?/ liter 3 months
term test | (compressed) simulated 5.5 months
groundwater
Hull specimen 35mmx § | Cement equilibrium 10 liters 10cm?/ liter 5.5 months
simulated 9 months
Long- groundwater 11.5 months
term test | Hull specimen 35mmx 5 | Cement equilibrium 10 liters 10cm? / liter 5.5 months
without oxide film simulated 9 months
groundwater 11.5 months

Figure 1 shows the conceptual plan of the leaching test. A
stainless steel container was placed in a hot cell and the hull
specimen was put in the test container. After displacement by
argon was conducted in the test container, reductant cement
equilibrium simulated groundwater prepared outside the hot cell
was poured into the test container through a tube. With the con-
ditions of the immersion environment simulating those of
groundwater environment, the test container was left to stand
and stored for a certain period of time.

From reference (4) and (5) concerning the chemica forms
of C-14 released from zircaloy, there is a possibility that the
leached C-14 may exist in the chemical forms of CO, and
COICH, in gas phase. Therefore, a wet anadysis was conducted
to judge whether the C-14 in liquid phase is organic or inorgan-
ic, as shown in the analysis flow in Fig. 2.

In this method of analysis, inorganic carbon in the sample
solution is brought into contact with inorganic acid to form car-
bon dioxide and discharged for a measurement as inorganic car-
bon. Next, oxidizing agent is added to the remaining sample to
oxidize and discharge al carbon as carbon dioxide for its mea-
surement as organic carbon. For the C-14 in gas phase, the fol-
lowing method was employed for separation and recovery. C-14
in CO, form is first absorbed into sodium hydroxide solution,
then C-14 in CO form is converted into CO, by a catalyst and is
absorbed into a sodium hydroxide solution. Finaly, C-14in CH,
form is burned for conversion into CO, and absorbed into the
sodium hydroxide solution.

Obtaining Test of the Barrier Material's
Distribution Coefficient

To examine the migration behavior of leached C-14 in engi-
neered material, an obtaining test of the distribution coefficient
for two types of cement barrier material using the leached solu-
tion obtained in the leaching test was conducted. In order to sim-
ulate the disposal environment, the test was conducted inside a
glove box controlled by argon gas-displaced atmosphere. 1L
leaching solutions were poured into polypropylene bottles, and
after the oxidation-reduction potential was lowered by iron pow-
der, 100g of material was added and the solutions were left to
stand for 7 days. After the immersing test, the solids and liquids
were separated by filtering, and an analysis of C-14 in the fil-
tered liquid was conducted using wet analysis. The test condi-
tionsare shown in Tablel.

TEST RESULTS

Radioactive | nventory

Table Il shows the inventory analysis results. The volume
of C-14 in the hull specimen was 1.2 x 10°Bg/35mm sample (3.2
x 10°Bg/g), which matched the total of the volumes separately
analyzed for the hull specimen without oxide film and the oxide
film, thus achieving mass balance. The C-14 volume in the oxide
film was approximately 17%.

Cl-36 was detected with a concentration lower than that of
C-14 by three digits. Among other radionuclides, the gamma
nuclides of Co-60, Cs-134, Cs-137, Eu-154, Ru-106/Rh-106 and
Sb-125 were detected.

Leaching Test of C-14in a Simulated Disposal Environment

Table IV shows the results of the short-term leaching test.
The leached C-14 was not detected in the chemical form of CO,,
CO or CH, in the gas phase, most of it in organic forms were
detected in the liquid phase. Thus, most of the leached C-14
must was presumed as organic compounds in the liquid phase.
Filtering the leached liquid with an anion filter showed that most
of the C-14 exists in the filtered liquid and that, as a result of
this, there is a possibility of C-14 existing as a substance other
than organic acid. However, the concentration of the leached C-
14 was too small, with 0.1 Bg/ml, to identify the chemical
Species.

Figure 3 shows the results of the long-term leaching test
with the volume of C-14 leached against time. Similar to the
short-term test, C-14 was detected in the liquid phase not in the
gas phase and, most of it in organic forms. The volume of C-14
leached from a hull specimen without oxide film was one digit
less compared to C-14 leached from the hull specimen, showing
an obvious difference of the existence or absence of oxide film.
The rate at which the volume was leached decreased with time.
The leached nuclides that were detected included Co-60, Cs-134,
Cs-137, Eu-154, Ru-106/Rh-106 and Sb-125 aside from C-14,
but Cl-36 was not detected.

Conducting a Measurement Test for the
Distribution Coefficient of Material

Table V shows the concentration of C-14 in the solutions
before and after the test and the distribution coefficient obtained
from the result. The distribution coefficient is expressed in the
following equation.
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Fig. 1. Leaching test outline diagram.
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Fig. 2. Leaching test

sample analysis flow.

TABLE I
Test Conditions for Obtaining Distribution Coefficient Data
Item Conditions
Barrier material (H)OPC
(2)1/9 cement (OPC/BFS)

Test solution

Leached liquid obtained from the
leaching test

Solid-to-liquid 1:10
ratio
Test period 1 week

Test temperature

Room temperature

Kd=(Co/Ce-1) VIW
The symbols stand for the following:

Kd : distribution coefficient

Co : initia concentration of C-14 (Bg/ml)

Ce : concentration of C-14 after the test (Bg/ml)
V : test solution volume (ml)

W : barrier weight ()

For the distribution coefficient of C-14 for material, values
were in the range of 1.9~8.8 ml/g. There was no significant dif-
ference in distribution coefficient according to the type of mater-
ial between OPC cement and 1/9 (OPC/BFS) cement. There was
also no significant difference in the liquid leached from the hull
specimen and the hull specimen without the oxide film.

DISCUSSION
C-14 Inventory

Table VI shows the C-14 analysis values obtained as a result
of inventory analysis and C-14 calculation results by ORIGEN-
2. In the ORIGEN-2 calculation, the value of the impurity nitro-
gen, from which C-14 was generated, was calculated by the
nitrogen concentration according to JIS chemical composition
standard (6) of zircaloy. It value is considered to be the maxi-
mum value of nitrogen. As a result, the values calculated from
JI'S chemical composition standard values were approximately
two times as much as the inventory analysis values, and can be
considered as conservative values in the inventory evaluation of
C-14in hull. If the analysis value of nitrogen in zircaloy is used
to ORIGEN-2 calculation, it is estmated that the calculation
result more match the inventory result.
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TABLE 111
Inventory Analysis Results
Hull specimen Hull specimen without oxide film Oxide film
C-14 1.2X10°% 9.9%X10* 2.0%10*
(Bg/35mm length)
Cl-36 2.7X10? 2.1X10? 1.1X10'
(Bg/35 mm length)
TABLE IV
Results of the Short-term Test
No. Test period Liquid phase Gas phase Total
Inorganic | Organic CO, CcoO CH,
C-14 C-14
RUN-1| 3months |<0.1Bgq [1022Bq |<0.1Bq [<0.1Bq |<0.1Bq [102.2 Bq
(0.1%) |[(100%) (0.1%) (0.1%) (0.1%)
RUN-2 | 5.5months |18.5Bq |69.5Bq |<0.1Bg |<0.1Bq |<0.1Bq 87.5 Bq
(21.1%) |(78.9%) (0.1%) (0.1%) (0.1%)

*The specimen is a compressed hull with oxide film.

350
g 200 - - & - - Hull specimen
o —&— Hull without oxide film
g 250
S 200 } JPOURRTEE '
<
v 150 |
O L
3 100 |
L
S 50 ..o
3 0 B— . ———_

0 5 10 15

Test period (months)
Fig. 3. Change of C-14 depending on time in the long-term leaching test.

TABLE YV
Results of the Distribution Coefficient Measurement Test
Test solution C-14 concentration (Bg/ml) Distribution coefficient
Barrier material Before test After test (ml/g)
Leached liquid from 1.9%x1072 1.6%x1072 1.9
oPC hull specimen 1.9%1072 1.3x10~2 4.6
Leached liquid from 1.5%x10~° 9.5x10~* 58
hull without oxide film | 1.5x10~° 1.2x10°° 25
Leached liquid from 1.9%x10~? 1.4%x1072 36
1/9 cement hull specimen 1.9%x1072 1.5%x102 27
(OPC/BFS) Leached liquid from 1.5x10~° 1.1x10"° 3.6
hull without oxide film 1.5%10~° 8.0x10~* 8.8

Chemical forms of C-14in the Leached Liquid

The results of the leaching test, confirmed that most of the C-
14 released from the hull and existing in the leached liquid are in
organic forms. From a thermodynamic viewpoint, the disposal
environment has reduction atmosphere conditions with oxidation-
reduction potential at approximately -300mV, further it is esti-
mated that the oxidation-reduction potential is even lower in the
phase boundary in which the corrosion of zircaloy occurs, a

region where methane and methanol exist in stable forms accord-
ing to the Pourbaix chart (7). Adding to this condition, there is
much hydrogen generated from reduction condition corrosion of
Zr(i.e. Zr + 2H)) - ZrQ, + 2H.). The ratio of the released num-
ber of atoms of C to H from one atom of Zr may be estimated to
be about 1 : 10 if the concentration of C in zircaloy metal is
270ppm according to J S specification. Thus, there is a high pos-
sibility that the released C-14 exist as those organic matters.
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TABLE VI
Comparison of Analysis Results with ORIGEN-2 Calculation Results

results @

Inventory analysis

ORIGEN-2 calculation results ©

C-14 (Bq/g) 3.0x10*

6.3x10*

a) The unitis converted from inventory analysis results of hull specimen

without oxide film.

b) Nitrogen content : 80ppm (JIS specication)

The chemical forms of C-14 in the hull is not clear, there is
a possibility that it may exist in graphite or carbon compounds
formsincluding ZrC (zircaloy carbide). These forms are general-
ly stable. However, there is a report that hydrocarbon com-
pounds linking multiple carbon atoms are generated from iron
carbide in an iron / water system containing carbon (8), which
implies the possibility of carbon compounds that are contained
in a metal becoming organic matters when released from the
metal in ametal / water system.

The chemical forms of C-14 leached from the hull isimpor-
tant in determining the retention functions of the nuclide in the
barrier material.

Although the chemical species of the leached C-14 could
not be identified due to its low concentration, obtaining data
concerning the identification of its chemical species, generation
mechanism and migration in a disposal environment is consid-
ered important for the near future.

Study of the Concept of the L eaching M odel

From the long-term leaching test results, the rates of leach-
ing were evaluated for C-14 and other nuclides, resulting in a
grasp of the leaching trend of each nuclide. Figures 4 show the
change depending on time of the rate of leaching from hull spec-
imen and from hull specimen without oxide film for each
nuclide.
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—A4—Cs—134
1.00E-02 | |—a—cs—137
- —e—sb—125
o 1.00E-03 }
E’ 1.00E-04 | e/e/e
=
[3]
@© —
L 1.00E-05 ./.——-l
1.00E-06 |
1.00E-07
1.00E-08 - -
0 5 10 15

Test period (months)
(Hull specimen)

The leaching rate of each nuclide is defined as follows:
R=A/A,

R :leaching rate (-)
A, :leached nuclide (Bq)

1

A_ :nuclideinhull (Bg)

0

Although no major difference is observed in the leaching rate
for each nuclide, leaching rate values are different for each
nuclide, which is true in hull specimen and hull specimen without
oxide film aike. Fission products (FP nuclides) such as Cs-134
and Cs-137 show a higher leaching rate than C-14, which can be
attributed to the uneven distribution due to implantation of FP
nuclides into the hull or the dissolution of nuclides attached on
oxide film. On the other hand, |eaching rates are lower for activa-
tion products (AP nuclides) such as Co-60 or Sb-125 than for C-
14. Their incorporation into the film of zirconium oxide generat-
ed with corrosion of zircaloy isapossible cause for this.

Because there were differences in leaching behavior, the
‘scenario’ of C-14 from its existence inside the hull to leaching
was sorted out by identifying processes including the following
asindividual scenarios: 1) diffusion in base material 2) diffusion
in oxide film 3) congruent dissolution with oxide film 4) corro-
sion of base material - formation of oxide film 5) desorption of
attached substances From these scenarios, the leaching scenario
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—f—Co—60
1.00E-01 } o aa
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~ ——Sb—125|,
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Fig. 4. Change depending on time of the leaching rate.
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of C-14 was examined, with the oxide film and base material as
the source for generation.

Using reference data (9), (10), (11) and (12), atria calcula
tion of the leaching volumes in these scenarios was performed
and the calculation results were compared with the long-term
leaching test results, to evaluate the validity of these scenarios.
For the diffusion coefficient, temperature correction was made to
reference data for conversion to values at room temperature.
Table VII shows the results of studying the validity of the leach-
ing scenario. For the hull specimen, the degree of corrosion
influence was small, implying a possibility of the influence of
diffusion and attached substances. The evaluation using diffu-
sion coefficients from the reference materials by Smith, et al. (9)
matched well with the test results. For the hull specimen without
oxide film, it became clear that the influence of the corrosion
scenario is extensive.

Inventory analysis results confirmed that the C-14 volume
had the same concentration as in the base material that exists in
the oxide film, there is a possibility of a mechanism in which C-
14 is not released immediately by corrosion but is incorporated
into the film and released by diffusion.

Based on the results of the long-term leaching test and a
study of the leaching model, the period required for all the C-14
in hull to be leached out was calculated. The results of the long-
term leaching test were classified, according to the leaching
value curve, to initial and at-equilibrium states for the purpose
of evaluation. From the leaching model, it was assumed that
leaching conforms with 1/2 square-law of time for an evaluation
of the base material and oxide film. From these results, it was
evaluated that a minimum period of 20,000 years or longer is
required for al of C-14 to be released from the hull. As C-14
has a half-life of 5,730 years, it became clear that there is a pos-

sibility that introducing the hull leaching model may reduce the
dose equivalent of C-14. The challenge for the near future
includes obtaining test data for establishing the C-14 leaching
model for leaching from the hull.

SUMMARY OF THE RESULTSAND CONCLUSION

1) Hull specimen was prepared from spent fuel to conduct
inventory analysis of C-14 and C1-36 and to immerse
the hull specimen in the test solution simulating ground-
water for a measurement of the leaching rate and chemi-
cal forms of C-14. By using the leached solution, an
abtaining test of distribution coeffieient was carried out.

2) Results of the inventory analysis of C-14 showed that
C-14 volume in hull specimen was 1.2 x 10° Bg/35mm
sample (3.2 x 10* Bg/g) and C-14 volume in oxide film
was 17%.

3) Two types of leaching tests were conducted. The short-
term leaching test and the long-term leaching test.
Most of the leached C-14 detected in the leached solu-
tion is in organic form, pointing to the need for future
research to understand its generating mechanism and
migration in barrier material. The results of the long-
term leaching test made it clear that the existence or
absence of oxide film has a considerable influence on
leached volume.

4) By a comparison of the leaching test results data and
the leached volume calculated from reference data, it
was assumed, as the scenarios of C-14 leaching from
the hull, that there is a possibility of diffusion for the
leaching from oxide film and a possibility of film for-
mation after corrosion and diffusion inside the film for
the leaching from base material.

TABLE VII
Examination of the Validity of C-14 Leaching Scenarios
Examination of the validity of C-14 leaching scenarios
(Hull specimen)

Scenario Calculated values based on Long-term leaching test data
reference data
Ditsion tt?l?ncnb:f%re migration) 4.8 Bq
Diffusion — Leaching
{film after migration) 104 Bq 120 Bg
Congruent dissolution — Leaching 0.15 Bq
Desorption — Leaching No data available

Examination of the validity of C-14 leaching scenarios
(Hull specimen without oxide film)

Scenario

Calculated values based on reference
data

Long-term leaching test data

Diffusion — Leaching

5.5x10%Bq

Film formation — Leaching
(leaching immediately after

42Bq (0.01umly)
126Bq  (0.03 1 miy)

— Leaching

corrosion) 11 Bq
Film formation — Diffusion — Leaching 37 Bq
Film formation — Congruent dissolution O..15 Bq
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5) Based on this leaching model, it was calculated that the
period required to leaching all the C-14 from the hull
waste is 20,000 years or longer. This made clear the
possibility that by introducing a leaching model, a dose
equivalent of C-14 in hull waste may be reduced.
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ABSTRACT

The chemical forms of carbon leaching from carbon-containing Zr and Fe-based metallic
materials have been investigated to improve the estimation of the contribution of C-14 in the
performance assessment of TRU waste disposal. Both organic and inorganic carbons were
identified in the leached solution with carbon containing zirconium and steel, and the
concentrations of total carbon (organic plus inorganic) in the leached solutions increased with
time. The carbon concentrations in the leached solution for both metallic samples were higher at
higher pH. With High Performance Liquid Chromatography (HPLC), organic carbons were
identified to be low-molecular weight alcohols, carboxylic acids and aldehydes.

To explore the chemical state of carbon in the matrix materials, the leaching experiments
were carried out also for ZrC, FesC, the powder mixtures of carbon and zirconium, and of carbon
and iron. The low-molecular weight organic carbons were detected only in the case of carbides
(ZrC and Fe3C). The chemical forms of carbon in the zirconium alloy were suggested to be
carbide or carbon by H.D.Smith[1]. The present result suggests that the chemical forms of carbon
in zirconium or iron are mainly in the form of carbide.

In the interest of performance assessment, the distribution coefficients of the organic
carbon species identified in the leached solution for cement were obtained. As expected, some of
them were shown to be larger than the values assumed in the performance assessment of Progress
Report on Disposal Concept for TRU Waste in Japan[2].

INTRODUCTION

In the performance assessment of transuranic (TRU) waste disposal, from the Nuclear
Fuel Reprocessing Facility, carbon-14 (C-14) in the hull (zircaloy cladding waste) and end pieces
has been so far estimated to considerably contribute to the radiation exposure to the public[2]. In
this performance assessment, however, the estimation is based on the fairly conservatively

1
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selected parameters for C-14, since the chemical forms of C-14 leaching from the hull are
unknown[3]. For the performance assessment to be more realistic, the chemical forms of C-14
leaching from the hull should be identified. For example, the distribution coefficients of C-14 for
barrier materials, example cement, bentonite and so on, would be low, if the form of C-14 is
mainly organic. Thus, the chemical forms of carbon leaching from carbon-containing Zr and
Fe-based metallic materials have been investigated to improve the estimation of the contribution
of C-14 in the performance assessment of TRU waste disposal. To support the discussion for the
speciation of C-14 in the leached solution, the leaching experiments were also carried out for ZrC,
FesC, the powder mixtures of carbon and zirconium, and of carbon and iron. Based on this result,
the distribution coefficients of some organic carbon species identified in the leached solution for
cement were carried out in this study.

EXPERIMENT
Table 1: HPLC measurement System
Leachinq experiment Measurement conditions
Column Rspax KC-811*2
. . . . Mobile ph M HCIO,
In the leaching experiments, zirconium oTe phese
Fl t 0.8ml/mi
powder (carbon content: 0.02wt.%) and carbon steel o .
. Col t t 40
cutting powder (carbon content: 0.12wt.%) were used ouinn fempers U:V -
to simulate hull and end pieces[4]. These kinds of Wavelength 210nm
metallic powder were immersed in solutions of the Response sLow
pH adjusted to 8 or 12.5 using NaOH (sodium Output 0.001AU/MY
hydroxide) solution. The liquid-to-solid ratio of RI detector
. . Polarity
experimental samples is 1ml/g. These samples were
. . Response SLOW
kept in a glove box under reducing atmosphere.
. . Output 0.5*10-6RIU/10mV
Sampling of the solutions was conducted at regular
. . Injection 100p
intervals, and the concentrations of total carbon,

organic carbon and inorganic carbon were measured

using a continuous total organic carbon analyzer (TOC analyzer SHIMADZU Co. Ltd. Model
5000 A)[5]. High performance liquid chromatography (HPLC) was also carried out for the
solution samples to identify the organic carbon compounds. The conditions and the equipments
for the HPLC analysis are shown in Table 1.

To examine the mechanism of the releasing process of carbon compounds from
zircaloy and steel, the leaching experiments were also conducted with using ZrC, FesC, the
mixture of carbon powder and Zr powder, the mixture of carbon powder and Fe powder as the
solid phase. The experimental conditions, pH and liquid-to-solid ratio and the surrounding

2
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atmosphere were the same as in the leaching experiment for metallic powder.

Sorption Experiment

Hydrated ordinary portland

. . Table 2: Measurement conditions of distribution coefficient values
cement was used in the experiment

to obtain the sorption distribution S?I'O_l phase .(-DPC

coefficeints of the organic carbon Liquid phase Purified water

species identified in the leached Solid particle diameter 250 micrometer or less

solution for cement. After pH of | Liquid-to-solid ratio 10ml/g

the solution was adjusted to The organic Methanol Ethanol Formaldehyde

around 12.5 with sodium materials covered Formic acid Acetic acid

hydroxide, the solutions were Concentration of 1oppm

contacted with the powdered organic materials

hydrated cement (<250 Temperature Room temperature

micrometer) at a ratio of 40 cm® to A i Reducing atmosphere (in a glove
: mosphere

4 g. After 100 days the solutions P box of 3%nitrogen-hydrogen)

were filtered through
0.45-micrometer filter. All
operations for this experiment were performed inside glovebox. The detailed parameters for the
experimental condition are listed in Table 2.

RESUTS & DISCUSSION

The changes over time in the concentration of organic and inorganic carbon in the
leaching experiments for carbon steel and zirconium powder are shown in Figures 1 and 2
respectively. It is clear from these figures that the carbon concentration became constant for after
approximately five months of leaching in the solution. In both leaching experiments of carbon
steel and zirconium, the existence of inorganic carbon species were confirmed as well as organic
carbon. Also, regarding the leaching tendency of carbon, it was discovered that the higher the pH,
the greater the amount of carbon leached into solution.

Figure 3 shows the changes over time in carbon concentration, total organic carbon
concentration and inorganic carbon concentration for ZrC and Fe;C.

Similarly to the cases of carbon steel and zirconium, the results indicate that the
inorganic carbon exists as well as organic carbon, and that the amount of carbon leached into
solution is greater at higher pH.
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In the Liquid Chromatograms(HPLC), organic carbon species were identified as
low-molecular weight alcohols, carboxylic acids and aldehydes. The identified carboxylic acids
were formic acid (HCOOH) and acetic acid (CH3COOH) from HPLC, and the aldehyde was
formaldehyde (HCHO). Methanol (CH3OH) and ethanol (C,HsOH) were confirmed.
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Figure 3: The carbon concentration leached from carbides

From the leaching experiments for ZrC, Fe;C, the mixture of carbon powder and Zr
powder, the mixture of carbon powder and Fe powder, the low molecular weight organic carbon
was detected only in the case of carbide (ZrC and FesC). Figure 4 and 5 show the results of
identification by HPLC for leaching experiments of metallic powders and carbides. These figures
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confirm that most of the organic carbon obtained from the leaching tests of the metal samples and
carbides were carboxylic acids.

05
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0 Carbon Fe3C( H8)  Fe+C( H8) Carbon  Fe3C( H125) Fe+C( H125) | .
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Figure 4: The Ratio of Organics Compounds in FigureS: The Ratio of Organics Compounds in Leaching
Leaching Solution for Carbon Steel, Fe3C Solution for Zirconium ,ZrC and The Mixture of Zirconium
and the mixture of Iron and Carbon and Carhon

Although the chemical forms of the carbon contained in metals are still unknown, H. D.
Smith et al. suggested that carbon exists in the form of carbides or atomic carbon in zircaloy. If
the carbon in metallic matrix is carbide, it is thought that the generation of organics in the
leaching solution causes from carbides reaction with water such as hydrolysis of zirconium
carbide. In the case of atomic carbon, the organic carbon species should result from the reduction
of carbon with oxidizing metal to its oxides. In the present study, when considering the fact that
the main organic carbon compounds obtained from the leaching experiments of metal samples are
carboxylic acids and that most of the organic carbon compounds whose existence is confirmed in
the leaching experiments of carbides are carboxylic acids, it is implied that one of the chemical
forms of carbon in metals could be carbide.

Sorption experiment was conducted for some organics to cement materials. We used the five
organic carbon compounds (methanol, ethanol, formaldehyde, formic acid and acetic acid) from
the leaching experiments. The distribution coefficients of the organic compounds for cement are
shown in Table 3. The distribution coefficient is calculated using the following formula.

The distribution coefficient =(Co-C¢) C¢) V/

Co The concentration of organic compound in initial liquid phase

Cs The concentration of organic compound in fainal liquid phase

5
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These distribution coefficient values of around 10ml/g for the distribution coefficients of
organic carbon compounds are larger than the values used in the performance assessment in the
Progress Report on the Disposal Concept of TRU Waste in Japan, where the conservative values
were selected due to the insufficient knowledge on the carbon speciation.
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Table 3: The Distribution coefficient values of Organic Compounds for

Ordinary Portland Cement

Organic Compound Distribution coefficient (ml/g)
Methanol 7.2
Ethanol 12
Formaldehyde 10
ormic acid 41
Acetic acid 9.5

CONCLUSIONS

The leaching experiments of C-14 with carbon-containing Zr and Fe-based metallic
materials have been carried out under reducing condition. Main compounds of the organic carbon
leached from metals are carboxylic acids. According to the comparison of the result with those
observed in the leaching experiment with ZrC, FesC, the powder mixtures of carbon and
zirconium, and of carbon and iron, the chemical form of carbon in the metal matrices may be
mainly carbides. Furthermore, it was confirmed that the cement distribution coefficients of the
organic carbon compounds identified in the leached solutions from the metals were confirmed to
be higher than those currently used in the Japanese performance assessment of TRU waste

disposal
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