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Sorption behavior of radionuclides (RNs) in buffer materials (bentonites), rocks and
cementitious materials is one of the key processes in a safe geological disposal of radioactive waste
because RNs migration in these materials is expected to be retarded by the sorption process. Therefore, it
is necessary to understand the sorption process and develop a database compiling reliable data and
mechanistic/predictive models so that reliable parameters can be set under a variety of geochemical
conditions relevant to a performance assessment (PA). For this purpose, Japan Atomic Energy Agency
(JAEA) has developed the database of sorption parameters in bentonites, rocks and cementitious materials.
This sorption database (SDB) was firstly developed as an important basis for the H12 PA of a high-level
radioactive waste disposal, and have been provided through the Web. JAEA has continued to improve and
update the SDB in the view of potential future needs of data focusing on assuring the desired quality level
and testing the usefulness of the databases for possible applications to the PA-related parameter setting.

This report focuses on updating of the sorption database (JAEA-SDB) as a basis of integrated
approach for the PA-related distribution coefficient (Kq) setting and development of mechanistic sorption
models. This report also includes an overview of the database structure and contents. K4 data and their
quality assurance (QA) results were updated by focusing on the following systems as potential needs
extracted from our recent activities on the Ky setting and development of mechanistic models: 1) Kq data
for clay systems to develop and validate the mechanistic sorption models, ii) K4 data for sedimentary
rocks to cover wider ranges of conditions for the K4 parameter setting, and 1ii)) Kg data for cementitious
materials to enhance dataset for the Kq parameter setting

As aresult, 7,696 K4 data from 66 references related to the above-mentioned systems were added
and the total number of K4 values in JAEA-SDB reached 70,673. The QA/classified K4 data reached about
73% for all K4 data in JAEA-SDB. The updated JAEA-SDB is expected to make it possible to give a basis
for the next-step PA-related Kg setting.

Keywords: Database, Sorption, Kg4, Bentonite, Rock, Cementitious Materials, Parameter Setting,
Geological Disposal

* Present affiliation: Inspection Development Company Ltd.
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1. Introduction

Sorption behavior of radionuclides (RNs) in buffer materials (bentonite), host rock (rock matrix)
and cementitious materials is one of the key processes in a safe geological disposal of radioactive waste. The
magnitude of RNs sorption onto these materials is normally expressed as a distribution coefficient (Kg). Kqg
values extremely depend on geochemical conditions such as pH, En, ionic strength and solution composition'?.
Therefore, it is necessary to understand the detailed processes of RNs sorption onto these materials under
wide ranges of geochemical conditions. Additionally, it is important to develop a database containing
extensive compilation of K4 data and a mechanistic/predictive models so that reliable parameters can be set
under a variety of geochemical conditions relevant to a performance assessment (PA). Because of the
conditional nature of sorption data, K4 values used in the PA calculations need to be corresponded to the
specific conditions which characterize the respective PA-setting. Moreover, geochemical variability and
uncertainty and their effects on K4 values have to be considered for the reference and alternative scenarios in
the PAY. Because it is not feasible to measure Kq values for all PA conditions, using existing sorption data
obtained under generic experimental conditions and converting these data to the range of PA-specific
conditions is a key task. A sorption database (SDB) containing large amount of sorption data for estimated,
simplified or generic systems is used to set K4 values for the PA conditions taking into account any
differences in substrate and geochemical conditions.

We have developed the SDB, which were firstly developed as an important basis for the second
progress report on high-level waste (H12 report)*®. We have also developed the SDB for the second progress
report on trans-uranic (TRU) waste (TRU-2 report) 7?. We have continued to improve and update the SDB
in the view of potential future needs of data focusing on:

1) updating sorption data'%!>

2) assuring the desired quality level for SDB!* 1419

3) testing and applying of the SDB to a parameter-setting'¢-29)

The web-based SDB system (JAEA-SDB) has been developed to utilize a quality assuring procedure and to

allow effective application for a parameter setting?” (https:/migrationdb.jaea.go.jp/).

A Kgq setting approach is needed to apply for various rock types and geochemical conditions and to
evolve from site-generic stages to site-specific stages by considering the information obtained from
forthcoming site investigation stages. Such comprehensive Ky setting approach which is applicable for
various conditions and situations was developed on the basis of the international state-of-the-art knowledge
integrating the three different methods as follows (Figure 1-1):

1) experimental data acquisition for specific/reference conditions
2) extraction and conversion of K4 data from existing sorption and diffusion data
3) prediction by mechanistic sorption and diffusion models

These procedures can be done through an expert judgment and a semi-quantitative way by considering
differences of parameters such as surface sites of the solid phase, speciations of the RNs and the presence of
competitive RNs! 20 21- 24 28.29) A shown in NEAY, a thermodynamic sorption model (TSM) makes it

possible to estimate K4 variations directly on the basis of the mechanistic understanding. We have developed
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an integrated sorption/diffusion (ISD) database combined with thermodynamic sorption and diffusion models
and tested the ISD database to explain sorption and diffusion behavior of various RNs with a complex
geochemical conditions in compacted bentonites®*3?). We have also tested these Kq setting approaches for
the derivation of K4 values and their uncertainties for rock matrix such as Horonobe mudstones and generic

granites®%29),

Geochemical conditions IE' Repository concepts/designs
Oo o O

Implementor | Uncertainty factors | Stepwise
and regulator disposal

needs program

Experimental Data
Acquisition

Sorption/Diffusion

Mechanistic Model
Database

- Standard - Compilation of - Thermodynamic
experimental Measured Kyo/De sorption model
metﬁod - QA/classification and database

- I_n-sn‘u and - Conversion method - Spgctroscopic
intact system by scaling factor evidences

(EXAFS etc.)
Ka/De dataset for PA
(including estimation of the associated uncertainties)

Figure 1-1 Integrated approach for sorption/diffusion parameter setting for PA

In this report, we focused on updating of JAEA-SDB as a basis for integrated approach for the PA-
related Ky setting and development of mechanistic sorption models. This report also includes an overview of
the database structure and contents. Kq data and their quality assurance (QA) results are updated by focusing
on the following systems as potential needs extracted from our recent activities on the Kq setting and
mechanistic model development:

1) Kg data for clay systems to develop and validate the mechanistic sorption models
i1) Kq data for sedimentary rocks to cover wider ranges of conditions for the Kq parameter setting

ii1) Kq data for cementitious materials to enhance dataset for the K4 parameter setting
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2. Contents, functions and systems of JAEA-SDB

2.1 Overview and status of JAEA-SDB

JAEA-SDB is a compilation of experimental Kq values of key RNs sorption onto bentonite, various
rocks, cementitious materials and soils related to the radioactive waste disposal. The Kq values were
determined by batch sorption experiments and they include experimental conditions. These data are operated
by a database software to allow quick search and plotting data as a function of selected key parameters. The
contents, functions and systems are briefly summarized in Table 2.1-1. As pointed out in NEA SDB project?,
a SDB cannot be used in the PA-related Ky setting without understanding and checking of the experimental
details because it includes great varieties of Kq values obtained under various conditions and has different
reliability levels. Therefore, JAEA-SDB has been developed so that reliable data relevant to the PA conditions
can be extracted from the SDB in an effective way by focusing on the following points:

1) detailed information to understand and check the experimental methods and conditions (see 2.2)

2) QA/classification scheme to check the reliability (see 2.3)

Table 2.1-1 Summary of the contents, functions and systems of JAEA-SDB

Contents/functions Brief description for status

Number of Ky Kaq; 70,673 (7,696 was added in this update or revise*)
values/references Reference ; 780 (66 references were added in this update*)
Elements 79 elements;

1% group (related to HLW disposal); Ac, Am, Bi, Cm, Cs, Nb, Ni, Np, Pa, Pb, Pd, Po,
Pu, Ra, Sb, Se, Sm, Sn, Tc, Th, U, Zr

2" group; Ag, Ba, Ca, Ce, Cl, Co, Eu, Fe, I, Mn, Mo, Na, Nd, Ru, Sr, Zn

Minor group; 41 elements

Solid phase Bentonite (clay minerals);

Rocks — 5 groups; Basaltic rock, granitic rock, mudstone, sandstone, tuff;

Other minerals (Fe, Al-oxides/hydroxide, calcite, etc.);

Cementitious materials (cement/concrete); Soils;

Having special influence (grout, organic substance, etc.)

Search parameters Element, solid phase group

Detailed — Solid phase, water type, pH, Eh, ionic strength, temperature, liquid/solid
ratio, contact time, initial concentration, separation method, atmosphere/redox

condition
Graphing/data K4 plot as a function of ; pH, Eh, ionic strength, temperature, liquid/solid ratio, contact
evaluation time, initial concentration;

Grouping function to evaluate multi-parameter dependence;
Statistical data evaluation; Grouping of K4 data related to perturbations

QA /classification QA information evaluated by QA guideline, and related evidences
51,234 K4 (about 73% of total Kq)* for key RNs have been evaluated
Database systems - Web application based database (since 2009)

- Microsoft Access® database (since 2003/stand-alone/limited functions)

*; Contents and functions updated or revised in this report.
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2.2 Main data table and contents of JAEA-SDB

Main data table of JAEA-SDB contains K¢ values and a large number of additional key information.
Each K4 value is associated with the information of solid and liquid phase, experimental condition and the
reference (Table 2.2-1). The hierarchical structure comprising primary and detailed information is used to

allow effective database operations.

Table 2.2-1 Main data table of JAEA-SDB (1/2)

Category Parameters and notes recorded Unit Remarks
No. Save No. - Number for managing data record
Element - Chemical symbol (basic search condition)
Elements
Redox - Valency
Solid phase group - Solid phase group (basic search condition)
Solid phase ) Ngme of sol'id phase as rocks, clay
minerals, minerals, etc.
Specific surface area | m?/g
Solid phase CEC meq/100 g | Cation exchange capacity
Detailed | Chemical/mineral
Info. composition i
Particle size, source, name, conditions and
Note - .
methods for sample preparation, etc.
. . Liquid/solid mL/g Liquid to solid ratio
E&gld/whd Detailed | Liquid mL Amount of liquid phase
Info. Solid g Amount of solid phase
Water type - Type and name of solution/groundwater
Ca ppm Final or init.ial composition
(concentration)
Na ppm
K ppm
Mg ppm
Cl ppm
HCO; ppm HCO; + CO3*
Detailed 1504 PP 2
R Info. Sio, Eﬁm
iquid phase Fe ppm
NO; ppm
ClO4 ppm
lonic strength mol/L Calculated from each ion concentration
DOC ppm Concentration of dissolved organic carbon
Note i Details of type, name .and preparation
methods for test solution
pH init - Initial pH
pH end - Final pH
Eh init mV Initial Eh
Eh end mV Final Eh
Atm/redox condition - Atmosphere, reducing agent, etc.
. C init mol/L Initial concentration of nuclide
Experimental
condition Temp - degC
Contact time day
Separation - Solid-liquid separation method
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Table 2.2-1 Main data table of JAEA-SDB (2/2)

Category Parameters and notes recorded Unit Remarks
Kd m’/kg Distribution coefficient
Distribution | Detailed Error m/kg
. . . Type of Kq value reported, such as table,
coefficient Info. Type of information -
graph plot, etc.
Replicates, n - Replicate numbers of experiments
Reference - Reference as source of data
Author -
Year -
Title -
Journal -
Literature Detailed | Publisher -
Info. Vol -
No -
Page -
Note ) Additional informatiop on related
reference such as detailed report
Others Additional Information i Additional explangtiqn re'lated to
measurement of distribution coefficient

2.3 Scheme and criteria for QA/classification of K4 in JAEA-SDB

As described in 2.1, it is important to assess the reliability of a wide variety of K4 data in the SDB
for the PA-related Kq setting. The reliability of Kq values in JAEA-SDB is assessed on the basis of the
following three main criteria:

Criteria I) Completeness of documentation and type of K, information:
- the documentation of each entry is detailed enough to allow further examination in the Criteria II.
- the reliability of K4 data input; available in table format in comparison to graph format.

Criteria II) Quality of reported data:

- the appropriateness of the experimental conditions and procedures to produce reliable Kq data from a
technical and scientific point of view.

Criteria III) Consistency of data:

- the examination of the level of internal consistency in the SDB by comparing other K4 values in similar
systems.

The QA/classification guideline describing details of each criteria and overall classification scheme is shown
in Appendix'® and briefly summarized in Table 2.3-1.

In accordance with the guideline, an entry is evaluated by Criteria I and key checkpoints II-b, II-c,
II-d and II-h in Criteria II first. Classification and final numerical rating of the entry are only completed if
the entry is evaluated as “reliable” on the basis of these checkpoints. If the entry is evaluated as “unreliable”,
it is excluded from further evaluation. The entries are evaluated by the three criteria separately, and the all
results can be referred in JAEA-SDB'?. JAEA-SDB uses QA levels (Class 1-6) classified in accordance with
the sum of points obtained from Criteria II, the result of unreliable evaluation in Criteria I and II as main
reliability information. All results and evidence of Criteria I and II are also recorded in tabular form and can
be referred as a PDF format in JAEA-SDB to keep a traceability. The results relevant to Criteria III are
discussed subsequently and illustrated in the form of plots of Kg vs. a relevant master parameter (typically
pH). The results can be referred as a PDF format in JAEA-SDB.
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Table 2.3-1 Reliability information table of JAEA-SDB

QA-Criteria / . N SDB parameters .
checkpoints Brief description related Rating
Criteria 1) Completeness of documentation and type of Ki information:
Lal Completeness of | Completeness of key parameter fields as | Key parameters as Yes/No
) information screening for further classification marked * below
[-a.2 flrrllf;?;‘matlon of Completeness of units for Kq data, etc. K, same as above Yes/No
Type of Kq Classification of level depending on . .
Ib information table/figure, Ka/%-sorbed, linear/log Type of information | Class 1-6
Criteria II) Quality of reported data: Rating Weighting
factor
Sufficient characterization of solid Solid phase. specific
II-a Solid phase phase ; major minerals, impurities, phase, sp A,B,C/D | x2
.. surface area, CEC
surface characteristic
Adjustment and | Appropriate control of pH by acid-base -
_b*
1I-b control of pH* and pH buffers pH init, pH end A.B,GCD | -8
-c* RedO’X. . Appr(.)prlate control of redox condition, Atm/redox condition, A/B, C/D «8
conditions reducing agent redox
1-d* Final So'll%tloil Composition from direct measurements | ¢ composition | A/B,C/D | x8
composition of thermodynamic calculations
II-e Temperature Control to keep constant temperature Temp A/B,C/D | x1
Lo . . Surface area of solid phase, weight of - . .
I-f quuld/sp lid ratio solid phase to avoid influence by vessel Liquid/solid, specific A/B,C/D | x2
and particle size surface area
walls
ll-g | Sorption value | /APPropriate experimental design to Ka, liquid/solid A,B,C/D | x2
& P avoid sorption values near 0% and 100% %14 >
Confirmation of initial concentration
-h* Initial RN - setting le§s than solubl!lty limit. C init, S.O].U.'[lOl‘l A.B.C/D | x8
concentration (Calculation and experimental result composition, pH
under similar condition is applied)
. Phase . . .
i
1I-1 separation* Appropriate phase separation method Separation A,B,C/D | x8
Confirmation for equilibrium by kinetic
IIj* | Reaction time* experiments, reasonably long reaction Contact time A/B,C/D | x2
time
II-k | Agitation method | Appropriate agitation method - A/B,C/D | x1
11 | RN loading Appropriate RN loading to keep linear |\ &/ olig Cinit, | A B,C/D | x2
sorption, isotherm measurement
Il-m | Reaction vessels Appropnate material for vessels, i AB.CD |
correction by blank tests, etc.
-n Unpertalnty Unctetamtles based repeateq Error, replicates (n) A.B.C.D | x2
estimates experiments, error propagation
Parameter . . C init, pH init, pH
II-o variation Systematic variations of key parameters end, liquid/solid A,B,C,D | x8
Criteria I1I) Consistency of data:
Evaluation of K4 reliability from the perspective of
consistency among data*.
111 When there is clear mismatching with K4 of another Ka Reliable, unreliable
similar experimental condition and the reason is not
explained, the case is classified as unreliable.

* Critical checkpoints with minimum requirements related with the judgment to be “unreliable”.
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3. Updating of sorption data and its QA classification

3.1 Selection of sorption data to be included in JAEA-SDB

As mentioned above, the SDB plays important roles in the PA-related Kq setting and development
of mechanistic sorption models. Therefore, we added 66 references to JAEA-SDB in relation to our recent
activities on the development of mechanistic models®'** and the PA-related K4 setting??®) in this update.
We selected the references focusing on three solid phase systems; i.e., 1) clay minerals, ii) sedimentary rocks
and iii) cementitious materials. 66 references selected in this update and their details are shown in Table 3.1-
1. In 1) clay minerals, bentonite/smectite which is the main component of buffer materials was especially
targeted. Sorption models such as TSM have been developed, therefore, collecting reliable sorption data of
the clay mineral contribute to confirm the validity of the modeling. ii) Sedimentary rocks are important rock
matrix. They were focused to cover wider ranges of conditions and mineral compositions. Compared with
the reports on clay minerals and sedimentary rocks, those on iii) cementitious materials are scarce. Therefore,
collecting reliable RNs sorption data of cementitious materials is important.



JAEA-Data/Code 2019-022

(1102

N | SO-T1 IN WYIL_Y [Sd ‘ISd “dnuoiuag 08-XA U0 3 pue [ ‘1D ‘N ‘YL
‘YL 9S ‘IN ‘nyg “IN ‘s JO sjudwaInses|p uondiog pue eje(q UOIESLId)ORIRY) (q1107)suekaeg
Mdgs 08-XIN | ‘1nd'sD [edIay)-00IsAY{ : g ‘sudkoeq pue "H ‘N ‘Ainqpelg pue Ainqperg | (8
"(8661) 0S1-1¢1°dd “g¢[oa “A3oj01pAH
IDeN-INT ‘IDBN JUBUIWEIUOY) JO [BUINO[ “9}IUOIUQ WNIPOS U0 (A])9S pue
“INT°0 “£OD+IDBN (IA)N Jo uondios ay3 Jo Surpueisiopun ue Spremo] : ‘N ‘A pue
-INT0°0 ‘TOBN-IN10°0 )odUWIS-EN ‘203 NS | "L ‘uenquys ‘ 'H ‘oles ‘D ‘I “YeaH W W “12dmo) © 'y Y ‘nog (8661) 1€ 12 3nog (L
(2002 159
-L$9°dd ‘0g'10A ‘e10y eOoTIIYOOIpRY ‘Adoosonoads uondiosqe Aex
-X 98pa-3 I £q parpmis HSD pue jJudtdd Aq aeidn sar0ads auipoy
MOV dOH I : Y ‘uye( pue g ‘PUBAIA ‘N 'V “19830pIoydg ‘'] “amoyuog | (z007)[e 10 amoyuog | (9
f0OD+ONEN
-INT'0 ““ONBN "(0002) SOTO/ANA//IVAV
T 0+(EON)BD 910doy VAV ‘A30[0uyos], VAV ‘9IBWAY puB IpPIX0 Wwniuunye
-INZ0°0 WAy 9119189 03u0 uondIos IPIUNOL JO APMS [RJUIWILIAXd UY & [ Y
“ONEBN-INT 0 ‘91107D ‘opIXo winiumwne | N YL ‘nd YIS pue A "D TIEPUIT ‘'Y ‘UAID ‘'Y Y ‘puog ‘'Y [ ‘Ao (0007) Te 12 A11og (s
(T661)
849-1+9°dd ¢/ g7 10A ‘s3urpaasoid ersodwAs £19100S [[0IBISIY
S[ELIQJRIAl JUSWUOIAUD SNONUIWID B UI JNOIABYI] JUIWI[I0IPRY
191eM Julfes © [ SSBUG-YwS pue [ Y QIS [ N UoIsur[id © 'd
‘I9JeM QUI[BS-UOU auojsawi/DdO OL | “I9AYO € " "V ‘UOIIOW © Y ‘UOYOIDIN ¢ 'V ‘YMOomEBH ° °S ‘ssijAeq (Z661) 18 10 ssydeg ¢
(L107) Tep-1Tydd
‘G T 1OA “BJOY BIIWIYOOWSO)) 19 BIIWIYI0IL) ‘SUOIIPUOD dUI[BS
A1yS1y 1opun adeyIns A1 Ay} Je uoneroads xopar pue uondios
10BN wnumdaN : H ‘SI9N0D) pue "I IOpudg ¢ [ ‘Oyroy ¢ I ‘Quuopieq
-INT € ‘TOBN-INO' ST dN A D IpIenbIey ¢ [ “UYDID[UOZINT ¢ Y “OBSIE]N * T N YIueq (L10T)Te 10 Yueg (€
(1000
oL $01-L6'dd ‘€99°T0A ‘s3urpaaooid wnisodwAS £19100S YOIBISY
a8 I °sD [BLISIBIAl TRIIOW PAYOBI[-WNIO[EI UO SIPI[ONUOIPEI JO JOIARYI(] (1002)T1®
uonnjos pajerqunba Ieyow | D ‘wy 8y uondiog : "y ‘ereming pue ‘H ‘ones © [ ‘ewile] < ‘N ‘emeqYSy 19 eMEYIYSY (z
"(5002) 21181V 00T 1918500 ¥ ® [
sanidey)) :g/[ QWO ‘“QUIBIA-AINBH/ISNIA] 9P 9IS ‘Duwoy, [ g .nbsnf
USIPIOJX()-0AO[[)) J] suep 95ex003s un p sanbruiyd sanbrxoy
- HSD IN SOP 19 SOPIYIONUOIPET S JUAUWIOdWO op [ANUIYNY : VIANY (SO0DVIANY (
odAy uonnjog aseyd prjoS JUOWII[H J0UIJAI JO S[IeIx( OUAINY | ON

(6/1) As-vAV[ Sunepdn 10J pajod]as SAULIJAT 99 JO MATAIIAQ [-T°€ AqEL




JAEA-Data/Code 2019-022

(L102) 181

-891°dd ‘g1 '10A ‘€)oY BOIWIYOOWSO)) 19 BOIWIYO0IL) ‘WNPUNIOD
pue ayuofjuowuow £q oxeidn wnrundau Jo sarpmis uoneroads
ordoosomoads pue uondios yojeq : ‘N ‘UoUInIng pue J ‘enjoy

YOIDBEN-INL0Q | 9NUO[[LIOUNUOW-BN ‘WNPUNIOd dN ‘"D v Isourayog ‘| Yog ‘v ‘ouyQ-epay[ * "I W[ ‘O ‘o[ (L107)TR 1001 | (V1
YOISTeN-+I9)eMm
paziuorop "(L107) LOE-66T dd “€T ¢ ToA “Anstuay)) TedjonN
‘I191eM PIZIUOIOP pue [eOIATRUROIPEY JO [BUINO[ ‘SUONIPUOD duley[eIodAy 1opun
YOISTeN+IoJeM JUSWIDD pAJRIPAY Yim Furpulq o], pue ‘o)) ‘e Jo Apms adA3-yoreqg (L102)TE
JUSUWIAY “JOJeM JUSWIDD dOH | aLsD ‘0D : 7] ‘sipon( pue ‘7 ‘SD[SULIZY ¢ [ ‘dejodes ¢ 3 ‘Quonfioiniq 10 ouanaIq | (€1
"(1102) 8916-¥s15°dd
‘GLTOA 810V BOIWIYOOWSO)) 10 BOIWIYD0D) ‘Japowt uondios
d0/0S SANJT oy ul 3doouoo ayis yeam/3uons Y[, - SIVXH
-d Suisn 9)IUO[[LIOUUOW UO UZ 0] $9YIS 93po SuIpuIq JUSISHIP
YOIDEN-INT0 OJIUO[[LIOUnUOW-BN uz oy} Jo uonesnsoau] : 'H ' ‘Ainqpelq pue ‘g ‘suokoeq * Y ‘uyeq (T100) 1R 10 UYRq | (T1
eurjoord+Iojem
pajeIqinbe gAIN
‘1o1eMm pojeIqI[INbO
GAIN “eyoed| "(S007) £690-ANHA/V'S
‘oreurjoord-r1ojem ‘QouRINSSy 09195 ‘A1031sodal & ur Inoraeydq wnruoinid pue
pareIqinbo WNIOLIdWE ‘[o)o1u uo s}onpoid uonepeI3op ursal 95uLyoxXd Uorue
HSD ‘101eMm pue ojeurjoord jo 1oedw] oY) Jo Apnys AI0JeIOqe[ W : [ S ‘SWRI[IA
pajeIqinba HSH gAIN ‘HSD | nd ‘IN ‘Wwy pue A\ 'S ‘uojuemg © [ g ‘NeA 'y ‘UdaID N I ‘1odmo) | (5007) TR 10dmo) | (11
£0as +(be)roDoeD
‘a8 +(be)*00eD
0d +(be)* 00D
BN +Hbe)E0DED ( (0661) ¥€TT-€2TT dd FG10A ‘B0 BOIUIYIOWSOD) 3
be)rose)/(be)cpoed BOTWIYD09L) 93108 UO JIU[IS JO IZUBYIXD JOBLINS Y} UO SIOIPYD
‘(be):00eD f€00eD | °Sd SN uor uonnjos : 1, "D ‘YIsay pue ‘| ' ‘BIRYORZ * g ) ‘UEMOD (0661)Te 12 UBMOD | (01
*ONEN
-INTO0 TOBN-INT0°0
FOIDM-NI0°0 "(9107)
“UrO1D)eD-INT00 915-505°dd “0€"10A  Anstuay) Tea[onN pue [eonAeueorpey Jo
YOIDEN INT°0 [euwInof ‘ojruo[[LIounuowW 03uo (J])INE9 SPI[ONUOIPLI JO UOHIBIUIL
“IN10°0 “INT00'0 SJuo[rIounuout IN | 9y U0 AJSIwdyd uonnjos Jo J09Jjq : 'S ‘N pue " ‘uay) * "7 ‘udy) (9107)Te 12 UAYD (6
odAy uonnjog aseyd prjoS JUOWII[H J0UIJAI JO S[IeIx( OUAINY | ON

(6/7) dAs-vAV[ Sunepdn 10J pajod]as SAULIJAT 99 JO MATAIIAQ [-T°€ AqEL




JAEA-Data/Code 2019-022

fFODHEN-INT0
NS00 “-INT00

QJIUO[[LIOUUOW Q[T

UL

(9107) 8-€°dd ‘T'ON ‘€7 [0A JudwuoIIAUH pue 9[0K) [on,] Jed[onN
JO TeUINO[ “A)[[I PUE 9}IUO[[LIOWUOW OJUO WNLIOY} JO JOIABYQ
uondiog : "I ‘TWwAH pue ‘T, ‘lyondewe) ¢ T ‘ued < ‘A ‘epI]

(99107) 1% 3 ep1]

(€2

fFODHEN-INT0
“INS0'0 ““INTO'0

zyrenb ‘ojueI3 ‘9orq ‘gqe

UL

(9100

$8S1-€,51°dd ‘cG10A “A30[0UYDI], puB 9OUIIOS JBI[ONN JO [BUINOf
‘STeJOUI JUSMIIISUOD S)1 PUe AJIUBIF 0JUO WNLIOY) JO JOIABYDQ
uondidg : -3 ‘Twwoy pue ‘T, ‘eyeur] ¢ T ‘lyondewex € ‘A ‘epIf

(29107)1e 30 BPI]

(cz

EONEN-INT 0
“INT0°0 “-INT100°0

AIUO[[LIOUNUO
‘uroey “AILIOYd

"(1007) 79-§5°dd ‘0§ T 10A “AnsIway) 1ed[ONN
pue [eonAJeuBoIpey| JO [BUINO[ ‘S9OBJINS [BUIO)XI PUB [BUIIUL
9y} 0} Surpurg :9IUO[[LIOWIUOW JDUIAI B UO (A )(] JO WSTUBYOIW

uondiog : [ 'S Wy pue S d ‘WYeH ‘ 'H A ‘oY) * d 'S ‘Unk{

(1002) T8 30 UniH

(1z

SMDV

ouo1p

oL

(L10D)
101-06°dd ‘0g'10A “Ansruayooon) parjddy ‘Airoeded xopa1 001 niIs
-U1 JO 199139 :(uopamg) odsy WOy 301 QUI[BISAID [IIM UOIORIUL

oL : "L I9JeyOS pue "H ‘SIdNIID) € S AOJAWERY ¢ "I, “BAOIA
* 1 oNuaydpPLd ‘[ PIYOS * Y “oeSIeIN A AD[SIOL ‘N ' “19qnH

(L102)Te 30 10qnH

0z

[DEN-INT0"0
“INT100°0 “INT000°0

9JIuo[[LIOWUOW

n-‘op

"(8102) 6T1-171°dd °LGT°10A *20uI0g AB[D)

parddy ‘yoeoidde ordoosonoads pue yojeq v :93UO[[LIOWUOW UO
(IDoD pue (1A)N Jo uondiospe aannadwo) : "H ‘NI pue *) ‘udY)
[3 .m .Z nwﬂvocw_,{ 11 .H nHN\ANI 11 .'H; ngoso [3 .B nwgom 13 .m A:\H 13 .B nsm

(8102) 1 39 NH

(61

J91eMeas

JUQWIIPaS

nd
mQZ nE<

"(9861) 06t-€8¢°dd

‘07’10A “A30[0oUyo9], pUB 99UIOS [BIUSWIUOIIAU ‘Oljel UOINqLISIP
PaINSLaW 9y} UO OBl IJeMBIS/JUSWIPIS AU} JO IO :SIUSWIPIS
suniew Aq soprurjoe Jo uondiospy : A T ‘S99 pue ‘M [ [ ‘033IH

(9861)
S99y pue 0331

(81

[OEN-INT°0

10s ‘apurjoey
QNI OPIX0-d “OPIXO-TY

oS

(¥107) 9,6-895°dd “6L1°10A
90U10g [10S ‘[opow JoAe[ 91dLy 9y} FuIsn S[I0S pue ‘S[eIdUI AB[D
‘sopIX0 Uo IotAeyaq uondiospe ojeus[os SUIOPOIA : 'S ‘F1oqp[on

(¥102)3129p[0D

(L1

Joemeas

amoows ‘Tedo ZQUA “€ODBD

UL ‘ed

"(¥002)
10ST-68+1°dd *L"ON ‘89'T0A €10V BOTWIYIOWSO) 33 BIIWIYI0ID)
‘s3urpury reyuswLddxy :0d£) oponaed Judisyyp ojuo winrunoeioxd

pue wnwoy) Jo uondiospy : Y Y99S PUE "A\ HqQIOD

(#002)19°9s1
pue 112q19D

1

[OBN-INT'0 “-INT0°0

onues ‘aoiq

nyg

"(€107)

Q18ZI-11821°dd ‘£ 10A ‘A30[0Uyd9], PUB SJUIIOS [EIUSWUOIIAUH
‘saIprys Surepow pue ydreq ‘SIN-dDI-V'1 ‘VINdH :91ueid uo
(T1Dn4g jo uondiog : "I, ‘Ounziy pue "(q ‘Tesoy ‘ ‘A ‘Ojoweweg ‘S
Tely ¢ 'Y ‘eInWe], € A 10V ¢ ") ‘BPIeIN © A ‘BmeIoseH © Y ‘Tysnng

(€107)T® 10 ysno[ng

(st

odAy uonnjog

aseyd prjog

JuowaTg

90UQIdJAI JO S[IeIe

Q0UQIJOY

“ON

(6/€) dAs-vAV[ Sunepdn 10J pajod]as SAULIJAT 99 JO MAIAIIAQ [-T°E qEL

,10,



JAEA-Data/Code 2019-022

"(S102)

1S-6€°dd ZG1°10A “©10Y BOIWIYOOWSO)) 10 BOIWIYD0IL) Q0BJINS I[[L
oy 18 uoneroads xopar wniumday : “H ‘SIONO9D) pue I, ‘19JeyoS

L rodny ¢ 1y ‘wIodser( ¢ [ ‘9yloy C( PIIYoS ¢ " ‘suudpre(

IDEN-INT0 aN[I-eN dN N "D Iprenbiey © [ ‘UdyOID[UZINT ‘N Yiueq ‘Y OesIeN | (S107) eI dusreN | (I
(9107) Z8-7L dd ‘66710A ‘YoIeasay] 191ep ‘soyis uondios opdnnu
uo sox9[dwoo 90BJINS )BUOQIED PUB OXOIPAY AIRUIY) IOJ JOUIPIAD
[eInonns pue SIBUAPOULIAY) 01d0OSOIORIA 9} IUO[[LIOUUOUL
0JUO SOPIUIIO. PUE SIPIUBYIUE] JUS[BALD) JO uondiog 9102)18
YOIDBN-INT 0 9)IUO[[LIOUUOW-BN ng ;g ‘suokorg pue ) "y ISouIoyos ¢ "N ‘sopueurd] sanbiejy | 10 sopueuro sonbiepy | (0¢
(6102) T0T-061°dd 001 T0A
‘Anstuat00an) parddy ‘syoopye uondiospe sannadwos Furpnjout
IDBN-INE 0 9JI[[I pUE IUO[[LIOWUOW UO PeI[ JO uonexo[duwod aoeyIns (6107)suakoeg pue
“INT°0 ““INTO'0 Q)IUO[[LIOUNUOW-BN “DI[[I-BN qd pue o3ueyoxs uone)) : 'g ‘suokorg pue |\ ‘sopueuIo, sonbiepy sopueurdj sonbrepy | (62
(6861) 8LT-69T°dd "g'ON 117104
Q104D [on] Jed[ONN] Y} pUL JUSWITLURIA ISBA\ OAT)OBOIPEY
‘SJUSUIUOIIAUD OIXO IOPUN SOJLNEW UO WNIPEI PUE ‘WNLIoy)
auLIq dNAYIUAS a)iwo[op ‘ayoed ‘NupAyue | N YL BY ‘winpuein jo uondiog 1 °) °f ‘[T pue Y W PIWS ‘D L DR (6861)Te 0@ MIRN | (8T
"(6661)
100-66"DINI0dY D ‘6661 Hoda1 00T epuy ‘Tesodsip [eo130]093
suonnjos doop pue ooeJIns 10J SIOLLIEQ SNONNIUIWIO UL 9)SEM OAT)OBOIPEI (6661)T18
a1od payerqrrnba-a1d JUAWDD 21N Jo juowauyuo)) : “(J I19SeH pue ‘N ‘SY20 ¢ ' ‘Yoequoyjo| 10 yoequayio] | (LT
9094 "(9107) €06-568°dd
-INT Q-+19rem pa[usIp ‘80 € 10A “AlSIIIay) Jes[onN pue [eonA[eueolpey jo [euwnor ‘Hd
TYDOI-INTO 0+Iorem Jo oouanpyur :A103150da1 9)SBM JATIOROIPEI ISOUIYY) B M PI)RIOOSSE
pa[[IsIp [10S ‘a1e[s ‘9)Iuojuaq s[eLoyewt (891301093 uo wintuoinyd jo uondioq : ‘N ‘Uex pue X
‘Jo1eM PI[[IISIP -eN ‘9NUO0IUdQg-B)) “9UO0IUdQ ng | ‘onp ‘- ‘Guory ¢ "H UT € [ ‘SI0MN0D ¢ [ ‘] ‘UOSIOPUIH A ‘Suo] (9102)T8R8UoT | (927
"(L007) L69€-989¢€'dd *1.'10A 810V BOIWIYOOWSOY) J0 BOIWIYI0D)
‘uoneyndroordod pue uondiospy 93100 YIIM UOIOBIAUI ([])[oNIU (L007)ddng
uonnjos pajeIqimnbo 231 6) (5] IN Jo Apmys reyuowniodxy : °S T 'S ‘ddng pue 7z “ ‘Aouejysye] pue aroueyysye] | (Gg
"(0002) 915-605°dd 07’ [0A JuowTEUBIA
9)SeA\ ‘SUOTJE[NULIOJ JUSWDD SNOLIBA UO 9JIUQ[dS Jo uondios oyJ : 'H
IojeM PIZIUOIOP | QIMXIW AB[O/AUWINJ BIIJIS/JUIWID 2IN ‘A\ ‘uosutyof pue " 'S ‘S1oquIdlS ¢ [ " Wpny ¢ 'y g ‘vosuyor | (000Z) T8 30 uosuyof | (4
9dAy uonnjog aseyd prjos JUOWII[H J0URIJAI JO S[IBIx( OUAINY | ON

(6/) dAS-vAV[ Sunepdn 10J pajod]as SAULIJAT 99 JO MATAIIAQ [-T°E AqEL

,11,



JAEA-Data/Code 2019-022

"(9007) T€L-STL dd *9Z [0A JudWATRUBIA 2)SeA) ‘TUI[[OPOW pue

EONYHN sjuowiLIodXy :91e)s UOBPLRISOP JO UOH)OUNJ B SB JUSWOD PAJRIPAY
‘1oeMm Pa[NSIP MOV HSD ‘WdD SO Aq uondios winisoe) : g INEJJID Pue T ‘NedAUIod * N SY20 (9007) 1812 5Y20Q | (8¢
"(1002) 100-10'DINF0 D Hodoy VIANY ‘saLonsodar
joure30IpAy SNONNUIWID Ul SOPI[ONUOIPEI JO UOIIUIIAI AU} 0] SI9SBIRp pue
191em 210d o13OYIUAS ‘910180 ‘anpueprod ‘HSD S T | s@Epow pY Jo 1oddng : ) ‘ooud[R], pue g ‘YoequayloT ¢ N ‘SYoQ (1002) 1B SY20 | (L€
uonnjos AuLq
YOIDBN+IDBD+DBN
-IN9 “1DBD+IDEN
- “IDBD+IDEN
-INE UDBD+IDEN (L107) T1-1°dd *¢T ¢ ToA “Anstway) IesjonN
-INT CIDBD+IDBN-INT pue [eonAjeuroIpey] JO [BUINO[ ‘suonnjos yi3uans ol Y3y ul o8
“UOBDHDIEN-NS 0 XAl Pue aJeys ‘it uo (AT)AN jo moraeyaq uondios : °1, I, ‘Suex
UOBD+IIBN-INT0 o[eys “AI[JI ‘9)uojuq dN pue "y JO[ep\ © [ ‘uondon * °J ‘0jres ‘[ ‘Yooppry ‘'S ‘DeseSeN | (L107)[e 10 esedeN | (9¢
"(¥107) #0-710T Hodoy
SuDIOp “BAISOJ ‘931U0IUAQ UI (I])9] JO uorsnyjip pue uondios
[DeN-INE0 “INSO°0 AIOdWS ‘DUOIUdq o D IN-T[ QUOQURID) puR [ ‘IpeH ¢ D “YessewIno], ¢ 'y ‘uvounmnpy | ($107) e 10 uwouunnpy | (G¢
(L100)
Ipp-6€ydd 11 ¢ T0A ‘Ansruay)) Je9[onN pue [eonAeusoIpey]
JO [euInof ‘Apmis ased 03oN[I[ 001 SUI[[BISAIO UO UOISNJJIP
asepoorderd ‘redsproy pue uondios wnisa)) : “ ‘USUISOY pue T ‘UeI)) ¢ "V ‘FIoqpuI]
191eMpuUnoI3 d1QYIUAS -3 ‘onueId ‘ssoug ‘nolq sD [ ‘UQuOYJ ¢ "N ‘oye-eieieN ‘ N ‘1ddney-uens ¢ g ‘Lnnpy (L1010 unny | (p€
(8107) 0z-1'dd
‘€TTIOA ‘B}OY BOIWIYOOWSO)) 19 BOIWIYD0L) ‘sojdwes pojoedwod
IDBN-INS 0 ““INT 0 UO SIUSWIAINSBIW UOISNJFIP-Ul 0)) Surpnjoul Surj[opow pue
YOIDEN-INT “-INS 0 sjuowLadxa yojeq 911l UO U7 pue o)) IS Jo uondios : "I, ‘I9Jeyos
SINEO SINTO “INEO0 pue "N ‘SoeJA ¢ *D ‘UBwof3nig ¢ T 0BT UBA € ] ‘SOPUBUIO
“INT0°0 “-INT00°0 NII-eN | UZ IS 0D |  sonbiepy ‘I Yodny © v A ‘Sne[D ‘g ‘suokoeqg ‘A ‘eAOJUOlN | (8107) e 10 eAOJUOIN | (€€
(6002 LL-1L°dd
MDS ““ONEN ‘TEETOA “510adsy SuLIQUISUH pUB [BIIAYO0IISAY 1V SI0BLINS
-INSO'0 YOS%eN pue sprojo) ‘uoroedwod pue uonsodwod uonn[os ‘Furpeo]
-IN9TO0 ‘BD+]DBN udas ‘Hd ‘saseyd Jourt Jo 1095 :9IUOIUD] ()8-X N YHM 9IIUI[IS
-INSO'0 ‘TOBN-INT0 Jo uonoeI] : g ‘MOquIBID pue ‘] D 'V ‘Bmog ‘W 'V ' (6002018
“INSO'0 “-INTO0 Q)IUO[[LIOWIIUOW ‘IU0IUdq 39S | SIo1Zpay ¢ g ‘Hleyly ¢ [ ‘UOYIIDUIZINT ¢ “Z ‘OnL) ¢ ‘r) ‘UOABJUOIA 19 uoABIuOl | (7€
9d43 uonnjog aseyd prjoS JUOWII[H J0UIJAI JO S[IeIx( 0UAIJY | ON

(6/S) dAs-vAV[ Sunepdn 10J pajod]as SAULIJAT 99 JO MAIAIIAQ [-T°€ AqEL

_12_



JAEA-Data/Code 2019-022

[DBN-INS 0 “-INE0
“INST0 ““ONEN
-INS0 “INE0 ““INT0

'(5007) £9-19'dd “98z"104
90UQ10§ J0BJIIU] pue pIo[[0)) Jo [euanof ‘xardwoos (be)ocODAd
QU3 JO 9101 a3 :59ss9201d uondios 931018-(11)qd UO S109JJ9

“INST°0 “-INS100°0 }o[ed qd Hd pue 9)AJ0109[7 : 'S "N IoUSL] Pue ‘[ Y “Opady * 'V 'Y Pnoy (es007) 1R IR PNOY | (LY
©D-INS100°0+"OIDBN (§100) deel
-INT00 “eoru pue Tedspyay uo ((II1PN) seprueyue pue ((A)AN ‘(1A)N)
“OIDEN INT “IN10°0 ose[ooyiIo ‘1a0osnwt | () ‘AN ‘PN SOPI[ONUOIPEI JUBAS[AI A[[BJUSWUOIIAUS JO uondiog : - I103yory (s100)193y1y | (9%
©D-INS100°0+" 01BN (§100) deel
-INT00 “eoru pue Tedspyay uo ((IINPN) seprueyue pue ((A)AN ‘(1A)N)
“YOIDEN INT “IN10°0 ose[ooyiIo ‘raoosnwt | () ‘AN ‘PN SOPI[ONUOIPEI JUBAS[AI A[[BJUSWUOIIAUS JO uondiog : - I193yory (s100)193y1y | (S
"(€661) 995-095°dd ‘90N “0¢"J0A
‘A30]0Uyo9], pue 90UIIOS JBI[ONN JO [BUINO[ ‘W)SAS UOIIN[OS
€ODHEN 9)eu0qIEd-)1U0IUdq ' Ul (A])AN JO Jo1Aeyaq [EpIO[[0d pue uondiog
-INT"0+"OIDBN-INT"0 ajuojuaq dN : M ‘TyseSIy pue 'H ‘eweAuoy ‘[, ‘Tyongewe) ‘[ A ‘odojeld | (g661)Te10 odojerd | (¥
V1idd+Ierem
pajeIqi[nba "(8007) ¥LE-L9¢°dd “96'[0A B0V BOIUIYDOIPEY ‘SPUESI] JTUeSI0
-dDH ‘101eMm N9S ‘T | Jo1opa Funodwod pue sojsed JUSWO POPLRISIP 0JUO SOPI[ONUOIPEI
pareiqiba-gOH dOH | SO1DD otorue jo axeydn : g ‘d I9[[10Y PUB ‘N nea1o) ‘ Jneajuiod | (8007) 1810 nequiod | (gf
(1000 €11-s01°dd
‘€99°T0A ‘S3UIPa9001d WNISOdWAS £19100S [[0IBISIY [BLIDIBIA
CONEN+HSOM Quowrdd pajeIpAy jo seseyd HSD Aq oyeldn pes| pue winisa)) : g
‘HSOM HSD Qd 'sD | “Mein pue " JJoIopa, © o “9Fewor] "N “IWIR ‘' ‘nesjuiod | (1007) T8I0 nequiod | (¥
"(0007) douer]
‘souuoply -oudedwey)-swIdy op NISIOATU[) [ P 9SAY, ‘SOIeIPAY
SJUOWIO SOP WNIo[ed dp 91edIIs op saseyd sof zed soprojonuorper
I91em 210d o1oYUAS HSD S | Op UOIUJIAI B[ 9P UONESI[IPOW 39 anbusiuedow opnyy : T ‘NeAUIOJ (0oo7)neawtod | (1
"(L107) £95-656°dd *¢T ¢ ToA “Knstway)
Jed[onN pue [BdA[e[BOIPEY JO [BUINO[ ‘WA)SAS yedeppn)) Jo sAe[o
SNOJOB[[I3IR UO SIPI[ONUOIPEI JO sAIpms uondiog : -y Y ‘redleg
[DEN AT0 Aepo ng ‘s) pue ' g “Iewio], * g Tewny ‘' SIeD 'S 'V Ty * VN [ored (L107) TR @ YR] | (OF
"(8107) 7€-0'dd “¢971 10A “eouatog Ae) parjddy ‘sjesouru Aefd
uo uondiospe qq Jo ojdwexo oy J, :wdIsAs [esodsip 93sem Jeaponu
10 S[OpOW JUQWUSSISSE 99ueLIo)Iad J0) A18SS900U S1djowered
uonue)dl paje[al uondios oy} 03 ANIqeLieA [BIUdWLIddXd woI] : N
[OBN-INT'0 “-INST0"0 A1 “ouo)sAe]d “ruojuaq qd | “Apun pue g ‘Opej * D-' 1euIqoy ‘ *D ‘JesseuIno], ‘ *g ‘njooniQ | (8107) e 19 nj3oonio | (6€
9dAy uonnjog aseyd prjos JUOWII[H J0URIJAI JO S[IBIx( OUAINY | ON

(6/9) dAs-vAV[ Sunepdn 10J pajod]as SAULIJAI 99 JO MATAIIAQ [-T°E AqEL

,13,



JAEA-Data/Code 2019-022

(EON)UZ ““tON)ad
LEONIND “UEONDIPD

QJIUO[[LIOUNUOW-EN]

uz ‘ad
3 ‘Po

((0107) $57-8+7°dd *¢"ON “Z1'10A ‘[euInof

LSAN [8qO[D ‘sayis 281eyd jusuewiad Jo 901 9], :9}IUO[[LIOUnUOW
Kyoedeo-a3ueyoxa-uornies Y3y e Aq oxyerdn [erow-£aBoH

oA ‘sppeuueISIQ pue 'y ‘nopidafasy € L I ‘sepeded ¢ d ‘mypyels

(0102) T8 310 IpEIS

(ss

[OBN-INST0
“INT°0 “INSO'0

9JIUO[[LIOUNUOWI-BN

IS ‘SH

(L10D) SLI

-£91°dd ‘7 810A “Anstiuayooan) parjddy ‘Surj[opow d1BUAPOWIdY}
JUQJIY0J ' JO Surp[ing pue syudwLadxy :93uojuaq O XIN

-BN UB 0JUO WINIS9BD pue wnpuons Jo uondiospy : *q ‘d IOy
pue "J ‘N ‘mepaudg ‘ ‘N ‘Juereqe], ¢ D ‘dreonedq  °g ‘Xnoirg

(L107)1® 19 XnOIS

(rs

YOIDEN-INTO0'0

9JIUO[[LIOUUOWT

PO

"(0661)

889-6,9°dd ‘4G 'JOA ‘[eUINO[ BOLIDWIY JO AJO100S 9JUDIOS [10S
‘(STerour Ae[D)) 9}IUOIUSE UO SIIBJINS IPIXO WNIUIWUN]ER PUB UODI[IS
Aq sperow AAeay jo uondiospy : g D ‘Sueny pue d D ‘ssoyinyods

(0661)Sueny
pue ssampnyosg

(€5

[OBN-IN6'€
“INTO'T “-INT6'0
“INT°0 “IN60°0

9IUO[[LIOUNUOW-BN] “DI[[I-BN

nyg ‘wy

(§102) 0z-z61°dd 157104
81OV BOIWIYOOWSO)) 39 BIIWIYO0N) ‘Furjopowt pue Adoosonoods

9ouoosaIon(j-1ose] ‘uondiospe yojeq :SUOHIPUOD JUI[ES Jopun
spezourw Ae[o ojuo ([)ng pue (T[)w) jo uondiog : "H ‘S1ox0on
pue [ ‘uayoIruezing ¢ "L, ‘Funqgey ¢ Y OBSIBIA ¢ "V ‘LINUYIS

($102) T8 30 1uydg

(zs

Md

Keo

IS

((S102) T6-1¥°dd 197704 “Ansiwayooan parjddy

‘Apnys urapow pue [eIudWLIAAXS UV :SYO0IAR[D URIPIOFX()-0AO[[RD)
o3 Y3noIy} UoISNYJIP WNHUOLS UO PFUIS JIUOI UOHN[OS Ay}

Jo 1oedw] : "y ‘on0ke,] pue "g ‘Inualn) ¢ - ‘Ireonedq ¢ 'S ‘“9K0ARS

($102) T8 30 2Koaeg

(1s

fONEN
-INT “-INT°0 “-INTO"0

9)IUO[[LIOUNUOW-BN]

nyg

"(9107) 109-265°dd 50N g6 10A “AZ0[0uyda], puE AOUDIIS TeA[ANN
Jo [ewnoy ‘Surjopow uonexa[dwod aoejins pue Adoosonoods
90UIISAION[J JASB] PIAJOSAI-IWT} AQ PIAIPNIS IUO[[LIOWIUOW

-eN uo _ng Jyo uondiog : "X ‘TyoR], pue [, ‘eInwry ‘ T ‘1deye],

‘'L ‘TyseAeqoy] * N ‘15eA0Y © ] “0)ES * " “epa() © ], ‘Dyeses

(9107)T® 30 Dleses

(0s

Ioyem pajerqinbo

91018

qd

"(9002) 86L1-z6L1°dd
‘01’ 10A “A30[0Uyd9], PUE 9UIIOS [BIUSWIUOIAU ‘DOBJIOIUI JoJem
-9110189 9y} Je sassaoo1d uondios ([1)qq uo Hd pue Surde jo 109530

YL : 'S "N IUSL pue " Y IOpady ‘ [ ‘J ‘®SuIZ[d 'V 'V ‘Pnoy

(90027)Te 30 ynoy

(6v

uonnos payerqinbo

931078

qd

"(5002) 9816-€L15°dd “ZZ'ON “6910A “BI0Y BIIWIYOOWSO))
19 BOIWIYO0) “QOBJIOIUI J9JeM-9)10[ed Y} I8 uondios ([1)qd
JO swistueyoow pue AJNJI[QISIdAL ‘sonjoury 9y} uo Hd jo souanpjur

YL : 'S "N I9USL pue “[ Y IOpady ‘ [ ‘J ‘®uIZ[ 'V 'V ‘Pnoy

(950027)Te 30 ynoy

(8t

odAy uonnjog

aseyd prjog

JuowaTg

90UQIdJAI JO S[IeIe

Q0UQIJOY

“ON

(6/L) dAS-vAV[ Sunepdn 10J pajod]as S9ULISJAT 99 JO MATAIIAQ [-T°€ qEL

_14_



JAEA-Data/Code 2019-022

(6007) T6-78'dd *L0T T0A “A50]0IpAH JUBUIUIEIUO))
JO [euInof ‘SopIjonuoIper pajod[ds JO SJUAIIIJI0D UONNQLISIP

Ioyempunoid o1} UO UOT)ORIJ ZIS [9ARIS JO J00JJ0 QUL : “ *J ‘TOUUAIqSSO[D)
paje[nus [oARIS uowtpas | ) 9L ‘dN pue i Y ‘U0IKRD A "D ISeT [ Y PuIdg M ‘W) (6007)TER WA | (79
(1102)
0S€-L€ dd ‘887 [0A “Ansiuwiay) IedjonN pue [ednAJeueorpey Jo
[BUINO[ ‘pOTIOW Yojeq B FuIsn Ae[0 OIUeIdd U0 uondios wnisaoorpes (1107)ueyany,
1D0sD Ke[o sD Jo uonednsoaul ejuowLIadxy : 'S ‘ueyIny, pue 'y - an3n puem3n | (19
(8107) 80€-167°dd “0ZTI0A "0V BIIUIYOOWSO)) 30
BOIWIYO09D) ‘[eniuajod 0eyIns Uo 10910 I9A0[[Ids ) 10j Suryunodoe
[opouwr uonexa[dwod 90BJINS Y :SUOHIBIIUIIUO0D Jeu0qIed Jurkrea
[DBN-INT 0 Jopun djruof[Lowjuow ojuo uordiospe (A )wniuein JuropoIN (8102)T®
“INTO0 “INT00°0 JJIUO[[LIOWIUOW-BN n DUV [ ‘SIAB PUR "S ‘U0QSURID) ¢ "I\ Y JOUOBUUL], ¢ ")) ‘JESSBUINO], 19 jesseuano], | (09
NTO+HO®EN
“INE0 'VSI+HOBN (5007) 960T-780T dd
-INE0 ‘HOBN ‘0z'10A “Anstweyooan) parfddy “aioes £q (ADYL pue ([INwy
SINE0 ‘N ID+MDV qL ‘(IIDNH JO UOTIUIDI Y} UO PIOE O1UOON[S PUE PIOE OIULIBYOILSOSI
‘VSI+MOV ‘MOV 9}o[ed ‘ng ‘wy JO 19932 Y], : "H "N ‘AInqpelg pue g ‘Pue[aIM ‘[ ‘SIL (S007) e R SUL | (65
"(€007) €L5€-895¢°dd 910N
L€ TOA ‘A30[0uyda], pue 0UIIDS [ejudwuosAu ‘Apmys Adoosonoads
00UQISOION[J JOSB] POAJOSAI-OWIT) PUL AIISIUOYO UONIN]OS
V :$21eIpAY d)edI[Is wnioeds Aq ([[)ng pue ([rpw) jo axerdn
MOV HSD ng : 'L ‘[oueysue] pue ‘g ‘puefeIp ‘'L ‘Sunqey ‘I, Jdwmg © [ sy, (€007)TE @ SDIL | (8
"(#107) $L5-695°dd “667 10A “Ansiwiay) TedjonN
pue [eoNIA[eUROIPEY JO [BUINO[ ‘Q)IUI[OLY pUB dJIUO[[LIOUUOT
IDBN-INT “-INS 0 uo uondiospe ey, JO doudpuadop Aurfeg : JA ‘ojowewR puL F102)Te
SINT0 ““INTO0 QJIUO[[LIOWIUOW “JIUI[OBY ey Y rysnyn, ¢ 'S ‘oe3eN ¢ [ ‘enwo], "L ¢ L ‘epedel ¢ 'S ‘einwiewe], 10 wanwewe], | (LS
uonnjos eIUOWWE
‘uonnjos proe oI 4L 18 "(0202) 120-610T 2poD/ered-vAV( ‘Hodoy
‘191eMBOS OT)OYIUAS ‘ug ‘98 “IN | [eomuyos], VAV( ‘so1sem Y.L JO [esodsip [80130[093 Jo JudwSSIsse
‘Ioyem POY[IISIP ‘QN T “sD ooueuriojiod 10J s[eLdjew JoLeq uo uondios apijonuorper
‘uonnyos rexye Jm Ddod DdO | ‘10 D Wy 10j uonismboe ele( : "N ‘BIeYIA pue ", ‘eweAng ‘X ‘TYOR], (0z07) TR 12 1yoRL, | (9
od&y uonnjog aseyd prjog JuUOWId[g 90UQI9JAI JO S[TRI_( 0UQIRJOY | ON

(6/8) AAS-VAV[ Sunepdn 10J pajoo[as sa0UIRJAI 99 JO MAIAIIAQ [-1°€ AqEL

_15_



JAEA-Data/Code 2019-022

uz 1S ‘IN "(1661) T9ST-6¥S1dd “ggjoA
‘U ‘0D ‘@10 BOIWIYOOWSO)) 19 BOIWIYO0IL) “DJI0[eD UO S[eJoU JUI[BAID
uonnjos wniqrnba 10180 ‘PO ‘eg Jo uondiog : "I, D ‘Yosoy pue ‘g D ‘uemo)) ‘N ‘[ ‘eleyoez (1661)1e 30 BIRYOEZ | (99
"(€007) 90-€0 IN WydLIRg [Sd ‘I1Sd Ae[o snuijedQ
UL IS ur A103150da1 A\ UE 01 JUSWISSASSE d0uBULIOfIdd J0J 9seq elep (€007)uoo1
VSI+MOV ‘MOV JuaWwdd | ‘ug ‘IN ‘ng | uondIos p[oy-1edu SNONNUSWAY) : 3 T ‘UOOT UBA PUB “F ¢ PUB[IIA uep pue puepIpy | (S9
'(0007) 2due1L] ‘UOlq
‘Qu303Inog 9p 9ISIIATU( [ 3P S L, “OISIe SI[ 09AE SOI0[eUY
"SUI[eo[e, P SAINIOYD J9] 99AE ‘JUAWIO Np syueniisuod xnedrourrd
197em 010d O1OYIUAS HSD SD | ‘S9IeIpAY WINIO[ED 9P SOJBDI[IS SO SUOIORIANU] : “H ‘OSSLLL -SI[BIA | (0007)oSSUIdL-SI[eIA | (9
"(L107) T8-7L°dd *8.'[0A *ANSIa00aD
porddy ‘uoneroads pue uondios uo SIPIXOIPAY/SIPIX0 9, AI0SSI00B
J0 1094 :Aeo anuojuaq Aq axyeadn (A)AN : "N °S ‘AoyAwey] pue
M d ‘enedeyoN € ‘A "V ‘401037 € A "V ‘A9[0qOS € A S ‘UIsnyez
YOIDEN-INT “-INT0°0 Aepd AN | ©A A “eAexsdnry] g T ‘BAOSEIA A 'V YNUOUBWOY Y d “BULIA (L107)Te 10 BUIOA | (€9
odAy uonnjog aseyd prjoS JUOWII[H J0UIJAI JO S[IeIx( OUAINY | ON

(6/6) dAS-vAV[ Sunepdn 10J pajod]as SAULIJAT 99 JO MITAIIAQ [-T°E qEL

_16_



JAEA-Data/Code 2019-022

3.2 QA evaluation on Criteria-I and -II

This section shows the results of QA/classification for K4 data in this update and revises. In
addition to the 60 references newly selected in this update (see 3.1), several existing data were revised. The
list of revised data is shown in Table 3.2-1. The evaluation procedures are described in detail in the previous
report'?. For transparency and simplification, all results of Criteria I and II were presented in tabular form
using the following table format throughout. The results relevant to Criteria III were discussed (in next
section 3.3) subsequently and illustrated in the form of plots of Kq4 vs. a relevant master parameter (typically
pH), where applicable. As mentioned in section 2.3, an entry is evaluated by Criteria I and checkpoints II-b,
II-c, I1-d and I1-h first. Classification and final numerical rating of the entry is only carried out when the entry
is evaluated as reliable on the basis of the checkpoints. If the entry has deficiencies, the entry is labeled as
unreliable and excluded from further evaluation. In this report, the QA results for only Am data newly
selected for this update are shown as an example.
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Data table Am/1: Tits et al. (2005)
JAEA-SDB version 5 - DATA: Am/Other minerals ; calcite, #96644 —96665
GUIDELINE: Revision 4b (May 19, 2005)

Checkpoint* Evaluation Rating
I-a.1 SDB | All mandatory fields are completed. Yes
I-a.2 SDB | All mandatory information is provided. Yes
I-b SDB | A figure with Rq value [L/kg] are provided. class 5
II-a REF | The solid phase used in the experiments was The Merck calcite. CEC
. . C/D
value of the solid was not provided.
11-b SDB | Initial pH values are provided. C
II-¢ SDB | It is indicated that the experiments were carried out under N, atmosphere
condition. A/B
Am(III) is not a redox-sensitive element.
I1-d SDB | It is indicated that the experiments were carried out in 0.3 M NaOH
solution. C/D
REF | The solution composition after experiments is not provided.
II-e SDB | It is indicated that the experiments were carried out at 23 = 3 [°C]. A/B
11-f SDB | Itis indicated that the specific surface area is 0.31 m?/g, but the solid
L . C/D
weight is not provided.
II-g REF | From the direct information on % sorbed values in the figure and on the
basis of K4 values and L/S ratios, % sorbed values can be calculated as
follows:
* #96644 —96649, #96651, #96652, #96658 : 0<%=<2 or 98<%<100 C/D
* #96650, #96653, #96659 : 2<%=<5 or 95<%<98 B
» Other datapoints : 5<%<95 A
II-h SDB | Itis indicated that the initial Am concentrations were 1.0x107!! M.
Solubility calculations performed using the JAEA-TDB (140331¢0.tdb) B
assuming solubility limit of Am(OH)s(cr) show that the initial
concentration of all datapoints are higher than a one-fifth of the solubility.
II-i SDB | It is indicated that phase separation was carried out by centrifugation c/D
(95,0007pm for 1 hour).
11-j SDB | It is indicated that the reaction times were 3 days.
On the basis of kinetic experiments for Eu or Th, it is assumed that the A/B
experiments have reached equilibrium.
11-k REF | Itis indicated that the samples were agitated by end-over-end shaker. A/B
11-1 REF | The initial Am concentration was not varied. C/D
II-m REF | It is indicated that the experiments were carried out in polyallomere B
centrifuge tubes.
II-n REF | The experiments were carried out at least in duplicates. Error was A
estimated with error bar in the figure.
1I-o SDB | The effect of organic ligand was investigated. D
*; SDB...Information from SDB system, REF...Information from original literature
Data table Am/2: REF: Ashikawa et al. (2001)
JAEA-SDB version 5 - DATA: Am/Cementitious materials ; mortar, # 97680—97703
GUIDELINE: Revision 4b (May 19, 2005)
Checkpoint Evaluation Rating
I-a.1 SDB | All mandatory fields are completed. Yes
I-a.2 SDB | Information on pH value is not provided. No

,18,




JAEA-Data/Code 2019-022

Data table Am/1: REF: Cowper et al. (2005)
JAEA-SDB version 5 - DATA: Am/Cementitious materials ; NRVB, #99361 —99376
GUIDELINE: Revision 4b (May 19, 2005)
Checkpoint Evaluation Rating
I-a.1 SDB | All mandatory fields are completed. Yes
I-a.2 SDB | All mandatory information is provided. Yes
I-b SDB | A table with R4 [cm®/g] values is provided. class 1
II-a SDB | The solid phase used in the experiments was NRVB (Nirex Reference
Vault Backfill, a mix of Portland cement, limestone flour and lime). CEC C/D
value of the solid was not provided.
11-b SDB | The final pH values are reported. A
The pH values were adjusted with NaOH.
II-¢ SDB | Itis indicated that the experiments were carried out in N, atmosphere. A/B
REF | Am(III) is not a redox-sensitive element.
II-d SDB | The sorption experiments were carried out in NRVB equilibrated water in
the presence and absence of picolinate, anion exchange resin, degradation /D
REF | product and leachate.
Composition of the solutions is not reported.
II-e SDB | No information on the temperature is provided. C/D
II-f SDB | The specific surface area is not provided. C/D
II-g REF | % sorbed values were calculated from Rq values and L/S ratios. The % c/D
sorbed values of all datapoints are 98<%<100.
II-h SDB | It is indicated that the initial Am concentrations were 7.42 X 107'%-8.66
X 10712 [M]. A
REF | The initial Am concentration is decided on the basis of the solubility
experiments.
II-i SDB | It is indicated that phase separation was carried out by filtration (30,000 B
REF | MWCO).
I1-j SDB | It is indicated that the reaction times were 26-35 days. A/B
REF | It is assumed that the time is sufficiently long.
11-k REF | No information on agitation method is provided. C/D
11-1 REF | The initial Am concentration was almost same. C/D
II-m REF | No information on the material of vessels is provided. Rq values are A
estimated considering wall sorption of Am.
II-n SDB | The experiments were carried out in quadruplicate. The uncertainties are A
REF | quoted to be + two standard deviations.
11-0 SDB | Parameters were not varied. D

Table 3.2-1 Overview of references revised data

No. | Reference Revised points

1) Pointeau et al.(2004a) Addition of data
2) Pointeau et al.(2004b) Addition of data
3) Pointeau et al.(2008) Addition of data
4) Schulthess and Huang(1990) | Addition of data
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3.3 QA evaluation on Criteria III

Only the entries for datasets classified as reliable are evaluated in accordance with Criteria III. All
unreliable entries and the entries whose classification could not be completed in accordance with Criteria I
and II are excluded.

As an example for bentonite system, Ni sorption was evaluated as one of key elements for our
modelling studies. Additionally, Th and U(VI) sorption datasets onto cementitious materials were evaluated
as key representative actinide elements.

1) Evaluation of data for Ni sorption onto bentonite/smectite

Table 3.3-1 shows evaluated entries in this section. The respective data are shown in Figure 3.3-1
and the data added in this update are represented with black rims.

Table 3.3-1 List of evaluated data for Ni sorption onto bentonite/smectite

Reference Data table Solid phase
Baeyens and Bradbury (1997)*% — Montmorillonite
Chen and Dong (2013)39 — Montmorillonite
Lothenbach et al. (1997)*7 — Montmorillonite
Tertre et al. (2005a)*® — Montmorillonite
Bradbury and Baeyens (2011b) Ni/l MX-80

Chen et al. (2016) Ni/2 Montmorillonite
Schulthess and Huang (1990) Ni/28 Montmorillonite

The Kq4 values of Ni sorption onto bentonite/smectite (e.g., Na-Swy-1 montmorillonite) as a
function of pH are shown in Figure 3.3-1. According to the data from JAEA-SDB, the Kq4 values tend to
increase with increasing pH values (4 < pH < 10). In the data of Chen et al. (2016), ionic strength dependence
can be observed below pH 7. This trend is similar to the data obtained by Bradbury and Baeyens (1997) and
Chen and Dong (2013); however, the differences among ionic strength conditions are smaller than the data
by Bradbury and Baeyens (1997). Above pH 8, no ionic strength dependence can be observed in the data of
Chen et al. (2016). This trend is similar to the data by Bradbury and Baeyens (1997) and Chen and Dong
(2013). The data obtained by Schulthess and Huang (1990) in 0.01 M NaClOj4 condition represent a similar
trend to the data obtained in 0.025 M NaClOj4 condition (Tertre et al., 2005a). However, the data obtained by
Schulthess and Huang (1990) shows weak pH dependence above pH 7 unlike Tertre et al. (2005a).

The sorption isotherms of Ni sorption onto bentonite/smectite are shown in Figure 3.3-2. On the
basis of the sorption edges (Figure 3.3-2), the K4 values would be expected to increase with increasing pH
values (4 < pH < 10). However, the data obtained by Bradbury and Baeyens (2011b) (pH 7.5) represent a
similar trend and values to the data obtained by Bradbury and Baeyens (1997) (pHS5.9). Additionally, the data
by Bradbury and Baeyens (2011b) (pH 7.5) are smaller than the data by Bradbury and Baeyens (1997) (pH
7.0). One of the possible reasons is the differences of cation exchange capacity (CEC) values. The CEC value
of MX-80 for Bradbury and Baeyens (2011b) is 78.7 meq/100 g, but that of Na-SWy-1 montmorillonite for
Bradbury and Baeyens (1997) is 87 meq/100 g. The data Chen et al. (2016) (pH 6.0) are higher than other
data. In this case, not only the CEC values (90.0 meq/100 g; Chen et al., 2016) but also ionic strength
conditions affect the difference of Kq values. The solution used in Chen et al. (2016) is 0.01 M NaClOg4, and
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one used in Bradbury and Baeyens (1997) is 0.1 M NaClOs. Dispersion of the Kq values of Chen et al. (2016)
can be explained the differences of the temperature (20, 40 and 60°C). The data obtained by Schulthess and
Huang (1990) are higher than the data by Bradbury and Baeyens (1997). One of the reasons of the difference
is ionic strength conditions. The solution used in Schulthess and Huang (1990) is 0.01 M NaClOs4, and the
one used in Bradbury and Baeyens (1997) is 0.1 M NaClO4. Among the data obtained by Schulthess and
Huang (1990), the Kq4 values increase with increasing pH values. This trend is consistent with Figure 3.3-1.

10° 4 Bradbury and Baeyens (1997) 0.01M NaCIO,
= Bradbury and Baeyens (1997) 0.03M NaCIlO,
102 + Bradbury and Baeyens (1997) 0.1M NaClO,
e Chen and Dong (2013) 0.001M NaClO,
107 | 4 Chen and Dong (2013) 0.01M NaClO,
’a + Chen and Dong (2013) 0.1M NaClO,
;;'\5 100 ¢ Lothenbach etal. (1997) 0.1M NaClO,
é 4 Tertre et al. (2005a) 0.025M NaClO,
Kn 101 | « Tertre etal. (2005a) 0.5M NaClO,
@ Chen et al. (2016) 0.001M NaCIO,
- A Chen et al. (2016) 0.01M NaCIO,
@ Chen et al. (2016) 0.1M NaClO,
£ Schulthess and Huang (1990) 0.01M NaCIO,
1073 | | | | I I
0 2 4 6 8 10 12 14
pH
Figure 3.3-1 Overview of sorption data for Ni onto bentonite/smectite
102 @ Bradbury and Baeyens (1997) pH 5.9, 0.1M NaClO,
4 Bradbury and Baeyens (1997) pH 7.0, 0.1M NaClO,
+ Bradbury and Baeyens (1997) pH 8.2 0.1M NaClO,
101 & Bradbury and Baeyens (1997) pH 7.5, porewater
@ Chen etal. (2016) pH 6.0, 0.01M NaClO,, 20-80 °C
§ o Schulthess and Huang (1990) pH 4.0, 0.01M NaClO,
=
"’E 100 © Schulthess and Huang (1990) pH 6.0, 0.01M NaClQ,
“'-'_; < Schulthess and Huang (1990) pH 7.5, 0.01M NaClQ,
N
10~
102 | | |

1000 1077 105 1073 10-1
Cinit (M)

Figure 3.3-2 Overview of sorption isotherm for Ni onto bentonite/smectite
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2) Evaluation of data for Th sorption onto cementitious materials

Table 3.3-2 shows evaluated entries in this section. The respective data are shown in Figure 3.3-3
and the data added in this update are represented with black rims.

Table 3.3-2 List of evaluated data for Th sorption on cementitious materials

Reference Data table Solid phase

Allard et al. (1984)%” — Cement, Slag cement

Cowper et al. (2006)* — Cement hydrate, Altered cement hydrate

Hoglund et al. (1985)* — Cement

Sugiyama et al. (2000)*? — Cement

Sugiyama et al. (2003a)* — Cement paste, Cement hydrate

Sugiyama et al .(2003b)* — Cement hydrate, Portlandite, Calcite, CSH,
Tobermonite, Ettringite, Monosulphate, Hydrotalcite

Wieland et al. (1998)* — HCP

Wieland and Van Loon (2003) Th/10 Cement

The Kq4 values of Th sorption onto cementitious materials (e.g., cement, cement hydrate, CSH,
HCP) as a function of pH are shown in Figure 3.3-3. Unlike the case of Ni sorption onto bentonite/smectite,
there is no literature data collected as a function of pH. Additionally, the solid and liquid phases vary among
the literatures. No obvious pH dependence was observed. The solid and liquid used in Wieland and Van Loon
(2003) is the sulfate-resisting Portland cement (water/cement = 1.3) and artificial cement porewater + 2.0 x
1073 M ISA(isosaccharinic acid), respectively. It was found that these K4 values are lower than other data. It
is thought that isosaccharinic acid decreased sorption of Th on cement. It is thought that solid-liquid ratio
cause the dispersion for data.

104 ® Allard et al.(1984), cement, porewater
® Allard et al.(1984), slag cement, porewater
4 Cowper et al.(2006), cement hydrate, DW
4 Cowper et al.(2006), cement hydrate, 3M NaNO,
108 L Cowper et al.(2008), cement hydrate, SW
Cowper et al.(2006), altered cement hydrate, DW
B Hoglund et al.(1985), cement, porewater
Sugiyama et al.(2000), cement, SW
® Sugiyama et al.(2000), cement, GW
Sugiyama et al.(2003a), cement paste, 0.0001M NaCl
B Sugiyama et al.(2003a), cement paste, 0.001M NaCl
m Sugiyama et al.(2003a), cement paste, 0.01M NaCl
m Sugiyama et al.(2003a), cement paste, 0.1M NaCl
Sugiyama et al.(2003b), cement hydrate, GW
B Sugiyama et al.(2003b), portlandite, GW
m Sugiyama et al.(2003b), calcite, GW
100 L | m Sugiyama et al.(2003b), CSH(C/S=1.65), GW
= Sugiyama et al.(2003b), CSH(C/S=0.9), GW
B Sugiyama et al.(2003b), CSH(C/S=0.65), GW
B Sugiyama et al.(2003b), tobermonite, GW
101 | | | | | ®m Sugiyama et al.(2003b), ettringite, GW
B Sugiyama et al.(2003b), monosulphate, GW
8 9 10 11 12 13 14 | = Sugiyama et al.(2003b), hydrotalcite, GW
Wieland et al .(1998), HCP, CW
pH © Wieland and Van Loon(2003), cement, CW+ISA
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Figure 3.3-3 Overview of sorption data for Th onto cementitious materials
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3) Evaluation of data for U(VI) sorption onto cementitious materials

Table 3.3-3 shows evaluated entries in this section. The respective data are shown in Figure 3.3-4
and the data added in this update are represented with black rims.

Table 3.3-3 List of evaluated data for U(VI) sorption on cementitious materials

Reference Data table  Solid phase
Allard et al. (1984)*” — Cement
Hoglund et al. (1985)*V — Cement
Morgan et al. (1988)%9 — Concrete
Sugiyama et al. (2003a)*> — Cement
Sugiyama et al. (2003b)*¥ — Cement
Sugiyama et al. (2008)*7 — OPC, FAC
Tits et al. (2008)*) - CSH

Zhao et al. (2000)*” — Concrete
Pointeau et al. (2008) U/12 HCP
Pointeau et al. (2004a) U/13 CEM

The K4 values of U(VI) onto cementitious materials as a function of pH are shown in Figure 3.3-
4. Unlike the case of Ni sorption onto bentonite/smectite, there is no literature data collected as a function of
pH. Additionally, the solid and liquid phase vary among the literatures. The solid used in Pointeau et al.
(2008) is degraded the Ordinary Portland Cement, a degraded hardened cement pastes (HCP). The
water/cement ratio of these cement paste is 0.38. The liquid is HCP-equilibrated water. These Kq4 values
decreased with increase of pH. The solid used in Pointeau et al. (2004a) are CEM 1 (Ordinary Portland
Cement), CEM V (blast furnace slag (BFS) and fly ash added to OPC) and CSH phase. The liquids are
equilibrated with each solid. These Kq4 values do not vary at pH range between 9.5 and 11.5. At pH > 11.5,
K4 value decreased with increase of pH. Also, the sorption isotherms indicates liner shape (slope = 1). It is
observed that the sorption is not affected by difference of solid phase.

104 ® Allard et al. (1984): cement, porewater

s+ Hoglund et al. (1985): cement, porewater

108 - 4 Hoglund et al. (1985): concrete, porewater
Morgan et al. (1988): concrete, equibrated water

+ Sugiyama et al. (2003a): cement, 0.0001 M NaCl
Sugiyama et al. (2003a): cement, 0.001 M NaCl
Sugiyama et al. (2003a): cement, 0.01 M NaCl
Sugiyama et al. (2003a): cement, 0.1 M NaCl

+ Sugiyama et al. (2003b): cement hydrate, GW

+ Sugiyama et al. (2003b): cement hydrate, SW

102 .

100 #

Kq (Mm3/kg)

100 ® 3
+ Sugiyama et al. (2008): OPC, equibrated water

Sugiyama et al. (2008): FAC, equibrated water
2 Tits et al. (2008): CSH, porewater
+ Zhao et al. (2000): concrete, 0.01 M NaHCO,
1072 I I I ‘ + Zhao et al. (2000): concrete, 0.01 M NaCl

8 9 10 11 12 13 14| 5 Pointeau et al. (2008): HCP, equibrated water
pH ® Pointeau et al. (2004): CEM, CW

1071 -

Figure 3.3-4 Overview of sorption data for U(VI) onto cementitious materials
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4. Conclusions

This report focused on developing and updating of the sorption database (JAEA-SDB) as the basis
of integrated approach for the PA-related Kq setting. This report also includes updating of K4 data and QA
classification related to the future Kg-setting and development of TSM.

+ Kq4 data and their QA results are updated by focusing on our recent activities on the Ky setting and
development of mechanistic models. As a result, 7,696 K4 data from 66 references were added and the
total number of the K4 values in JAEA-SDB reached about 70,673. The QA/classified Kq4 data reached
about 73% for all K4 data in JAEA-SDB.

* Further study is required to test the applicability of JAEA-SDB and improve their functions and
contents by focusing on the site-specific Kq setting including uncertainty assessment and the
combination with modeling approaches including ISD model.
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1. Introduction, description of main criteria

The reliability of K4 values in the JAEA-SDB can be assessed using the following three main criteria. The
three main criteria are listed in the expected sequence of application during a classification of entries in the
JAEA-SDB. Criteria I-a and I-b are related to documentation and data entry, whereas the technical and
scientific quality of an entry is addressed by criteria II and III.

Criterial — Completeness of documentation and type of K4 information:

a) It needs to be verified that the documentation of each entry is detailed enough to allow further
examination according to the main criteria II-III. At this point, only the completeness of the
documentation is examined; the appropriateness of the reported data and approaches is evaluated
under criteria II below.

b) This point takes also into account that the reliability of data input to the JAEA-SDB will be
substantially high if K4 values are directly available in table format in comparison to literature that
reports e.g. %-adsorbed values in a graph. The latter way of reporting requires the operator to 1)
manually read values off a graph and ii) to calculate Kq from the %-adsorbed and Solid/water ratio
(s/w) values given, which significantly increases the likelihood of an operator error during data
input.

Criteria I — Quality of reported data
This is the most important issue from a technical and scientific point of view. This criteria
encompasses an evaluation of the appropriateness of the experimental system to produce reliable Kq
data. The methods used (or lacking) for determining experimental uncertainty are also examined for
each literature source. Further, it is considered whether the data represent single-point measurements
or are part of e.g. an isotherm, which would provide additional support for their reliability.

Criteria II — Consistency of data:

While the previous two main criteria address the reliability of each K4 entry in the JAEA-SDB,

criteria No. III requires an examination of the level of support that other Kq values in similar systems
can lend to the entry under consideration. Any disagreement with data from related systems will have
to be evaluated as well. It could be argued that this kind of data examination may be left to the user of
the JAEA-SDB. However, the classification of data entries in the JAEA-SDB in terms of reliability
adds an aspect of quality that is above that for a pure compilation, and users may expect that the listed
K4 values passed some kind of check for internal consistency.
Internal consistency means that data from different sources should not be in obvious disagreement. An
example would be the dependency on pH of Kq4 values for a certain radionuclide, which should be
approximately similar in all studies. Similarly, if many studies indicate e.g. stronger sorption of U(IV)
than of Th(IV), for any study that indicates the opposite an appropriate explanation should be given.
If no good reason can be found, such deviations make a study less reliable. These types of
considerations will only be possible for sufficiently well researched elements.

2. Description of checkpoints within each main criteria
2.1 General

Each entry in the JAEA-SDB (each K4 value identified in the JAEA-SDB by a unique ID) should be
evaluated and classified individually. Because many studies report Kq values under different experimental
conditions, it is not sufficient to evaluate all data based on a given reference globally. Depending on
conditions, different entries related to a given study may receive a different rating.

2.2 Criteria I: Completeness of documentation and type of Kq information
The checkpoints under I-a are used for a screening prior to a further classification. Failure to satisfy these
checkpoints will not be used (unreliable).
I-a.1 Are all mandatory fields completed? Here it is only verified that all fields have been completed
by the operator; an entry "not reported" is counted, therefore. The following entries are
considered mandatory:
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- element

- solid phase

- solution composition

- atmosphere

- pH (or other information that allows to derive pH, e.g. portlandite equilibrium)

- pe/redox condition (only in case of redox-sensitive systems)

- method of pe control (only in case of redox sensitive systems and imposed reducing

conditions)

- initial radionuclide (RN) concentration (except for RN that are not solubility controlled)

- method for phase separation

- type of experiment, if different from batch

> In case of missing entries, the corresponding Kq is excluded from further evaluation and
classified as unreliable (until remedied by operator). If all fields are completed, proceed
to I-a.2.

Is all mandatory information provided? Here it is evaluated whether critical information is

provided or lacking completely. The quality of the information provided is evaluated under

criteria II. In addition to the information listed under I-a.l, further mandatory information

includes:

- units

> In case of missing mandatory information, the corresponding Kq is excluded from further
evaluation and classified as unreliable. If all fields are completed, proceed to I-b.

Does the type of K4 information provided require manipulation by the operator?

- The following levels are distinguished:

class 1: table with Kq4 values given

class 2: table with % sorbed given
table with residual concentration given

class 3: linear graph Kq

class 4: linear graph % sorbed
linear graph residual concentration

class 5: logarithmic graph Kq

class 6: logarithmic graph % sorbed
logarithmic graph residual concentration

2.3 Criteria II: Technical and scientific quality of reported data

It is generally assumed that the entries presently contained in the JAEA-SDB correspond to a minimum
quality standard; i.e. are assumed to be basically reliable. The different checkpoints regarding experimental
quality are designed to distinguish different levels of reliability. However, if in case of critical checkpoints
even the requirements leading to the lowest rating are not met, the respective entry should be classified as
unreliable (indicated for each checkpoint).

II-a

Solid phase (substrate)
It is evaluated whether the solid phase has been sufficiently characterized. This is equally
important for properly designing experiments, as well as for using the measured Kq4 values. In
general, three types of key information are required:

* Information about major mineral composition.

+ Information about accessory minerals or impurities.

+ Information about surface characteristics: Minimum is a measure of sorption capacity per
mass of sorbent, such as CEC or a different measure of site density per mass.

However, the amount of information required to sufficiently characterize a given solid phase also

depends on the complexity of the substrate:

1. It needs to be known whether a substrate consists of a single pure mineral phase, or whether it
contains impurities or additional minerals. In general, some measure of site density per mass
(e.g. CEC) needs to be known to properly design experiments, in particular with respect to
achieving reasonable surface loading.

2. In case of simple substrates (pure minerals), no further information is necessary.
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3. In case of complex substrates (i.e., where significant impurities are present, or where a
substrate is composed of several minerals), and in particular in case of natural samples,
detailed information on composition has to be provided in addition.

4. In cases where sample treatment (such as crushing or sieving) had been performed, the
respective information on particle size also needs to be provided (see II-f). Where any
chemical treatments (e.g. acid washing to remove calcite; but also change of redox conditions
in case of redox-sensitive substrates, see II-c) had been applied, the applied method and
resulting mineralogy should be given as well.

5. In case of many commercially available substrates (e.g., MX-80 or Kunigel-V1 bentonite;
standard clay minerals from the Clay Minerals Society, such as SWy-1; Min-U-Sil SiO,, etc.)
detailed solid phase information is widely known and can be retrieved from a large number
of publications. Therefore, characterization of such solids is not required for each entry in the
JAEA-SDB; i.e., level A or B can be reached even if such information is not reported. Note
that this holds only when such solids have been used as received. Where washing procedures
etc. have been applied, the procedures and resulting changes still need to be documented.

> Three levels of reliability:

A) Major and minor mineralogy as well as surface characteristics are known.

For example: The substrate is a single, well-defined mineral; or comprehensively
characterized complex mineral assemblage. Either no sample treatment has been carried
out, or it is described in detail and the result are documented.

B) Major mineralogy as well as surface characteristics are known.

For example: The substrate is a single mineral that may contain impurities (such as a
non-purified clay mineral) or a complex mineral assemblage where additional impurities
could be present. Sample treatment may have led to minor changes in mineralogy.

C/D) Information on both major mineralogy or surface characteristics is lacking.

For example: There is no information on CEC (or another measure of sorption capacity);
or the substrate is a natural clay sample where it is not clear whether it is smectite,
kaolinite, or illite; or a non-characterized soil or crushed rock. Sample treatment may
have led to major changes in mineralogy that are not documented.

Adjustment and control of pH
One of the most important solution parameters controlling radionuclide(RN) sorption is pH. It
needs to be known to interpret Kq values, but also for proper experimentation: The pH needs to
be known to evaluate the solubility limits of radionuclides and some major ions, as well as the
stability of certain mineral phases (in particular carbonates). Further, pH has to be approximately
constant during a sorption experiment in order to reach equilibrium of sorption reactions. There
are two basically different approaches in sorption experiments with regard to pH control:

1. The pH is not controlled, but allowed to reach an equilibrium value according to the
experimental conditions and is then measured at the end of the experiment. In this case, it is
important that the pH has been verified after experimentation, in order to know its equilibrium
value.

2. The pH is controlled during the experiment by acid-base addition and/or buffers. Where it is
desired to determine Ky values as a function of pH, this cannot be avoided. In this case, it
needs to be shown (or known from the literature) that the added acids, bases, or buffers do
not interfere with RN reactions at the surface (which obviously influence sorption) or with
RN reactions in solution (which influence sorption through changing the RN speciation).
Therefore, use of a non-inert pH buffer at unspecified concentration levels leads to a
classification as unreliable.

> Four levels of reliability:

A) To achieve rating A it is sufficient, but required, that the pH is verified at the end of the
experiment. This is based on the assumption that equilibrium or at least a stable state of
near-equilibrium conditions has been achieved (see also Il-a, II-d, and II-j). In such
systems, a determination of the experimental end pH will represent an adequate measure
of the actual equilibrium pH. Second, rating A is given where the successful use of inert
buffers has been demonstrated (e.g. by measuring Kq in the presence and absence of
buffers at some pH, or by showing through speciation calculations that the buffer does

,33,



II-c

JAEA-Data/Code 2019-022

not influence RN behavior). In some cases, level A may also apply if a non-inert buffer
is part of the experimental setup (see the example of K4 determination as a function of
carbonate concentration under point C).

B) The final pH is reported, but only a pH range (within 1 pH unit) is given instead of a
discrete pH value (the same assumptions regarding equilibrium can be made as for level
A above). Rating B also applies in cases where only the initial pH is provided, but the
experimental system is well buffered (for example, because a inert buffer is used, or
because of the presence of a natural buffer system, such as carbonate).

O Only the initial pH is provided, no attempt is made to control final pH. All cases where
non-inert pH-buffers are being added. Note that this refers to the addition of an additional
complexing ligand, such as acetate, for the control of pH. On the other hand, if a sorption
experiment is carried out where K4 is measured as a function of carbonate concentration
and this is simultaneously used to control pH, level A applies (given that the effect of
carbonate on Kq4 is documented).

D) Only a range (within 1 pH unit) of initial pH is provided, no information on final pH is
given.
> If a lower quality than required for level D is evident, the respective entry is excluded

from further evaluation as unreliable. If a non-inert buffer (e.g. acetate or carbonate) is
used at unspecified concentration levels, the respective entry is excluded from further
evaluation as unreliable.
Redox conditions
Here it needs to be differentiated between systems that are not redox-sensitive and systems that
are. Within the redox-sensitive systems, it needs to be further taken into account whether only
the sorbing RN is redox-sensitive or whether other components of the system (such as solid phase
or groundwater components) are redox-sensitive as well.
In this sense, checkpoint II-c deals with the redox control of the sobbing RN, not with redox
control of an overall redox-sensitive system. If the experimental system comprises a range of
redox-sensitive dissolved (e.g. organics) and solid (e.g. Fe- and Mn-phases) components,
imposing redox conditions different from the original level may influence many redox-equilibria
simultaneously. In such a case it can be very difficult to ascertain equilibrium or to know which
solid phases are present. Such effects on solution and solid phase chemistry are addressed by
checkpoints II-a and II-d. It also needs to be pointed out in this context that "imposed redox
condition" does not necessarily refer only to imposing reducing conditions by adding a reducing
agent, it also includes imposing oxidizing conditions by e.g. transferring a reduced natural
sediment to the laboratory and exposing it to O (as a matter of fact, the latter may be the more
common problem).
Given the focus of this checkpoint on redox control of sorbing radionuclides explained above,
two different requirements on data quality can be distinguished. Levels of reliability reflect the
degree to which these two requirements are met:
1. Reliability regarding control and confirmation of the redox status of the sorbing RN.
2. Reliability regarding the absence of unwanted side effects, such as changes in RN speciation
induced by the addition of a reducing agent.
-> Two levels of reliability:
A/B)  Level A/B applies to entries in the JAEA-SDB where it is demonstrated that both of the
above requirements are met: This includes the following cases:

+ Systems which are not redox-sensitive in terms of sorption and where no reducing
agents needed to be added (i.e., where the sorbing RN can take on only one oxidation
state in aqueous solutions).

* Redox-sensitive systems that have been pre-equilibrated with and are being kept at
ambient conditions.

+ Experiments where reducing conditions are imposed on redox-sensitive RN (in
otherwise stable systems) and where similar results are obtained using several

reducing agents.
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C/D) Level C/D applies to entries in the JAEA-SDB where meeting the above requirements
may not have been demonstrated, but can be assumed with high certainty. This includes
the following cases:

* Reducing conditions imposed on redox-sensitive RN (in otherwise stable systems)
using one reducing agent that can be estimated (e.g. from experience or from the
literature) to be effective and to be sufficiently inert with respect to influencing RN

behavior.

* In cases where complexing reducing agents have been used, level C/D still can be
achieved if the influence of the reducing agent on RN speciation has been estimated.

+ All cases where redox conditions may be less well defined than for level A/B, but
where it can be assumed that no significant artifacts regarding RN behavior are
introduced and where the oxidation state of RN has been measured independently (in
some cases, this may include low-O, conditions with a subsequent confirmation of RN
oxidation state). Evaluating the reliability of such measurements is likely to require an
expert decision by the operator.

> If a lower quality than required for level C/D is evident, the respective entry is excluded
from further evaluation as unreliable. For example, cases where it has been attempted to
achieve reducing conditions only by minimizing the level of O (e.g., by performing
experiments in a N, atmosphere) generally should be labeled "unreliable" (except where
the oxidation state of a RN somehow has been confirmed, see description of level C/D).
Also, if a strongly complexing reducing agent (such as many organic acids) is used at
unspecified concentration levels, the respective entry is excluded from further evaluation
as unreliable.

II-d Final solution composition

1I-e

I-f

Note that solution composition includes dissolved carbonate concentration, which may be
controlled through, or expressed as pCO,. Added pH-buffers or reducing agents are also included,
and are addressed in checkpoints I1-b and Il-c.

> Two levels of reliability:

A/B)  The final solution composition is known (either from direct measurements or from the
initial experimental setup and speciation calculations) and corresponds to equilibrium or
is otherwise well constrained. All major components are included in the analysis.
Relevant minor components (e.g. traces of carbonate or of other complexing ligands)
may only be estimated. Some minor components may be unknown. In case of natural
water samples, solutions are (or can be) shown to be charge balanced (within 5 %). The
information on final solution composition can be obtained from 1) analyses of the actual
sorption samples or from ii) using pre-equilibrated solutions that had been analyzed prior
to the actual sorption experiments.

C/D)  The critical major solution components are known, or can be estimated approximately.
There may be unknown minor components and/or less critical major components. In case
of natural water samples, solutions are approximately charge balanced (within 10 %).

> If a lower quality than required for level C/D is evident, the respective entry is excluded
from further evaluation as unreliable.
Temperature

Here, it is evaluated whether temperature is specified and kept constant.

> Two levels of reliability:

A/B) Temperature is approximately specified (e.g. room temperature) and constant, or varied
in a controlled fashion.

C/D)  Temperature is not specified at all (i.e., it is not clear whether the experiments had been
performed at room temperature or not).

Liquid/Solid ratio (L/S) and grain size

It is evaluated whether enough solid had been added to avoid a significant influence by the vessel

walls (see II-m), and to ensure sample reproducibility and representativeness in case of complex

substrates, especially in case of large grain sizes: It is estimated that in cases where less than ca.
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100 mg of solid (this value depends on grain size) has been added to each experimental vessel,
sample reproducibility and representativeness becomes difficult to achieve in case of complex or
crushed samples.

> Two levels of reliability:

A/B)  Enough solid had been added to each vessel to assume that

a) [surface area sorbent] » [surface area vessel], i.e. that at least 5 m* of sorbent
surface had been added to each vessel, and to assume that

b) samples are reproducible and representative.

What is enough substrate clearly depends on specific surface area and homogeneity.

Fulfilling the above two requirements is typically not a problem in case of relatively

homogeneous sorbents with a high specific surface are (such as clay minerals or

bentonite), where "enough" may mean at least ca. 100 mg. On the other hand,

"enough" may mean at least one to several grams in case of rocks (depending on

specific surface area, grain size and complexity of the sample).

C/D)  Any other than the above.

Sorption value

It is evaluated whether an appropriate experimental design had been employed to avoid sorption

values near 0% or 100%, which can lead to higher experimental uncertainty. This problem can

be addressed by choosing an appropriate L/S ratio (see II-f) or/and an appropriate initial
concentration of RN ([RN]) (see II-h). However, the choice of [RN] is more restricted by
solubility and analytical detection limits.

A) The sorption value is in the range of 5% - 95% sorbed.

B) The sorption value is inside the range of 2% - 98% sorbed.

C/D)  Any other than the above.

Initial RN concentration ([RN])

This parameter is used to evaluate the likelihood of a possible supersaturation of RN-phases:

> Three levels of reliability:

A) RN is not solubility limited, or initial [RN] was clearly (at least a factor of 5) below the
solubility limit. Note that factor 5 does not take into account uncertainties in RN
solubility; i.e., if the solubility of a given RN cannot be estimated with more certainty
than e.g. 107 to 107 M, then initial [RN] has to be < 2x10~° M for rating A to apply.

B) Initial [RN] was clearly below the solubility limit, but maybe less than a factor of 5 (see
above).

C/D) [RN] was very small, and in all likelihood below their maximum solubility, but the
solubility limit cannot be established clearly due to missing information (solution
composition) or lacking thermodynamic data.

> Note that the solubility limit can be defined on either thermodynamic calculations or on
experimental data obtained under the relevant conditions.
> If initial RN concentration had been clearly above the respective solubility limit, the

respective entry is excluded from further evaluation as unreliable.

Phase separation

Here, the appropriateness of phase separation is evaluated: Note that in cases where colloids or

other artifacts are important, different phase separation methods will not lead to the same results.

Identical or very similar results with different efficient methods are probably the best direct proof

of absence of important colloid effects; hence such studies are rated A. Rating B would be given

for methods that can be presumed to remove colloids, but where no direct proof as in A is given.
> Three levels of reliability:

A) Identical (very similar) results are obtained with different methods of phase separation,
where at least one method needs to be efficient in terms of colloids removal
(ultrafiltration or high-speed centrifugation). Accordingly, the best comparison would be
between two efficient methods, such as ultrafiltration and high-speed centrifugation.
Note that such a comparison of phase separation methods is not required for each
individual Kq value: For example: If the absence of artifacts has been demonstrated for
some representative samples of a study by comparing an efficient and a standard method
of phase separation, the rating A may be given to all datapoints of this study, even if they
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correspond to the standard method only.

B) Only one, but efficient method (high-speed centrifugation, ultrafiltration) is used, and
there is no evidence for artifacts such as colloid effects or significant sorption to the filter.

C/D)  Only one general method (normal centrifugation, membrane filtration with nominal pore
sizes of 0.01~0.45 pum) is used, and there is no evidence for artifacts such as colloid
effects or significant sorption to the filter.

> If no phase separation is used, or in case of obvious evidence for artifacts (colloid effect,
adsorption on filter) the respective entry is excluded from further evaluation as unreliable.

Reaction time

> Two levels of reliability:

A/B) Identical (similar) results are obtained with different reaction times, or some other
demonstration of near-equilibrium is provided (e.g. separate kinetic experiments).

C/D)  Only one, but reasonably long reaction time is used. What is “reasonably long” is highly
dependent on the experimental system: In general, the time needed to reach equilibrium
will increase with the complexity of the sorbing substrate and the strength of sorption.
Sorption of Sr onto a pure clay mineral through ion exchange can be assumed to be
complete within a day; sorption of a trivalent actinide onto a complex substrate may need
several days to weeks for completion. In the absence of kinetic information, operator
expert decisions will be required to assess this point. If possible, reaction times reported
for similar systems included in the JAEA-SDB could be used to evaluate what is
reasonably long. Further, even for the most simple systems a reaction time of 1 day is
considered as minimum requirement.

> If the requirement for level C/D is not met (i.e., if the reaction time cannot be assumed
to be reasonably long), the respective entry is excluded from further evaluation as
unreliable.

Agitation method

> Two levels of reliability:

A/B)  Appropriate agitation is required in all cases, except where enough kinetic information
is provided to show that equilibrium has been reached. Shaking is the preferred method,
as use of stir bars can lead to abrasion of samples. In case of simple and well crystallized
substrates (such as Al-oxide) or of substrates with very small grain size that are easily
suspended, stir bars can also be accepted.

C/D)  Any other than the above.
RN loading
Ideal are values as a function of RN loading (i.e., Kq values that form part of an isotherm),
otherwise low loading is preferred. RN loading (e.g. in moles RN/kg substrate) refers to the
amount of RN adsorbed in relation to the amount of different surface sites available. It is known
from classical isotherms (e.g. Langmuir) that a linear sorption can only be assumed if sufficient
unoccupied sites are present. In case of simple substrates (including some bentonites), the linear
portion of an isotherm extends to fairly high RN loading. There are other cases where Kq depends
significantly on RN loading over many orders of RN concentration.

> Three levels of reliability:

A) At least one isotherm has been determined (for a constant solution composition and L/S),
and at least some experiments have been carried out using trace level RN concentration
(i.e., at least some data are included within a linear sorption region).

B) No isotherm is available, but at least a limited variation of initial [RN] or L/S has been
carried out, and some experiments have been carried out using trace level RN
concentration (i.e., some data are included within a linear sorption region).

C/D)  No variation as in A or B has been carried out.

Reaction vessels

High-density polyethylene (HDPE) or Teflon are preferred over normal PE, which is preferred

over glass, which may lead to sorption of radionuclides by the vessel walls. Especially at high or

very low pH, glass dissolution and release of dissolved or colloidal silica may also occur. On the
other hand, glass is more gas-tight (especially than PE); if that is of experimental relevance.

Corrections for sorption on vessel walls should not be necessary if blank tests show that it can be
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neglected.
Correction for sorption on vessel walls may be needed to estimate Kq values correctly in some
cases, but only in cases where a) sorption on the vessel is much stronger than on the solid sorbent,
or b) if the vessel offers a significant surface area in comparison to the sorbent (see II-f). If that
is not the case, the sorption on the added solid will be much greater than on the vessel in a system
where both solid and vessel are present. It is further an erroneous assumption that sorption on the
vessel will be same in 1) the absence of the solid (no competition for RN by solid) as ii) in the
presence of the solid (strong competition for RN by solid). The sorption on the walls is typically
much smaller in ii) than in 1). Therefore, the overall mistake is often bigger if sorption on the
vessel wall is accounted for than if it is neglected.

If effects of vessel walls are corrected for, it has to be done by extracting any RN sorbed to vessel

walls after experimentation (e.g. by acid washing) and establishing a complete mass balance.

> Three levels of reliability:

A) An appropriate vessel has been used (taking into account sorption as well as tightness
with respect to CO, or O,, where required), and corrections for sorption on vessel wall
have been performed or no sorption on vessel wall has been observed by blank tests. If
effects of vessel walls are corrected for, it has to be done by extracting any RN sorbed
to vessel walls after experimentation (e.g. by acid washing) and establishing a complete
mass balance. If the sorption on vessel wall has been determined as significantly lower
(at least two orders of magnitude in terms of Kg) than the actual Kq value and thus
corrections for sorption on vessel wall have not been performed, such a case would also
correspond to level A

B) An appropriate vessel has been used, and corrections for sorption on vessel walls have
not been performed.

C/D)  The vessel used may have been not appropriate (this is often the case with glass, see
above), or corrections for sorption on vessel wall have been performed based on a blank
test only (i.e., without verifying that sorption on vessel walls is relevant in the presence
of a solid added, thus possibly leading to overcorrection).

Uncertainty estimates

In general, uncertainties based on repeated experiments (i.e., actual observations of Kq) are

preferred over uncertainties based on error propagation, as the latter is an estimate based on a

type of extrapolation. Thus, the difference between levels of reliability is mainly based on the

amount of actual information gained by repetitions: For level A, the entire experiment is repeated;
for level B, only sampling and analysis are repeated; for C, no repetitions are carried out.

Values that are based on repetitive experiments are preferred over single experimental data points.

Note, however, that this checkpoint refers to single-point K4 values and may be overruled by data

being part of e.g. pH-edge, isotherm, kinetic experiment, etc., which may provide independent

evidence of good reproducibility or systematic errors (see checkpoint I1-0).

> Four levels of reliability:

A) Uncertainties in K4 are derived based on entire, replicated sorption experiments (i.e., at
least duplicate experiments).

B) Uncertainties in Kq are derived based on single sorption experiments that are sampled
and analyzed repeatedly. This may be supplemented by error propagation.

O Uncertainties in K4 are based on error propagation of estimated analytical and/or
procedural uncertainties.

D) No error estimate is given, no repeated sampling is done.

Parameter variation

Studies with a systematic variation of key parameters are much more valuable and reliable than
single Kg measurements. In this context, key parameters are those that influence sorption (for
example, chemical parameters such as RN concentration, pH, pCO;, but also temperature, L/S,
or grain size in case of crushed substrates), but not parameters that only help to determine the
experimental framework (such as vessel type or reaction time). In particular, variation of key
parameters allows improved detection of experimental problems and systematic errors.
Especially the latter are not detected by repeating experiments under identical conditions. In the
application of this checkpoint, care has to be taken to take into account the characteristics of the
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particular system studied. For example, more parameter variation may be required to show clear
trends in a complicated system in comparison to a simpler one. On the other hand, the pH and
carbonate concentration in experiments with calcite are quite constrained by the solid itself, and
only limited variations are possible.

> Four levels of reliability:

A) Both RN surface loading (isotherm) as well as a chemical parameter, such as pH or
pCO: (edge), or e.g. [Na] in case of ion exchange, are varied systematically.

B) Either RN concentration (isotherm) and/or chemical parameters, such as pH or pCO-

(edge), or e.g. [Na] in case of ion exchange (i.e., at least two parameters in total), are
varied. These variations are less systematic than in A, but still allow to observe trends.
O) As B, but only one parameter in total is varied.
D) No parameter variation is done.

2.4 Criteria III: Consistency of data
Here it will be evaluated whether data from a particular study can be supported by other studies.
Comparisons should only be made with studies that are at least as (or more) reliable than the study under
investigation, based on criteria [ and II. In many cases, only approximate consistencies or inconsistencies
may be apparent, because of different conditions used in the different studies.
> Therefore, the evaluation of criteria III will only be reported in the form of a comment. Any
such comments will be included both in a classification report as well as in the
corresponding rating summary sheets.
> If the K4 values under investigation are clearly inconsistent with the majority of related
reliable studies, and if the reason for this observation cannot be explained, they may also be
labeled unreliable based on criteria I1I. As this requires an expert decision by the operator,
the underlying reasoning needs to be clearly documented.

3. Overall classification

The above criteria are applied to an overall classification system as follows:
+ The three criteria I-III are evaluated separately, the respective results are reported separately as well.
* Criteria I: The checkpoints under I-a are used in a yes/no screening fashion, entries not fulfilling I-a
are labeled as unreliable and are not evaluated further.

* Criteria I-b is then used to assign classes 1-6 for documentation.

* Criteria II: a) The datasets that pass Criteria I are again classified according to a 6-level system, where
classes 1-6 represent the highest and lowest levels of reliability. To ensure a minimum
quality level, certain checkpoints are regarded as critical (marked with * in Table 3.1).
If the quality of the data does not correspond to the respective minimum requirements,
the entries are not to be used and are classified as unreliable.

b) To facilitate transparent averaging of all checkpoints, the following numerical system
is suggested: A=3, B=2, C=1, D=0 (A/B=3 and C/D=0 in some cases).

c) Initially, checkpoints II-b, II-c, II-d, and II-h are evaluated (indicated in bold letters
below). If an entry is rated unreliable for any of these checkpoints, it is excluded from
further evaluation.

d) Weighting of individual checkpoints at this level is done according to the factors given
in Table 3.1 below.

e) The total sum of points obtained for Criteria II is then used to indicate the level of
reliability. With the present system, the maximum number of points would be 183,
leading to an overall classification as follows (Table 3.2)
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Table 3.1 Weighting of individual checkpoints under Criteria 11

checkpoint description weighting factor
II-a solid phase (substrate) A-C/D x 2
*11-b pH A-D x 8
*1I-c redox conditions A/B-C/D x 8
*11-d final solution composition A/B-C/D x 8
II-e temperature A/B-C/D x 1
I-f L/S, grain size A/B-C/D x 2
II-g sorption value A-C/Dx2
*I1-h initial RN concentration A-/CD x 8
*I-1 phase separation A-C/D x 8
*11- reaction time A/B-C/D x 2
II-k agitation A/B-C/D x 1
1I-1 RN loading A-C/D x2
II-m reaction vessel A-C/D x 1
II-n uncertainty estimates A-D x 2
II-o0 parameter variation A-D x 8

* indicates critical checkpoints with minimum requirements;
bold letters indicate the checkpoints to be evaluated initially

Table 3.2 Overall classes of reliability for Criteria II

points rating

183-151 class 1
150-121  class 2
120-91 class 3
90-61 class 4
60-31 class 5
30-0 class 6

+ Criteria III: Criteria III is used to qualitatively assess consistency with other studies. In case of clear
inconsistencies, an entry may be labeled as unreliable.

+ Overall, the following classification system is used, with Criteria II as the main basis for assessing the
reliability of entries in the JAEA-SDB (Table 3.3).

Table 3.3 The classification system

Criteria Classification

I-a accept/reject

I-b 6 classes of K4 information

I 6 classes of data quality and reliability

111 qualitative level of consistency with other studies
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