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karnavfallsgranskning, MKG, over kraftindustrins karnavfallsbolag SKB:s forskningsprogram
Fud- 2022

Stralsdkerhetsmyndigheten (SSM) har den 3 oktober 2022 skickat kraftindustrins kdrnavfallsbolag
SKB:s forskningsprogram Fud- 2022 pa remiss. Naturskyddsforeningen, Jordens Vénner och
Miljoorganisationernas kérnavfallsgranskning, MKG, nedan kallade foreningarna, lamnar hdrmed in
ett gemensamt yttrande med synpunkter pé forskningsprogrammet och dvergripande pa behovet av
karnavfallsforskning.

1. Overgripande synpunkter pa vikten av att ytterligare forskning om barriéirsfunktioner
lopande utfors under hela SSM:s stegvisa provning av kirnbrinsleforvaret

I detta avsnitt utvecklar foreningarna nérmare varfor det dr angeléget med ytterligare forskning om hur
barridrerna i kérnbrénsleforvaret kommer att fungera, och att detta genomfors 16pande under hela
SSM:s stegvisa provning av tillstandet for karnbriansleforvaret enligt kdrntekniklagen.

1.1. Grunden for SSM:s stillningstagande och regeringens beslut att godkdnna kdrnbrdinsleforvaret

Den 27 januari 2022 meddelade regeringen tillatlighet enligt miljobalken och tillstdnd enligt
karntekniklagen for ett kdrnbransleforvar i Forsmark. Grunden for regeringens beslut var SSM:s
stdllningstagande att det finns forutséttningar for att forvaret ska bli tillréckligt sdkert. SSM:s
stillningstagande bygger pa vad myndigheten kallar en "helhetssyn” dér de tva konstgjorda barridrerna
(kopparkapseln och lerbufferten runt kapseln) samt den tredje barridren berget tillsammans alltid ger
forutsattningar for tillracklig langsiktig miljosékerhet. De tre barridrerna fungerar enligt myndigheten
tillsammans alltid som en tillrdckligt robust isolering av det deponerade anvénda kérnbrénslet for att
forhindra att skadliga radioaktiva &mnen nar ménniska och miljo.

Att kopparkapseln och lerbufferten kring kapseln &r konstgjorda barriérer dr uppenbart. Men det finns
skél att papeka att bergbarridren inte 4r en alltigenom naturlig barriér, trots att den modelleras som
sédan i sdkerhetsanalysen.

I sjélva verket dr dven bergbarridren till betydande del att anse som en konstgjord barriér, eftersom en
viktig del av dess skyddande funktion beror pa vad som sker i motet mellan berget och den
bentonitlera som fyller och ska téta tunnlar och schakt. Enligt foreningarnas mening ér den svagaste
lanken i forvarets funktion att forhindra vattenfloden fran forvarsdjup till jordytan inte berget och dess
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sprickor i sig, utan vattenfloden genom den lera som placerats i tunnlar och schakt som maste svélla
och hélla minst lika tétt som berget i sig for att denna barridrfunktion ska fungera som ténkt.

Foreningarna menar att SSM har intagit standpunkten att en "helhetssyn” pé barridrernas
sammanlagda funktion gor att det finns forutsattningar for att kérnbransleforvaret kan bli tillrackligt
sdkert. Denna instéllning dr grundad i att det i sdkerhetsanalysen for kdrnbrénsleforvaret tagits fram
s.k. ”what if’-scenarier i den modellerade sikerhetsanalysen for forvaret for att undersoka vad som
hénder om inte alla barridrer fungerar som ténkt. Dessa visar teoretiskt att om endast ett par av
barridrerna fungerar som ténkt, kommer det i ett tusenarsperspektiv bara bli begrinsade utslapp av
radioaktiva &mnen i Forsmarksomradet.

Foreningarna menar att sddana teoretiska berdkningar inte kan anvindas som utgangspunkt for SSM:s
stdllningstaganden. Det viktiga i en miljoprovning &r att SSM:s riskgréns inte ska dverskridas och da
maéste all tre barridrerna fungera som ténkt i sdkerhetsanalysens modeller. Om riskgrénsen riskerar att
overskridas ska kdmbrénsleforvaret inte ges tillstand enligt kirntekniklagen eller miljobalken. Det var
denna risk en for att riskgransen dverskreds som fick mark-och miljddomstolen att 1 januari 2018
avstyrka att regeringen skulle ge tillatlighet for kérnbréansleforvaret.

Den viktigaste barridren i kérnbransleforvaret dr kopparkapseln. Om kopparkapseln i sig inte fungerar
som ténkt forverkligas de allvarligaste riskscenarierna i ”what if’-analyserna och det blir en mer
omfattande radioaktiv férorening i Forsmarksomradet. I ett tusendrsperspektiv riskeras da att det blir
en radioaktiv zon ovanfor karnbriansleférvaret i Forsmark dar ménniskor inte kan bo, dta den mat som
odlats omradet eller dricka vatten fran grundvattenreservoaren. Dessutom kommer havet att bli
fororenat av radioaktiva &mnen.

Foreningarna menar att det finns ett vetenskapligt underlag for att séiga att det finns betydande risker
for att kopparkapselns langsiktiga integritet 4r mycket sdmre dn det som angetts av kdrnkraftindustrins
kérnavfallsbolag SKB. Detta stdds av uttalanden av fran industrin oberoende och framstaende
korrosionsexpertis. Foreningarna anser att det saknas tillricklig kunskap om kopparkapselns funktion
for att anvéinda de antaganden som gors i modellerna i sékerhetsanalysen.

Foreningarna menar vidare att det dven finns det en betydande risk att den omgivande lerbuffertens
isolerande funktion bryts ner nédr &mnen fran kopparkapselns nedbrytning tringer in i leran. Till detta
tillkommer problem for lerbufferten att Gverhuvudtaget uppna ett isolerande tillstand i det torra
Forsmarkberget. Den lera, bentonitlera, som anvénds i bufferten och behdver vatten for att svilla och
bli tit. Den svillande funktionen kan forstoras av virmen fran det anvénda karnbrénslet. Féreningarna
anser att det saknas tillrdcklig kunskap om lerbuffetens funktion for att anvénda de antaganden som
gors 1 modellerna i sékerhetsanalysen.

Om kopparkapseln och lerbufferten inte &r fullgott fungerande barridrer &terstar berget. I
sdkerhetsanalysen for kdrnbransleforvaret dr kvaliteten pa berget i Forsmark en viktig komponent.
Berget ér relativt sprickfritt och eftersom sidkerhetsanalysen utgér frén att lickande radioaktiva &mnen
méste vandra genom berget och mindre sprickor i berget spelar det enligt kéirnavfallsbolaget och SSM
mindre roll hur kopparkapseln och lerbufferten fungerar.

I praktiken kommer det dock inte vara bergets funktion utan hur hog titningsgrad tunnlar och schakt
far som utgor “bergets” barridrsfunktion. Tunnlar och schakt ska titas med betongpluggar och fyllas
med bentonitlera som ska svilla och téta nédr grundvatten tringer in. Féreningarna menar att det saknas
tillrdcklig kunskap om detta kommer att fungera pa sé sitt att dessa konstgjorda barridrer verkligen
blir lika tdta som det verkliga berget. Det kommer vara extra svart att na téthet i Forsmarkberget som
ar under hogt vattentryck och dér tryckdifferenser mellan storre sprickor i olika delar av forvaret ger
risk for att vatten ska borja floda ldngs tunnlarna. Féreningarna anser att det saknas tillrédcklig kunskap
om “bergets” funktion for att anvéinda de antaganden som gors i modellerna i sdkerhetsanalysen.

1.2. Foreningarnas begdran om rdttsprovning av regeringens beslut att godkdnna kdrnbrdinsleforvaret

Enligt vad som framgatt ovan anser foreningarna att det saknas tillrdcklig kunskap om
kérnbréansleforvarets samtliga barridrsfunktioner for att validera de antaganden som gors i modellerna i
sdkerhetsanalysen. Enligt de allménna hinsynsreglerna i miljobalken &r ett villkor for att f4 tillstdnd
for kérnbréansleforvaret att tillriacklig kunskap finns vid den tidpunkt tillstandet ges. Dessutom maste
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forsiktighetsprincipen efterlevas vid tillstdndsprovningen enligt miljobalken. Ett tillstdnd enligt
kdrntekniklagen méste dessutom folja de allméinna hinsynsreglerna i miljébalken’.

Foreningarna anser att det saknas tillrdcklig kunskap for SSM — och dédrmed regeringen — for att kunna
hévda att det finns forutséttningar att kirnbransleforvaret ska bli tillrdckligt sdkert. Foreningarna har
darfor begért réattsprovning i Hogsta forvaltningsdomstolen for att fa det provat om kunskapsvillkoret
och forsiktighetsprincipen enligt miljobalkens allménna hiansynsregler har tillampats korrekt av
regeringen i besluten i januari 2022 att tillta kdrnbrénsleforvaret enligt miljobalken och att ge tillstdnd
enligt kirntekniklagen.

Ett beslut fran domstolen forvéntas under varen 2023. Om domstolen har synpunkter pa kunskapsliget
i relation till tillstdndsfragan kan detta komma att paverka fradgan om framtida forskning om
karnbransleforvarets barridrer. Provningen dr emellertid en sé kallad lagprovning, och Hogsta
forvaltningsdomstolen kan bara upphéva regeringsbesluten om man anser det tydligt strider mot en
rittsregel. Aven om domstolen inte kommer fram till att regeringen gjort fel i besluten att godkiinna
kérnbransleforvaret, menar foreningarna att den kunskapsbrist som finns bor pdverka SSM:s fortsatta
provning av kdrnbrénsleforvaret i den s.k. stegvisa provningen enligt kdrntekniklagen.

1.3. 8SM:s stegvisa provning enligt kdrntekniklagen

SSM ska enligt kirntekniklagstiftningen godkénna ett flertal sékerhetsanalyser for
kérnbransleforvarets 1&ngsiktiga sikerhet innan uppforande (PSAR), provdrift (fornyad SAR) och drift
(SAR) kan pébdrjas. Vid varje provning av drenden enligt kdrntekniklagen ska miljobalkens allménna
hénsynsvillkor foljas. Det betyder att SSM vid upprepande tillfdllen ska préva om kunskapsvillkoret
och forsiktighetsprincipen enligt miljobalkens praxis ér uppfyllda. Det forsta tillfallet kommer inom
nagra ar d4 SSM ska ta beslut om den sékerhetsanalys, PSAR, som kérnavfallsbolaget SKB forvéntas
lamna in 2024. Ett beslut att godkénna sdkerhetsanalysen &r en forutséttning for att bolaget ska fa
borja bygga kirnbréinsleforvaret.

Vid varje beslutstillfialle méste det visas att den kunskap som finns for varje barridrs funktion, och for
barridrerna tillsammans, ar tillrédcklig for att garantera att den fungerar som ténkt i sdkerhetsanalysen.
Kravet pé kunskap om barriérernas funktion bor bli hogre for varje beslut.

Foreningarna menar enligt ovan att det fortfarande saknas tillrdcklig kunskap som visar hur alla de tre
barridrer (kopparkapsel, lerbuffert och berg) som ska utgdéra grunden for den ldngsiktiga sidkerheten
kommer att fungera i en verklig forvarsmiljo. Dessutom saknas det kunskap hur barriérerna ér
beroende av varandra, t.ex. hur nedbrytningen av en barridr paverkar andra barriérer.

En viktig fragestdllning som SSM maste hantera framover i provningen av framtida sdkerhetsanalyser
i den stegvisa provningen ar hur mycket kunskap som ér tillricklig om funktionen av var och en av de
tre barriérerna for att godkénna nésta steg. En kanske &nnu viktigare fragestéllning dr hur mycket
kunskap som SSM far tillgang till och som visar att en barridr inte kommer att fungera som tankt, blir
tillrdcklig for att myndigheten med “helhetssynen” pé barridrernas funktion i en framtid kan komma
att underkénna sékerhetsanalysen och dédrmed inte langre fortsétta att godkénna kérnbransleforvaret.
For ett sddant stillningstagande kan miljobalkens villkor pa tillrdcklig kunskap och att
forsiktighetsprincipen ska tillimpas utgora en viktig juridisk grund.

1.4. Vikten av ytterligare forskning om barridrsfunktionerna genomfors

Som angetts ovan menar foreningarna att varken kunskapsvillkoret uppfyllts eller
forsiktighetsprincipen foljts nér regeringen gav tillatlighet enligt miljobalken eller tillstand enligt
kérntekniklagen for karnbrénsleforvaret. Eftersom SSM:s stéllningstagande lag till grund for
regeringens beslut dr foreningarna kritiska till SSM:s instéllning om att en “helhetssyn” innebér att det
finns forutséttningar att kérnbréansleforvaret kan bli tillrackligt sékert.

Foreningarna menar att det framst &r kunskaper om kopparkapselns langsiktiga integritet som saknas,
en instdllning som det finns en oberoende och framstaende vetenskaplig korrosionsexpertis som
stodjer. Men foreningarna menar dven att det saknas tillrdcklig kunskap om lerbuffertens forméga att

! Enligt §5a i kiirntekniklagen ska “ska 2 kap. och 5 kap. 3-5 §§ miljobalken tillimpas” vid prévning av drenden
enligt lagen. Det géller séledes &ven godkénnandet av sékerhetsanalyser i SSM:s stegvisa provning. 2 kap. i
miljobalken ar de allménna hénsynsreglerna.
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skydda kopparkapseln, sérskilt i framtida scenarier dér kapseln héller pa att brytas ner. Kunskapen ar
mycket bristfillig om lera/betongpluggar kommer att kunna halla lika tétt som berget i Forsmark efter
tillslutning av kérnbrinsleforvaret. Nadgot som krévs for att bergets barridrfunktion ska kunna
tillgodoréknas i sédkerhetsanalyserna for forvaret pa det sétt som gors.

Foreningarna menar saledes att det finns ett betydande behov av mer forskning om barridrernas
funktion. I detta avseende &r kraftindustrins kdrnavfallsbolag SKB:s aktuella forskningsprogram Fud-
2022 helt otillrdckligt, vilket foreningarna utvecklar ndrmare i nésta avsnitt.

2. Specifika synpunkter som ror barrifirernas funktion

I detta avsnitt tar foreningarna upp de kunskapsbrister som finns om barridrernas funktion i en
karnbransleforvarsmiljo.

2.1. Fragestdllningar som rér kopparkapsels langsiktiga integritet i kdrnbrdinsleforvaret

Sedan &ver 15 ar har det pagatt en vetenskaplig kontrovers om hur koppar som kapselmaterial fungerar
i en forvarsmiljo. Foreningarna menar att det &r tydligt att denna frdga dnnu inte har undersokts pé ett
vetenskapligt fullgott sitt. Ett huvudproblem ér att kraftindustrin och dess kdrnavfallsbolag SKB helt
saknar intresse av en genomgripande vetenskaplig forskningsinsats, eftersom en sddan kan utmynna i
ett slutgiltigt forskningsresultat om att koppar inte ar ett 1&mpligt kapselmaterial for
kérnbréansleforvaret.

Problemet forvérras av det saknas insyn enligt offentlighetsprincipen i bolagets forskningsverksamhet.
Dessutom ir det lagstadgat att det just dr industrin och dess kérnavfallsbolag som 4r ansvariga for att
uppticka brister i den av dem valda kidrnbréansleforvarsmetoden, vilket gor det svart for andra aktorer
att fa resurser for fristdende forskning.

Efter att regeringen med stdd av SSM nu har givit tillstdnd férvarsmetoden enligt kiarntekniklagen blir
kunskapslédget rorande kopparkapselns funktion en fraga for tillsyn hos myndigheten. Detta ger SSM
ett nytt utgangslége for att ta itu med fragorna om kunskapsbrist med det allvar de fortjénar.
Foreningarna vill pAminna om att kunskapsléget for varje barridr i kdrnbrénsleforvaret méste vara det
bista mdjliga innan SSM 1 en framtid kan godkénna en sikerhetsanalys for drift av férvaret (SAR).

Ny kunskap om forutséttningarna for kopparkorrosion

Kérnavfallsbolaget SKB har i 45 ar bedrivit forskning om kopparkapslar och bentonitlera i en
kérnbransleforvarsmiljo. Det &r da anméarkningsvért att bolaget inte forrén i det nu aktuella
forskningsprogrammet Fud-2022 redovisar att syrgas i forsok som innehaller koppar och bentonitlera
inte endast konsumeras av kopparkorrosion utan éven i bentonitleran via en snabb reaktion med pyrit.
Detta &r egentligen ként sedan tidigare men nu har bolaget for forsta gangen tydligt medgivit att sa &r
fallet’. Att syreforbrukningen i grundvatten, t.ex. i spalter i forsokspaket, dr mycket snabb ir kint
sedan linge’.

Fragestillningen hanteras i avsnitt 10.1.1 pa sidan 146 dér resultat frdn nya forsok redovisas.
Kéarnavfallsbolaget skriver att ”de nya métningarna visar & andra sidan tydligt att syrgas mycket vél
kan forbrukas i bentonit och att detta tycks ske genom oxidation av pyrit”. Detta syns dven tydligt i
figur 10-2. Bolaget hiinvisar till en intern rapport* som bifogas som bilaga 1.

For kérnavfallsbolaget SKB medfor dessa uppgifter ett stort fortroendeproblem, da bolaget i alla
relevanta bolagsrapporter genom 4ren som redovisat resultat frin forsok i Aspo-laboratoriet (LOT,
Prototyp, MiniCan) forklarat den ovéntat kraftiga kopparkorrosionen som dgt rum som endast orsakad
av kopparkorrosion fran syre instingd i férsoken. Syret har frédmst funnits inne i bentonitlera — nagot

2 1 FE-forsoket som installerades i mitten p& 2010-talet blev stora tunnlar fyllda med bentonitlera syrgasfria pa
négra manader. Se figur 9 pé sidan 296 i “Implementation of the full-scale emplacement (FE) experiment at
the Mont Terri rock laboratory”, Miiller et al., Swiss J Geosci, 110 (287-306), 2017
(https://sjg.springeropen.com/articles/10.1007/s00015-016-0251-2).

Se REX-forsoket fran slutet av 1990-talet: ”O2 depletion in granitic media: The REX project, Puigdomenech
et al., SKB TR-01-05, February 2001 (https://skb.se/publikation/18352).

”Gas phase composition during the unsaturated period: Status report”, Akesson & Laitinen, SKB 1983850,
2022-06-10.
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som nu visats inte vara fallet eftersom detta syre snabbt forbrukats och inte kunnat ge upphov till
korrosion.

Foreningarna finner det darfor anmérkningsvirt att avfallsbolaget inte har tagit hénsyn till denna nya
kunskap i nuvarande FUD 2022. I avsnitt 8.1.2 pa sidan 121 om nulédgeskunskapen om korrosion
under oxiderande forhéllanden skriver bolaget foljande:

”Data fran tidigare féltforsok med koppar i forvarsliknande miljéer har
sammanstdllts och analyserats med avseende pé allmén korrosion (massforlust) och
pa vilka miljoparametrar som samvarierar med korrosionsdjupet (Johansson et al.
2019, Johansson 2019). Analys av data frén forsoken MiniCan, LOT, ABM och
Febex visar att korrosionsdjupet korrelerar med den uppskattade totala méngden
initial syrgas i bentonit och luftfyllda spalter i ndromradet”.

Rapporten Johansson (2019) ér en intern bolagsrapport® som bifogas som bilaga 2°. Utgdende fran
kunskapen att syrgas i bade grundvatten och lera snabbt férbrukats &r hela den analys som finns i
rapporten uppenbart felaktig. Den omfattande kopparkorrosion som observerats i forsoken kan inte
forklaras med korrosion fran instingd syrgas.

SSM méste nu ta detta i beaktande bade vid fortsatta utvirderingar av sdkerhetsanalyser och vid
granskningen av bolagets forskningsprogram. Om kopparkorrosionen i kdrnbransleforvarslikande
miljoer inte kan forklaras som kommande frén initialt instingd syrgas utan i stillet &r kontinuerlig, &r
korrosionen 100 till 1000 génger snabbare &n vad som antagits i kdrnavfallsbolagets sdkerhetsanalyser.
Kunskapsbristen om varfor det ér sd och exakt vilka processer som ér inblandade méste atgéirdas.

Korrosion i syrgasfritt vatten

I avsnitt 8.1.13 pa sidan 122 i Fud-rapporten star det rorande den KTH-forskning som bedrivits pa
kopparkorrosion i syrgasfritt vatten:

”Som rapporterats i tidigare Fud-program har SKB studerat processen ingéende, utan
att finna nagot stod for KTH-forskarnas uppfattning”, samt

”Hultquist (KTH) och medarbetare har inte visat att den vétgas som bildats i deras
experiment korrelerar med den massa de bildade kopparkorrosionsprodukterna borde
ha”.

Foreningarna vill papeka att termodynamiken for kopparkorrosion i rent syrgasfritt vatten har
uppdaterats under de senaste 45 &ren men kédrnavfallsbolaget SKB envisas med att forlita sig pa gamla
jamviktsdata for ren kopparoxid. Moderna teoretiska berdkningar vilka dr verifierade med experiment
fran flera olika forskargrupper visar p4 mycket mer omfattande kopparkorrosion i rent syrgasfritt
vatten. Korrosionen sker via hydroxid- och vitesatt kopparoxidbildning pé kopparytan, men dven inne
i kopparmetallens korngréinser. Detta kan dven forklara att mer vitgas kan detekteras &n vad som kan
forvintas av de korrosionsprodukter som bildas pa kopparytan. Dessutom sker detta under en langsam
vételaddning av kopparmetallen.

Foreningarna menar att det behovs fortsatt forskning inom omradet korrosion i syrgasfritt vatten.

Spénningskorrosion, kopparkrypning och viteforsprodning 1 koppar

[ avsnitt 8.1.5 pé sidan 123 behandlas fragestéllningar som ror spanningskorrosion. Féreningarna
menar att kirnavfallsbolaget SKB nedvérderar betydelsen av sulfidinducerad spénningskorrosion
(SCC) i koppar trots att forskarvérlden ar 6verens om dess existens och laboratorieforsok visar att det
kan vara ett betydande problem for kopparkapseln i kdrnbrénsleforvaret.

Sadana forsok gors vid hogre sulfidhalter for att paskynda processen, vilket kdrnavfallsbolaget ser som
ett skél att kritisera forskningsresultaten och inte tillméta processen betydelse. Generellt tar
industriella verksamheter resultaten fran denna typ av laboratorietester pé stort allvar. Om sprickor

5 ”Corrosion of copper in repository-like field tests: Compilation and analysis of data”, J. Johansson, SKB
Dokument ID 1713264, 2019-04-04
¢ Referensen Johansson et al. (2019) ir endast ett konferensbidrag med ett referat av innehéllet i Johansson
(2019).
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uppstar i ett material, om &n vid forhdjda halter av korrosionsdrivande joner, sa ér forstaelsen att
sprickor kommer i den verkliga industrimiljon forr eller senare. Material som drabbas av sprickor i
accelererade laboratorietester blir underkénda och far ej anvindas for kritiska komponenter inom
industrin. Foreningarna finner det anmérkningsvért att denna grundléggande princip inte tillimpas av
avfallsbolaget SKB.

En nyligen publicerad studie med resultat frén ny forskning vid KTH visar dessutom att bade véte och
svavel tridnger in 1 koppar och skapar spanningar i koppargittret, &ven vid normala grundvattenhalter
av sulfid ’. Studien 4r en uppfoljning pa en tidigare studie®. Studierna bifogas som bilaga 3 och 4.
Forskningen ger en mekanistisk forklaring till varfor bade spédnningskorrosion och véteforsprodning
kan forvéntas om koppar anvinds kdmbrénsleforvaret. I studien &r det dessutom beskrivet hur SKB
har forsummat effekten av vite i den sulfidinducerad spanningskorrosionsprocessen av koppar.

Foreningarna vill &ven papeka att det faktum att och svavel tranger in i kopparn pa det sétt som visas i
KTH-forskningen péverkar krypduktiliteten pé ett kritiskt sétt och initierar bade krypbrott och
véteforsprodning, sérskilt kopplat till svetsfogarna i kopparkapseln. Detta ér av relevans for avsnitten
8.2.1 pé sidan 127 om kopparkrypning och avsnitt 8.2.2 pa sidan om véteforsprodning.

Foreningarna menar att det behovs fortsatt forskning inom omradena spénningskorrosion,
kopparkrypning och véteforsprodning i koppar. SSM bor stodja den forskning som sker vid KTH.

Brytningen av LOT-experimentet och Prototypforvaret

Foreningarna har under 2019 och 2020 i en omfattande dialog med SSM visat att kidrnavfallsbolaget
SKB inte foljde ett vetenskapligt angreppsitt eller analysmetoder vid upptaget av de tva
forsokspaketen i LOT-experimentets som togs upp hosten 2019. Dialogen dr dokumenterad i bilagorna
till det yttrande till regeringen som foreningarna skickade in den 11 juni 2021°.

Foreningarna har i ett yttrande till regeringen den 4 november 2021 framfort att det nuvarande LOT-
forsoket kan utnyttjas for att pa ett kraftfullt sétt kan 6ka kunskapen om hur koppar fungerar i en
kirnbrinsleforvarsmiljé'®. Genom att under &nnu mer kontrollerade former driftsitta och bryta ett
antal nya LOT-forsokspaket dér syrgasforbrukningen mits, kan den kunskap om kopparkorrosion som
redan finns frén upptagna LOT-forsokspaket utvirderas pa nytt. Detta ar sarskilt viktigt med tanke pé
att hittillsvarande utvérderingar gjorts med det helt felaktiga antagandet all syrgas inneslutet i
forsokspaketen lett till kopparkorrosion (se ovan).

Foreningarna menar att det sista LOT-forsokspaketet (S3) som nu funnits i en kérnbréansleforvarsmiljo
i snart 25 ar inte fér brytas forrén ovanstdende forsoksprogram givit den kunskap som behovs for att
pa bista sétt genomfora brytningen for att optimera kunskapstillforseln.

Foreningarna menar dven att SSM maste se till att det i samband med kdrnavfallsbolagets brytning av
prototypforvaret tas fram kunskap om kopparkorrosion pa ett vetenskapligt sétt.

Behov av nya forsok for att undersoka hur koppar fungerar som kapselmaterial i en simulerad
kdrnbrinsleférvarsmiljo

Enligt personliga kontakter med kdrnavfallsbolaget SKB har foreningarna fatt uppgiften att bolaget i
nutid bedriver forsok i egen regi i ett laboratorium med koppar och lera dér syrgashalten i forsken

”Penetration of corrosive species into copper exposed to simulated O2-free groundwater by time-of-flight
secondary ion mass spectrometry (ToF-SIMS)”, Yue et al., Corrosion Science 210 part 2, January 2023
(https://www.sciencedirect.com/science/article/pii/S0010938X2200751X). Den artikel som bifogas som bilaga
ar komprimerad for att ta mindre plats. En artikel i full uppldsning kan laddas ner med ldnken. Artikeln &r i
”public domain”.

”Corrosion-induced microstructure degradation of copper in sulfide-containing simulated anoxic groundwater
studied by synchrotron high-energy X-ray diffraction and ab-initio density functional theory calculation”,
Zhang et al., Corrosion Science, 184, 15 May 2021. Den artikel som bifogas som bilaga dr komprimerad for
att ta mindre plats. En artikel i full uppldsning kan laddas ner med lénken. Artikeln &r i ”public domain”.
(https://www.sciencedirect.com/science/article/pii/S0010938X21001566).

Yttrandet med bilagor finns hér: https:/www.mkg.se/nyheter/mkg-och-medlemsorganisationer-till-regeringen-
sag-nej-till-karnbransleforvaret-eller .

10 Yttrandet finns hér: https://www.mkg.se/nyheter/mkg-med-medlemsforeningar-i-ett-nytt-yttrande-till-
regeringen-utnyttja-lot-forsoket-innan .
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kontrolleras. SSM bor folja upp detta med bolaget eftersom det finns en risk att resultaten fran
forsoken inte publiceras om de visar att koppar korroderar éven efter att syrgasen forbrukats.

Foreningarna har sedan ldnge ansett att det for utforas storskaliga forsok med autoklaver i laboratorier
for att studera koppar och lera i en kontrollerad miljé med syrgasmétning. Forutom att folja det arbete
kérnavfallsbolaget SKB utfor bor SSM se till att sédana forsok gors av fran industrin oberoende
forskare.

Behov av nya forsok for att undersoka hur koppar fungerar som kapselmaterial i reell
kdrnbrinsleférvarsmiljo

Kéarnavfallsbolaget SKB anger i avsnitt 4.10 (s. 71) att bolaget avser att avsluta forsoksverksamheten i
berglaboratoriet under Aspd vid Oskarshamns kiirnkraftverk. Féreningarna menar att SSM bor ange att
sa inte far ske, utan att det finns behov av fortsatta studier av hur koppar och lera fungerar i en reell
kérnbransleforvarsmiljo. Forutsittningen for att delar av sddana forsok dven innehéller anvéant
kérnbrinsle som stralkilla bor utredas.

Foreningen gor beddmningen att det kommer att ta upp till 15 till 20 &r innan SSM kommer att
godkénna en sikerhetsanalys (SAR) for ordinarie drift av ett kidrnbrénsleforvar. Det betyder att det
finns tid for nya langtidsforsok av den typ som LOT-forsoket var ett exempel pa. Fokus pé denna typ
av forsok bor vara att med noggranna métningar av tillgangen pa syrgas vid kopparytan undersoka hur
kopparytan paverkas, bade vad giller hur mycket korrosion som sker, i vilken méan det sker
gropfrétning och hur langt in i kopparn olika &mnen trénger.

Foreningarna anser dessutom att i det i samband med att provdrift av kdrnbrénsleforvaret paborjas ett
omfattande och langsiktigt forsdksprogram for att undersdka hur koppar och lera fungerar i
Forsmarkberget.

Behov av studier pa plats i SFR {or att studera risken for korrosion frén lickstrémmar fran
hogspianningskablarna till Finland

Foreningarna anser att det fortfarande inte &r tillrickligt utrett om det finns problem i Forsmark med
att lackstrommar under jord fran hogspénningskablarna Fenno-Skan mellan Finland och Sverige kan
orsaka korrosion. MKG uppmérksammade SSM pa denna fragestéllning redan 2012 som en mdjlig
orsak till den omfattande och ovéntade korrosion som dger rum i forvaret forkortlivat radioaktivt avfall
SFR. Myndigheten gjorde da en utredning (SSM2012-2658). Féreningarna menar att de svar som
kérnavfallsbolaget SKB dé lamnade endast utgick frén teoretiska resonemang i stéllet for att utfora
métningar och forsok nere i SFR. Med tanke pé den fortsatt hoga korrosionen, bland annat pa
containrarna med det feldeponerade avfallet i SFR, anser foreningarna att det behovs ett
forskningsprojekt pa plats nere i forvaret for att i detalj experimentellt utreda fragestillningen.

2.2. Fragestdllningar som rér barridrfunktionen hos lerbufferten

Foreningarna anser att SSM noggrant maste folja upp den forskning som kérnavfallbolaget SKB gjort
pa hur lerbufferten fungerar i en forvarsmiljo. Tvé fragor som sirskilt bor studeras dr hur
bentonitlerans svillande och tdtande funktion péverkas av att kopparkorrosionsprodukter tranger in i
leran och hur dessa funktioner péverkas av att leran hettas upp och torkar ut.

Foreningarna menar att sddan kunskap bor kunna finnas i resultaten fran upptagen av forsta delen av
prototypforvaret och fran LOT-upptag, men att det finns en risk att bolaget inte redovisat dessa
eftersom det skulle visa brister 1 funktionen.

SSM bor stodja av industrin oberoende forskning inom omréadet.

2.3 Fragestdllningar som rér barridrfunktionen hos lera/betongpluggar i tunnlar/schakt

Foreningarna menar att det fortfarande saknas kunskap som visar att barridrfunktionen hos
lera/betongpluggar i tunnlar/schakt fungerar som ténkt i kérnbrénsleforvaret. I forskningsprogrammet
verkar kidrnavfallsbolaget SKB utgé fran att leran i deponeringstunnlarna svéller och blir tita
oberoende av de hydrologiska forutséttningarna i deponeringstunnlarna. Féreningarna menar att det
behovs forskning som visar att det ér sé.



3. Specifika synpunkter pa andra punkter i programmet

3.1. Den alternativa metoden djupa borrhdl

Kéarnavfallsbolaget SKB anger i avsnittet 14.13.2 om alternativa metoder pé sidan 77 att bolaget inte
planerar att bedriva ndgon egen forskning eller utveckling om den alternativa metoden djupa borrhal.
Foreningarna menar till skillnad fran bolaget att det pagar en utveckling av metoden internationellt,
sirskilt av bolaget Deep Isolation”'" och att denna utveckling bor beskrivas i forskningsprogrammet.

3.2. Grundvattenstromning fran djupet i Forsmark

Foreningarna har i prévningen av tillstdndet for forvaren for kortlivat radioaktivt avfall, SFR, papekat
att det finns en risk att de geohydrologiska modelleringar som finns i sékerhetsanalysen kan ha brister
i och med att inte tillrdcklig hénsyn tagits till storregionala grundvattenfloden. Dérmed kan risken
underskattas for att radioaktiva #mnen relativt snabbt licker ut i Oregrundsgrepen ovanfor forvaret nir
det forslutits.

I avsnitt 7.4.7 pé sidan 69 skriver kdrnavfallsbolaget SKB att under de senaste aren har
hydrogeologisk modellering utvecklats sé att geokemiska processer och transportprocesser nu kan
integreras med flodesmodelleringen. Féreningarna menar dven att utvecklingen av hydrogeologisk
modellering bor utnyttjas for att genomfora béttre studier av grundvattenflodena bade for SFR och for
karnbransleforvaret. SSM bor se till att fran industrin oberoende studier genomfors.

3.3. Overvakning av rérelser av berget i Forsmark

Mellan 2005 och 2009 hade kérnavfallsbolaget SKB ett ndtverk av GPS-stationer i Forsmarkomradet
for att studera om olika delar av skjuvzonen genom omréadet rorde sig i forhéllande till andra. Sddana
rorelser skulle kunna pavisa att zonen &r seismisk aktiv. Efter att forsoket gett resultat som var
svértydbara lades forsoket ner i stéllet for att forbéattra det och ta fram 14nga forsoksserier.

Foreningarna menar att det behovs ny forskning pé rorelser av berget i Forsmark.

3.4. Overvakning och information till framtiden

Sedan slutet av 2010-talet har det funnits ett nidtverk av svenska kdrnavfallsaktdrer som arbetat med
fragor om Overvakning och att féra information om kédrnavfallsforvar till framtiden. Bdde SSM och
kérnavfallsbolaget SKB ingar i nédtverket. Detta arbete nimns inte i avsnittet 4.13.1 om bevarande av
information och kunskap genom generationer. Foreningarna menar att nétverket kan vara en viktig del
1 kunskapsuppbyggnaden inom omrédet och att SSM bor ta ledarskap for nétverket och se till att det
fér tillgang till resurser.

4. Behov av en omstrukturering av den svenska kirnavfallsforskningen

4.1. Strdlsdkerhetsmyndigheten (SSM) mdste ta ett nytt grepp om svensk kdrnavfallsforskning,
inklusive oppenhet och finansiering av frdn industrin oberoende forskning

Foreningarna har f6ljt den svenska kdrnavfallsforskningen sedan 1990-talet. Det finns uppenbara
brister i hur forskningen bedrivits av kdrnavfallsbolaget SKB. Enligt lagstiftningen har bolaget allt
ansvar for att forskning bedrivs, vilket som ovan berérts dr problematisk eftersom bolaget inte har
intresse av att bedriva en allsidig forskning som kan visa pé resultat som &r negativa for planerna och
verksamheten. Dessutom finna det ingen offentlig insyn som kan granska arbetet.

Foreningarna anser att nir regeringen meddelat tillstdnd for kdmbrénsleforvaret sa ger SSM:s
tillsynsansvar myndigheten mdjlighet att stilla storre krav pa kérnavfallsbolagets forskning och pa att
bolaget genomfor forskningen med en béttre insyn.

Men detta racker inte. SSM maste &ven se till att myndigheten utvecklar den egna
forskningsorganisationen och att mycket mer fran industrin oberoende forskning goérs inom kritiska
omraden.

I Se https://www.deepisolation.com.




4.2. Ett brett svenskt deltagande i europeisk kdarnavfallsforskning

En mojlighet for SSM att utveckla myndighetens forskningsengagemang ér att se till att mojligheten
finns att delta i det europeiska kirnavfallsforsningsprogrammet EURAD'?. Programmet ir pé vig in i
fas 2 sé det ar brattom. Bland annat méste SSM se till att regeringen tar ett beslut om att inte bara
kérnavfallsbolaget SKB é&r en s.k. “mandated actor” i Sverige.

Inom kdrnavfallsomradet &r strélsikerhetsmyndigheterna i virlden och dessas forskningsorgan
organiserade i organisationen SITEX_ Network'?. Organisationen koordinerar de europeiska
medlemmarnas arbete inom EURAD-projektet och SSM bor omedelbart soka medlemskap.

5. Forskning pa avfall frin nya reaktorer

Enligt kérntekniklagens §11 ska den som har tillstand till att inneha och driva en kérnkraftsreaktor
bedriva den allsidiga forskning som kravs for att se till att de genererade kidrnavfallet hanteras och
forvaras pé ett sékert sitt. Regeringen verkar for att nya reaktorer ska byggas i Sverige. P4 forslag
finns flera reaktortyper som skulle anvéinda brinslen som avsevirt skiljer sig frdn de som anvénds i
nuvarande kérnkraftreaktorer.

Foreningarna menar att det &r problematiskt att nya bolag som kan komma att soka tillstand for att
bygga kérnkraftreaktorer i Sverige inte behover ta fram den kunskap som behdvs for
kérnavfallshanteringen forrédn tillstand for drift erhélls. SSM bor se over denna frédga och foresla hur
forskningskraven pa aktdrer som vill bygga ny kérnkraft i Sverige kan skérpas.
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1 Introduction

The overall objective of this work is to investigate the evolution of gases in unsaturated bentonites.
The consumption of O and the production of H.,S are of particular interest. Investigations of the
evolution of gases under such conditions have previously been reported by Birgersson and
Goudarzi (2018). Akesson et al. (2020) presented results from the initial tests performed with an
equipment in which the bentonite was subjected to a thermal gradient provided by a centrally
placed heater, made of either copper or stainless steel. The results from these latter tests indicated
that the rate of oxygen consumption was approximately the same in the two tests, regardless if the
heater was made of copper or of stainless steel, and this suggested that the oxygen consumption
was caused by processes in the bentonite rather than by oxidation of the metal, which is in direct
conflict to the conclusions in Birgersson and Goudarzi (2018). This equipment was subsequently
modified in different ways:

i. By developing a new test setup in which the bentonite can be placed inside a gastight glass
container, which in turn is placed in a temperature chamber. This means that the gas
composition evolution can be investigated in the absence of any metals and with
isothermal conditions.

ii. By installation of condensation traps, which can prevent the hot vapour from entering the
gas analysis system.

iii. By expanding the measuring ranges for some of the gas sensors, especially for the H--
sensor which was found to be too narrow in the initial tests.
iv. By using a bentonite with a higher content of sulphur. This will the enhance the prospects
of quantifying gases formed as a result of oxidation or dissolution of pyrite.
A new test programme, described in the activity plan AP RD LERMTRL-20-018, was launched in
the beginning of 2021. This status report presents the main results obtained within the framework
of this activity plan during the first 18 months of measurements.

2 Materials and methods

2.1 Test equipment

Two sets of test equipment have been used in this work: i) a setup with a thermal gradient and a
copper heater surrounded by bentonite, which in turn was installed in a stainless-steel container,
and ii) the new isothermal setup with a glass container in a heating cabinet. The first set (Figure
2-1) was identical the one used for the initial tests (see Akesson et al. 2020) apart from the actual
heating mechanism, which was changed from a system with circulating oil to an electrical heating
coil installed inside the copper heater, and the construction of a perforated cage which can be
placed on top of the heater which means that fairly fine-grained bentonite material can be installed
directly (thereby avoiding any block compaction). The second set consisted of a two-parted glass
desiccator with a two-hole rubber stopper in the upper part, through which two gas sampling glass
tubes were connected and led down into the container (Figure 2-2). Each set was connected to a
condensation trap; with the copper heater setup the condensate can be led back to the container,
whereas for the glass container setup the condensate has to be collected. The entire test system
with test setups, condensation traps and the gas analysis system, connected with a number of
valves, is illustrated in Figure 2-3.

The gas analysis system was supplied by OmniProcess AB and was designed to measure the
concentration of the following gases: oxygen (O2), carbon dioxide (CO>), hydrogen (H.), hydrogen
sulphide (H.S) and sulphur dioxide (SO2). A compilation of manufacturers, names, methods,
measuring intervals and required flow rates is shown in Table 2-1. The original measuring range of
the Hz-sensor was 0 -150 ppm. This has subsequently been expanded to 0 — 1000 ppm. The
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Figure 2-1. Test container with copper heater. Schematic section drawing with marked location of

temperature and relative humidity sensors (left).

Figure 2-2. Glass container (left) in heating cabinet (right).
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Figure 2-3. Schematic flow scheme over test equipment and gas analysis system.
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measuring range of the CO, sensor was also expanded during the preparation for this work; from 0
— 1000 ppm to 0 — 20 %.

Sensor validation

Calibration gases were procured in order to obtain an independent validation of the different
sensors. Three gas mixtures in separate tubes were obtained from Air Liquide Gas AB:

e CO2 (10%) and H; (500 ppm) mixed in N

e HyS (5 ppm) mixed in N

e SO; (0.5 ppm) mixed in N2

All of these gases could be used through the calibration inlet of the gas analysis system so that the
pump determines the flow rate through the different sensors. However, due to the pump in the
SO,-sensor, this had to be tested separately (see Figure 2-4). No special gas was obtained for Oy,
since a well-defined concentration is provided by air. The results from these tests are compiled in
Table 2-2. It can be noted that the results for the CO2, H,S and SO, sensors are in fairly well
agreement with, and are generally within 10 %, from the concentration of the calibration gases.
The results from the Ha-sensor suggest that the measured concentration underestimates the actual
concentration with a factor of 2. The data from this sensor should therefore be regarded as quite
uncertain.

Table 2-1. Compilation of instruments and their characteristics

Gas Manufacturer Instrument Method Measuring Flow rate
interval (I/min)

02 Servomex Multiexact 4100 Paramagnetic cell 0-25% 0.1

CO2 Vaisala GMP343 NDIR infrared cell 0-20% 0.1

H2 Compur Statox 501 Electrochemical cell 0 - 1000 ppm 0.1

H2S Servomex SERVOTOUGH Laser 0—10 ppm 2

Laserexact
SOz ThermoFisher iQ Series 43 Pulsated UV 0-1ppm 0.5
SCIENTIFIC fluorescence

Table 2-2. Results from sensor validation tests

Gas Calibration gas Measured

component  concentration value

CO2 10 % 8.76 %

H2 500 ppm 245 ppm

H2S 5 ppm 4.6 ppm

SOz 0.5 ppm 549 ppb g
SO,-sensor

Inlet Outlet :

x|
L N

SO,

i

er

PDF rendering: DokumentID 1983850, Ve

<—{>—k}<—

Figure 2-4. Schematic flow scheme for validation of SO-sensor.
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2.2 Bentonite

The used bentonite comes from Milos and was provided by Imerys in Greece. The material
(designated E8789) was processed in Germany. The characteristic of the delivered material, which
was based on data from the supplier, is shown in Table 2-3. The material was also analysed within
a characterization program at SKB (AP RD LERMTRL-20-014). This showed that the material
exhibits a Tot/S content of approximately 0.9 % out of which approximately 1/3 is found as
sulphide. In addition, the content of inorganic carbon was found to be about 3.5 % (as CO,).

Table 2-3. Material specification of used bentonite provided by Imerys

Particle size 0.5-5.0mm
Water content 13%
Montmorillonite content 65-75 %

Sulphur ~0.8%
Semi-activated ~30% Ca: 70% Na

2.3 Test matrix

Ten tests have been performed within this test program since the beginning, and a compilation of
all tests with installed bentonite bulk mass, water content, operation temperature and test period
are given in Table 2-4. The one test performed in the test container with copper heater was denoted
PK_1. The remaining nine tests performed in the glass container in the heating cabinet were
denoted GV_1 to GV_9. One goal of the GV tests was to investigate the influence of temperature
and bentonite water content on the evolution of gas composition in general and the consumption of
O in particular. Whereas an analysis of the influence of the temperature has been achieved (see
section 4.1), a corresponding analysis for the water content remains to be done. The results from
the first two GV tests are not included in this report due to the extensive intrusion of air observed
in these tests (see next section).

Table 2-4. Bentonite mass and test conditions applied in different tests

Test Bulk Water Temperature Test period Remarks
mass (kg)  content (%) (°C)

PK_1 63.29 13.3 90* 210423-210618 -

GV_1 18.43 12.4 70 210224-210423 Not included here
GV_2 20.63 18.5 70 210423-210601 Not included here
GV_3 20.80 16.9 70 210601-210618 -

GV_4 20.98 16.7 70 210831-210928 -

GV_5 20.45 16.8 55 210929-211110 -

GV_6 21.09 15.9 55 211110-211216 -

GV_7 18.68 134 70 220120-220301 -

GV_8 19.94 14.7 70 220302-220405 -

GV_9 20.99 15.7 40 220405-220609 -

* Heater temperature

2.4 Development and challenges

Two major challenges have been encountered during the course of the work with this test
programme.

The Hz-sensor

The expansion of the measuring range of the Hz-sensor was more complicated than initially
thought, and this meant that this sensor had to be re-build by the manufacturer, and could therefore
not be used during the first four tests (PK_1 and GV_1 through GV_3). After this modification, it
was also noticed that the sensor had a recommended flow rate (0.3-0.4 L/min) which exceeded the

Opper

odként, Sekretessklass

arsion 1.0, Status G

er

PDF rendering: DokumentID 1983850, V




SVENSK KARNBRANSLEHANTERING AB

Document ID Security class Page
1983850, (1.0 Approved) Public 6(13)

Gas phase composition during the unsaturated period. Status report June 2022.

flow rate provided by the gas analysis system to the H>-sensor (0.1 L/min), and results obtained
from this are therefore thought to be underestimated (Table 2-2).

Leakages

During the first tests performed with the desiccator (GV_1 to GV_3) it was found that these were
significantly affected by air intrusion, especially during measurements. The cooling of the
extracted gas during such events could possibly lead to a gas pressure reduction, which in turn
would lead to an inflow of air into the container. As a countermeasure, a gas pressure equilibration
component (i.e. a balloon) was installed on the incoming tube to the glass container in May 2021.
With this, it should be possible to contain the expansion of the gas caused by the initial heating of
the test equipment, and also to have a surplus of gas volume which can be tapped during the
measurements. A more significant improvement regarding the tightness was achieved by applying
vacuum grease to the flanges in all such tests from the GV_4 tests and onward. However, also after
this modification some minor, albeit significant, air intrusion was noticeable. A leakage search was
therefore performed on October 29" 2021 (i.e. during the GV_5 test) with a Nordtec Testo 316-2
instrument, and by supplying a calibration gas with 500 ppm H; (see below) to the system. Two
leaks were found during this search: i) a broken plastic T-coupling inside the O,-sensor, which was
replaced; and ii) the attachment/inlet to the Hz-sensor. The modification of the O,-sensor seems to
have been affected the calibration of this sensor, since O2-depleted conditions have yielded results
as low as -2 %. All O,-results from test GV_6 and onwards have therefore been shifted +2%. The
leakage point at the Hz-sensor has been remediated through grease application. However, it has
been found to be difficult to seal this point completely.
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3 Results

3.1 Gas evolutions in tests in glass container

Measured gas evolutions for four tests performed at 70 °C (GV_3, GV_4, GV_7 and GV_8) are
shown in Figure 3-1. The water content of the bentonite installed in GV_3 and GV_4 was 2-3 %-
units higher than in GV_7 and GV_8 (see Table 2-3). The first of these tests (GV_3) was affected
by air intrusion after the first week, and to some minor extent also the other three tests were
affected. Some general trends from these test results can nevertheless be identified:

e In GV_3, the O, decreased from typical air concentration to 10 % during the first 3 days. In

the other three tests the O, decreased to low levels, close to 0%, in approximately 7 to 10 days.

e InGV_4,GV_7and GV_8, the CO; and HzS increased during the first two weeks to fairly
stable levels, with 11-13 % CO; and 11-14 ppm (H.S), respectively. The last CO, and HS
concentrations in the GV_3 were also found in these intervals.

e The SO; increased during the first two weeks to approximately 900-1200 ppb. In GV_4 and
GV_8, this concentration was reduced to approximately half that level during the subsequent
two weeks.

e The H; increased during the first week to 200 - 700 ppm, after which it was reduced with a
factor of 3 or more during the subsequent three weeks. It can be noted that maximum value in
the GV_4 test was more than twice as high as in the GV_7 and GV_8 tests. This shift was
probably caused by an attempt to calibrate the Ha-sensor during the GV _5 test.

Measured gas evolutions from two tests performed at 55 °C (GV_5 and GV_6), and one test
performed at 40 °C (GV_9), are shown in Figure 3-2. The first of these (GV_5) was affected by
air intrusion and it was during this test that a leakage search was conducted and the broken T-

GV_3(70°C) GV_4(70°C)
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o I o I
o e}
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Figure 3-1. Test results for four tests in glass desiccator at 70 °C. O (green), CO- (orange), H»S
(red), H2 (blue) and SO, (black). The O, data has been shifted +2% for test GV_7 and GV_8.
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coupling inside the O.-sensor was replaced. The significant air intrusion observed after five weeks
was caused by the human factor and an open valve.

The results from the second test performed at 55 °C (GV_6) indicate that the test system was more
gas tight than in the previous test. The decreasing O trend during the first two weeks indicates that
the rate of oxygen consumption was quite constant with approximately 1 % unit per day. After this
the O, concentration displayed a more asymptotic decreasing trend and never fell below 3 %
during the measurements. In parallel to this, the concentration of the other gas components
increases to fairly constant levels; CO2: 4 %, H,S: 5 ppm, Hz: 200 ppm, and SO,: 600 ppb.

The results from the test performed at 40 °C (GV_9) also indicate that the test system was fairly
gas tight. In this case the overall rate of O, consumption was approximately 0.05 % per day.
However, the oxygen reduction between some consecutive measurements was almost twice as
high, and this indicates that a minor air intrusion did occur during each measurement. In this test,
the concentration of CO; increased to 0.8 %, H to 60 ppm, SO, to 130 ppb, whereas H,S was
below 1 ppm.

Apart from the measurements performed with the gas analysis system, the acquirement of the
leakage detector mentioned above has also enabled qualitative measurements of CH4 by inserting
the sensor head of the instrument into the glass container at the time of dismantling. Such
measurements have been performed on several tests from the GV_4 test and onward, and indicate
a significant concentration (>1%) of CHa.

o
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Figure 3-2. Test results for tests in glass desiccator at 55 and 40 °C, respectively. O, (green), CO;
(orange), H.S (red), H» (blue) and SO- (black). The O, data has been shifted +2 % for test GV_6
and GV_9.

Oppen

Godként, Sekretessklass

sion 1.0, Status (

er:

Ve

PDF rendering: DokumentID 1983850,




SVENSK KARNBRANSLEHANTERING AB

Document ID Security class Page
1983850, (1.0 Approved) Public 9(13)

Gas phase composition during the unsaturated period. Status report June 2022.

3.2 PK_1 test in container with copper heater

Evolutions of measured gas components, temperature and relative humidity in the PK_1 test are
shown in Figure 3-3. The temperatures measured at different heights and at 80 mm distance from
the container wall (Figure 2-1) were generally found within the interval 30 to 40 °C. Similarly, the
relative humidity values measured at 60 mm from the wall, were generally found within the
interval 70 to 80 %. The rate of O, consumption was quite modest and the O concentration never
fell below 17 % during the eight-week test period. This appears to some extend to be caused by air
intrusion, e.g. after the first week when the O, concentration increased, and the SO, and CO;
concentrations decreased from 140 to 20 ppb, and from 1.1 to 0.5 %, respectively. However, it can
be noted that the overall temperature level in the bentonite around the heater was quite low
(Figure 3-3, lower left), and the conditions in this test therefore appears to resemble those in the
GV_9 test (with 40 °C) most closely among the tests performed in glass container. The test system
appears to have been more gas tight during the last few measurements of the test, since the O»
concentrations again decreased while the SO, and CO- concentrations increased. Finally, the water
content distribution was measured at the end of the test (Figure 3-3, lower right), and this showed
that a noticeable moisture redistribution had occurred due to the thermal gradients in the bentonite.
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Figure 3-3. Test results for test PK_1 in container with copper heater. Evolution of gas
components (upper left) and temperature and relative humidity; sensor positions according to
Figure 2-1 (upper right). An evaluation of the temperature profile at heater mid-height (lower
left). Water content distribution at the end of the test (lower right).
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4 Evaluations

4.1 Temperature dependence of the rate of O2 consumption

The temperature dependence of the rate of O, consumption was evaluated from data measured
during the initial phase of five of the tests performed in glass container. Two of these were
performed at 70 °C (GV_3 and GV_4); two at 50°C (GV_5 and GV_6); and one at 40°C (GV_9).
Two additional tests performed at 70°C (GV_7 and GV_8) could also have been addressed, but the
water content in these tests were slightly lower than in the other tests (Table 2-4) and therefore not
included in this evaluation. Still, for comparisons, the data from these two tests are included in
Figure 4-1 below.

The oxygen consumption rates used in the evaluation was simply defined as the concentration
decrease per unit time (i.e. %/day). This was deemed to be sufficiently detailed, since the bulk
mass and the water content in the different tests were quite similar. The evolution of O,
consumption was simply evaluated as the difference between the first and the subsequent
measurements for each test (between the second and subsequent measurements in GV_9 due to the
marked initial concentration drop in this test). From these evolutions, the following consumption
rates were evaluated: 4.5, 1 and 0.1 %/day for 70, 55 and 40 °C, respectively (Figure 4-1, upper
row). By plotting the logarithm of these consumption rates versus the inverse of the absolute
temperature (Figure 4-1, lower left), an activation energy of approximately 0.11 MJ/mol can be
evaluated. A comparison of an exponential temperature dependence with this activation energy
and the evaluated consumptions rates is shown in Figure 4-1 (lower right).
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Figure 4-1. Evaluation of temperature dependence of the rate of oxygen consumption in tests in
glass containers. Evolution of O2 consumption in five tests (upper row). Arrhenius plot (lower left)
and exponential temperature dependence together with measure consumptions rates (lower left).
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4.2 Tentative conceptual model

Since there are no metals in the glass container, and since a clear generation of SO, can be
measured, it appears to be quite evident that oxygen is consumed through pyrite oxidation. This
process probably occurs in the presence in water, since the O, concentration reduction exceeds by
far the concentration of SO,. The formation of CO- indicates the dissolution of calcite. This
process requires the formation of H*, which in turn also indicates pyrite oxidation in the presence
of water. Pyrite oxidation does not lead to the formation of H.S, if the sulphur is oxidized. Pyrite
dissolution could therefore be the source of H2S (see King 2013). The formation of methane, as
qualitatively measured with the leakage detector, can tentatively originate from either degradation
of organic material, or through hydrogenotrophic methanogenesis.

A simple mass balance calculation shows that the amounts of pyrite and calcite in the bentonite are
sufficient to explain the complete consumption of all O, and the generation of all observed CO..
Installed amounts of bentonite, water and air in one the glass container tests are shown in Table
4-1. The initial amounts of O in the gas phase and sulphide-S in the bentonite can then be
calculated as:

o N02=Co2-Ve:/Vm=21% -12.7 litre / 24 litre/mol = 0.11 mol
e ns= Xs-Myg/Ms = 0.003 kg/kg -17.8 kg / 0.032 kg/mol= 1.7 mol

By the same token, the final amount of CO; in the gas phase and the initial amount of inorganic
carbon in the bentonite can be calculated as:

® Ncozgas =Ccoz -Ve/Vm=10 % -12.7 litre / 24 litre/mol = 0.05 mol
®  Ncozpentonite= Xcoz2:Ma/Mcoz = 0.035 kg/kg -17.8 kg /0.044 kg/mol= 14 mol

This clearly shows that the amount of sulphide-S in the bentonite is sufficient to consume all the
O in the gas phase, and that the initial amount of inorganic carbon far exceeds the amount of CO;
in the gas phase at the end of the test.

The unsaturated bentonite can generally be considered to be composed of three phases: solid,
liquid and gas phase. Whereas the gas phase can be assumed to be fairly homogenous, the other
two are probably quite heterogenous. Due to the hydroscopic properties of the montmorillonite, it
can be assumed that the dominant part of the liquid phase is absorbed in the montmorillonite, and
that only a small fraction of this phase is attached with the accessory minerals (Figure 4-2). This
means that the water volume where the chemical reactions take place may be much smaller than
the gas volume.

Table 4-1. Specification of material and phases in glass container setup (test GV_3)

Bentonite mass 20.8 kg
Volume (lower part) 17.4 litre
Water content 16.9 %
Density (bulk) 1195 kg/m3
Density (dry) 1023 kg/m3
Density (solid) 2750 kg/m3*
Void ratio (e) 1.69 (-)
Porosity (n) 0.63 (-)
Degree of saturation (S) 0.28 (-)
n*(1-S) 0.46 (-)
Gas volume (lower part) 7.9 litre
Gas volume (upper part) 4.8 litre
Gas volume (total) 12.7 litre
Water volume 3.0 litre

* Adopted from Karnland et al. (2006)
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Figure 4-2. Tentative description of the site of the reactions of interest.

Future work

This status report has presented results obtained within the framework of the activity plan AP RD
LERMTRL-20-018 during the first 18 months of measurements. A number of measures and
modifications could or should be addressed during the continuation of this work.

SVENSK KARNBRANSLEHANTERING AB

Service and calibration of sensors. The CO»-sensor should be sent to the manufacturer
(Vaisala), whereas all other sensors should be subject for maintenance by the supplier
(OmniProcess).

Modified flow rate through H; sensor. The designed flow rate through the H; sensor (0.1
L/min) is currently not optimal for the sensor (0.3-0.4 L/min). This could possibly be rectified
by installation of a new valve. It would also be advantageous if the attachment/inlet to the H,-
sensor could be sealed completely.

New sensors. Tests with the leak sensor at the dismantling of some of the tests indicates that
there was a noticeable formation of CHa in these tests. In order to obtain more detailed and
reliable data on such a formation, it is proposed that that the gas analysis system is
complemented with a CHa sensor.

Other analyses. It would be beneficial if the interpretation of the measured evolution of gases
could be supported by other types of analyses, e.g. pH which tentatively can be measured with
a universal pH indicator after dispersion of the material in a solid:liquid ratio of 1:3 (Olsson et
al. 2013).

Smaller glass container. The amount of bentonite required for each test could be reduced by
replacing the current glass container with a smaller one.

Influence of bentonite water content. Tests with significantly higher, and perhaps lower, water
content should be performed in order to investigate the influence of this parameter.

Other materials. It would be interesting to tests the methodology on other material. Not only
on other bentonites such at MX-80, but also on “pure” pyrite. It would also be advantageous to
perform at least one control test with an empty air-filled glass container.

Modification of equipment test container with copper heater. The PK_1 test demonstrated that
the temperature in the bentonite in this test was relatively low. The design of this equipment
should therefore be modified, first and foremost by installation of thermal insulation on the
outer surfaces of the test container. Secondly, if possible, the diameter of the perforated cage
around the heater should be reduced.
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Corrosion of copper in repository-like field tests: compilation and analysis of data

1 Introduction

Field tests of repository-like installations offer the possibility to study the integrated development of
the engineered barrier system on different time scales. The strength of field tests is that they can be set
up to illustrate a realistic initial development of a KBS-3 repository, which can be used for example to
validate models and the conceptual understanding of the development of the system. On the other
hand, field tests have a at least two weaknesses in that 1) the establishment of long-time reducing and
sulfidic conditions at the canister-bentonite interface might take years if the bentonite barrier is dense
and thick enough, and 2) parameter control is difficult to achieve without disturbing the system’s
natural development. For these reasons, the detailed mechanistic understanding of the development of
the corrosion process must be approached using controlled laboratory experiments and theoretical
modeling. SKB and other waste management organizations have conducted a number of field tests of
the KBS-3 barrier system from which data have been obtained and conceptual understanding can be
gained. In this Memo, the outcome of these field tests, with focus on the corrosion data gathered, will
be analyzed and discussed.

In the corrosion model applied in SKB’s safety assessments for a KBS-3 repository at the Forsmark
site, the initial corrosion of copper is due to residual oxygen from the air saturated bentonite porosity
and air-filled macroscopic voids in the near field, for example the gap present initially between the
bentonite blocks and the copper canister. When the residual oxygen has been consumed by corrosion
of copper and other oxidation processes in the near field, gamma radiolysis of water continues to cause
some further corrosion of the canister until the sulfidic ground water has saturated the bentonite clay
and transport-controlled corrosion by sulfide continues (King et al. 2013, 2017). Since the
concentration of sulfide in the ground water is low, and since diffusion through the bentonite is slow,
the residual oxygen present from the start dominates the corrosion observed in typical field tests.

In this Memo, four of SKB’s field tests performed at the Aspd Hard Rock Laboratory (HRL) will be
described, including the experimental configurations, the initial conditions of the tests and what is
known about the development of the redox conditions. A field test performed by Enresa (Spain) and
NAGRA (Switzerland) at the Grimsel test-site in Switzerland will also be described since copper
corrosion data was available for comparison. The corrosion observed visually and spectroscopically in
these field tests will be reviewed and it is discussed how the observations may be understood from the
initial state and development of the redox conditions. The available test data, such as residual oxygen,
temperature, and exposure time, will be analyzed to see what conclusions can be drawn and which
parameters control the corrosion depth in these tests. The overall aim of this Memo is to examine how
the corrosion model applied in SKB’s safety assessments corresponds with the early development of
corrosion observed in these field tests.

2 Description of the experiments

The following field tests performed at the Aspd HRL, will be described and discussed herein:
Prototype Repository (PR), Long-term test of buffer materials (LOT), Alternative Buffer Materials
(ABM), and In situ corrosion test of miniature canisters (MiniCan). Reference will also be made to the
Full-scale Engineered Barrier Experiment in Crystalline Host Rock (Febex), performed by Enresa and
NAGRA at the Grimsel site.

2.1 Prototype repository (PR)

The full scale field experiment Prototype Repository (PR) represents the initial phase and early
environmental development of a future KBS-3 repository. The canisters are five meters high and
consist of a five cm thick copper shell and a cast iron insert, which is the reference canister design.
The copper shell was made of SKB’s reference material, oxygen-free phosphorous doped copper
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(Cu-OFP). The installation consists of a horizontal tunnel at 450 m depth, in which six copper
canisters have been emplaced in vertical deposition holes. The deposition holes are eight meters deep
and just less than two meters in diameter. The canisters are surrounded by 35 cm thick bentonite rings
and cylindrical bentonite blocks fill the top and bottom of a deposition hole, see Figure 1. The
horizontal tunnel was divided into an inner and an outer section, containing four (PR1-PR4) and two
canisters (PR5 and PR6), respectively (Figure 1). Each section was backfilled with bentonite clay and
sealed with a concrete plug, the inner section in 2001 and the outer in 2003. In 2011 the outer section
of the experiment was opened and the canisters PR5 and PR6 were retrieved and analysed after eight
years of exposure in the Aspd HRL. Further details of the experimental configuration of PR can be
found in Svemar et al. (2016).

In order to simulate the thermal effect of the encapsulated spent nuclear fuel, the canisters were
equipped with heaters, started shortly after installation. The aim of PR was to study the behaviour of
the integrated rock-bentonite-canister system with primary focus on the bentonite buffer. Therefore,
the experiment is not optimal for studying copper corrosion; the initial state of the canister surfaces
was not characterised, and there were no mass-loss specimens mounted in the clay. However,
electrochemical monitoring of corrosion rates was performed on cylindrical copper electrodes installed
in bentonite blocks above the canisters in PR1 (block C3) and PRS5 (block C4). Technical details of
these measurements are given in Rosborg (2013a).

Figure 1. Congura't_ion of the full scale Protoe repository. Initially, a concrete plug sealed the experiment
from the rest of the Asp6 tunnel and a second concrete plug divided the inner section (four deposition holes)
from the outer section (two deposition holes).

2.2 Long-term test of buffer material (LOT)

The primary aim of the Long-term test of buffer material (LOT) was to study the mineralogical
stability of bentonite clay under conditions similar to those in a KBS-3 repository. Seven test parcels,
each composed of forty prefabricated 17 cm thick (difference between outer and inner diameter of the
rings) bentonite rings stacked around a central copper tube, were deposited in 4 m deep vertical
boreholes at ca 450 m depth at the Aspd HRL. The copper quality was oxygen-free and phosphorous
doped, however, with a different specification than SKB’s reference material. In contrast to the PR
series and the KBS-3 concept, the horizontal tunnel above the LOT boreholes was not backfilled with
bentonite clay. The parcels were installed during the late 1990’s and to date (April, 2019) four test
parcels have been retrieved (LOT/A0, LOT/A1, LOT/S1, and LOT/A2). In the packages named “S”,
as in standard conditions, the maximum temperature of the heaters were 90 °C, while the packages
named “A”, as in adverse, were allowed to reach 120-150 °C during the test. Further details of the
LOT series are given in Karnland et al. (2000, 2009, 2011).
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In order to quantify the extent of copper corrosion, each of the test parcels contains copper coupons of
accurately known initial weights in bentonite rings 22 and 30 (Figure 2). In addition, a set of three
cylindrical copper electrodes were installed in bentonite ring 36 of test parcel A2, which allows real-
time electrochemical monitoring of corrosion (Rosborg et al. 2004, Rosborg 2013a). As for the PR test
series, the copper tubes in LOT were equipped with internal 2 kW heaters to simulate the thermal
effect of the spent nuclear fuel. Since mineralogical transformations can be sensitive to temperature
variations, the distribution of the thermal field in the bentonite clay was monitored during exposure,
which allows specification of the temperatures at the positions of the copper coupons.
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Figure 2. Experimental configuration of the LOT/A2 experiment.

2.3 Alternative Buffer Materials (ABM)

The field experiment ABM 45 (Alternative Buffer Materials package 4, 5, and 6) consisted initially of
three packages, each containing a number of ring-shaped bentonite blocks stacked around a cylindrical
1 kW heat source made of steel. The experimental configuration, e.g. the diameter and thickness of the
bentonite rings, was similar to the LOT design (Sandén et al. 2017). The packages were installed in
vertical bore holes at ca 420 m depth in the Aspd HRL and the aim of the test was to study the
alteration of different bentonites due to ground water saturation, heating and interaction with corroding
metals (copper, steel and titanium). Further experimental details of the ABM series can be found in
Sandén et al. (2017). In some of the bentonite blocks, copper specimens were installed with the aim to
quantify average corrosion over the exposure period. Cylindrical copper specimens with a height of
25 mm and a diameter of 10 mm were made from SKB’s oxygen-free phosphorous doped copper
(Cu-OFP) canister material (Figure 3). Package 5 was retrieved during the autumn of 2017 and had by
then been exposed in the Aspd HRL for more than five years. For the first four and a half years, the
clay was heated to 80 °C, and after this the temperature was increased to between 150 and 250 °C
during the last six months of the exposure. Details of the corrosion examination can be found in
Gordon et al. (2018).
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Corrosion of copper in repository-like field tests: compilation and analysis of data

Figure 3. Installation of a copper sciﬁ one of the bentonite rings in ABM. The hole was sealed with a
bentonite plug made from the same material as the ring.

24 In situ corrosion test of miniature canisters (MiniCan)

MiniCan is a field test of certain aspects of iron and copper corrosion in a KBS-3 type repository. The
experiment was installed late in 2006 at a depth of 450 m in the Aspd HRL. Initially the test contained
five experimental packages, differing in various ways but most importantly regarding the presence and
density of the bentonite clay surrounding the miniature copper-cast iron canisters (Smart and Rance
2009). In the MiniCan experiment, the copper-cast iron canisters were mounted inside stainless steel
cages, which held the bentonite clay in place in the nearly horizontal bore holes that were filled with
ground water. This is in contrast to the design of the KBS-3 repository, in which the copper-cast iron
canisters will be installed directly in the boreholes with high density bentonite clay filling the space
between canister and rock.

In the MiniCan packages 1-3, the canisters were surrounded by low density (1300 kg/m’ dry density)
bentonite made from pellets, spatially separated from the canister by an inner steel cage and a sintered
steel filter with 10 um pores. The clay was thus not in direct contact with the canister and served the
function of chemically conditioning the incoming ground water only. The steel cage was isolated from
the copper canister by a plastic ribbon to avoid galvanic coupling of the metals. In package 4 the
canister was embedded in 3 cm thick bentonite rings of high density (1600 kg/m’ dry density) in direct
contact with the copper surface (Figure 4). In package 5, no bentonite was present in the steel cage,
and the copper surface was exposed directly to the ground water. In the void volume inside the steel
cage (on top of the copper canister, which was shorter than the steel cage, see Figure 4), electrodes and
corrosion specimens of both iron and copper were installed on a nylon rack and were isolated from
each other. Further details of the design of the MiniCan test series are described in Smart and Rance
(2009). MiniCan 3 was retrieved in 2011 and packages 4 and 5 were retrieved in 2015. During post-
test examination it was found that microbial sulfate reduction had a pronounced influence on the
corrosion of cast iron components in both MiniCan 3 (low density bentonite) and 5 (no bentonite). As
a result, most surfaces in these packages, copper specimens included, were covered with a black
deposit consisting partly of iron sulfides (Smart and Rance 2009, Smart et al. 2012, Gordon et al.
2017).
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f MiniCan 5

No bentonite clay

« Canister and coupons
exposed to ground water

MiniCan 4

High density bentonite

clay from blocks

« Canister and coupons
directly embedded in clay

MiniCan 3

Low density bentonite
clay from pellets

+ Inner steel cage with filter
separating canister and
coupons from clay

Figure 4. Schematic cross-sections of the experimental configurations of MiniCan 3, 4, and 5.

25 Full-scale Engineered Barrier Experiment in Crystalline Host Rock
(Febex)

Febex is a field research and demonstration project that is conducted by Enresa (Spain) in
collaboration with NAGRA (Switzerland) at the Swiss Grimsel Test Site (GTS). The aim of Febex is
to study the development and behavior of near-field components in a repository for high-level
radioactive waste in granite formations. More specifically, it is a demonstration of the feasibility of
constructing the engineered barrier system in a horizontal configuration, as in the Spanish concept for
deep geological disposal, and to obtain a better understanding of the thermo-hydro-mechanical and
geochemical processes in the near field.

A 17.4 m long horizontal drift with a diameter of 2.3 m was excavated in the Grimsel rock. Two
electrical heaters made of steel were placed in the axis of the drift. The gap between the heaters and
the rock was backfilled with compacted bentonite blocks, requiring nearly 116 tons of bentonite. The
backfilled area was sealed with a concrete plug. A more detailed and illustrated description of Febex is
found in Lanyon and Gaus (2016). The experiment was started in 1997 and was carried out in two
phases, so that the outer section and its heater were retrieved in 2002, and the inner section was
retrieved during 2015. Several instruments were mounted in the experimental zone, both in the
bentonite buffer and in the host rock, to monitor parameters such as temperature, humidity, pressure,
displacements, ground water chemistry, and redox development. Amongst the instruments and test
specimens were two copper coupons from the inner section, mounted on a plastic rack near the central
heater and heated to around 100 °C during the 18 year long exposure.
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3 Results and discussion

3.1 Residual O, and development of redox conditions

The amount of residual oxygen available is determined by the volume, porosity, and water content of
the bentonite clay at installation. Since the bentonite blocks are produced under aerobic conditions it
can be assumed that the porosity and the pore water are saturated with air. The porosity of compacted
bentonite blocks is typically around 0.4, and ca 65 % of the pore volume is filled with water, giving a
remaining air-filled porosity of 0.14. Thus, since air contains 20.9 % molecular oxygen, and since the
molar volume of an ideal gas is 0.0232 m*/mol, 1 m’ bentonite clay contains ca 1.3 moles of O,. In this
calculation of the molar volume of an ideal gas a rock temperature of 10 °C was assumed, since this is
a typical temperature in the bedrock at Aspdé HRL and since heating in PR, LOT and ABM was started
after installation and closure of the test. For comparison, the water filled fraction of the porosity
contains ca 0.065 mol O, per m’ bentonite, i.e. a minor contribution compared with the O, from the air
filled porosity.

PR has the same dimensions as the KBS-3 reference design, in which each deposition hole contains
16.3 m® bentonite and thus ca 21 moles of O,. An additional contribution of ca 7 moles of O, comes
from the initially air-filled gap of ca 1 cm between the canister and the bentonite rings. In addition,
there is in principle an additional amount of 455 moles of O, per canister, if the total amount of
oxygen in the backfill is divided equally between the canisters (SKB 2010).

The corrosion potential (E.,) of the copper electrode in PR5 was measured just before retrieval of the
outer section of PR and was then found to vary between -30 and -60 mV (SHE) (Rosborg 2013b). This
can be compared to the E,,, of ca 220-260 mV (SHE), obtained for copper electrodes embedded in a
bentonite test parcel in an aerobic laboratory environment for several years (Rosborg et al. 2012),
suggesting that oxygen had been depleted during the seven years of exposure of the electrode in PR.
Important to note though, the E.,. of copper is also sensitive to variations in the concentration of
chloride. The E.,; measured before retrieval can also be compared with E.,,, for copper electrodes in
anoxic sulfide solutions which has been determined in laboratory tests to be -400 mV (SHE) or even
lower (depending on the sulfide concentration) in anoxic sulfide solutions (Smith et al. 2004,

2007a, b). This indicates that although the outer section of PR (Figure 1) had been depleted of residual
oxygen, it had still not become fully reducing, i.e. the sulfidic ground water of the Aspé site had not
yet conditioned the chemistry of the clay. This conclusion is further supported by the examination of
corrosion products in PR, discussed below in Section 3.2.
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Table 1. Initial state and development of parameters controlling the early corrosion in repository-like field tests
performed in the Aspé HRL. For LOT and MiniCan the corrosion depth was determined by mass-loss. For PR
the corrosion depth was not measured by mass-loss but was instead estimated by integration of electrochemical
measurements of corrosion rates (see further Rosborg 2013a).

Experiment Prototyp 5 LOT A2 MiniCan 4
Bentonite buffer 16.3 0.24 0.008
volume (m?)
Initial air filled gap 10 8 -
between copper and
clay (mm)
Initial free water - - 0.4
volume (m?)

Residual O, (moles) 28 0.8 0.1
Temperature (°C) 35 30 15
Exposure time (y) 7 6 8
Copper specimen Electrode C4 Coupon 30G | Coupon M4 7:1

Corrosion products Cu,0 Cu,0 Cu,0

Cu,(OH),CO, | Cu,(OH),Cl Cu,S
Corrosion depth (um) 2.8-5.6 2.5 0.2

In LOT, each test hole contains 0.24 m® bentonite and thus 0.3 moles of O,. A contribution of

0.5 moles of O, comes from the initially air-filled gap of 0.4 cm between the copper tube and the
bentonite rings. No measurements of redox or corrosion potentials were made in LOT; however, a
laboratory test has recently been made in which a copper heater was embedded in bentonite rings of
similar dimensions as in LOT and ABM, i.e. 17 cm thick rings. The whole experimental package was
contained in a stainless steel vessel. These tests showed that residual oxygen, initially comprising

21 % of the gas-phase, fell to about 1 % within 60 days of exposure with the copper heater present.
The copper heater then had a maximum temperature of 80 °C. In this test the copper surface was
initially washed with hydrochloric acid to remove surface contaminants and grease; however, when
instead washing the copper surface with ethanol and repeating the test, consumption of O, was ca 5
times slower. At the time of writing the test has not been terminated but as it seems from the online
measurements it will take up to 10 months for the system to reach below 1% O, (Svensson D 2018,
personal communication). When the test was repeated at room temperature and without the copper ;
heater, the oxygen level in the gas-phase remained stable at 22 % for 111 days (Birgersson and
Goudarzi 2018). These results show that: 1) a heated copper surface is an efficient sink for
consumption of O, via corrosion of the copper surface, however, the kinetic efficiency depends on the
surface treatment, 2) stainless steel is not an efficient sink for O, (probably due to passivity of the steel
surface), and 3) at low temperature bentonite clay does not react with O, or reacts very slowly'. Based
on these results, it is reasonable to assume that in the heated packages of the LOT series, having a
central copper heater, residual oxygen was primarily consumed by copper corrosion within a period of
several months. Oxygen consumption was probably slower in the LOT packages of lower temperature.
Most likely, O, consumption was also slower in the ABM series, in which the central heater was made

" The redox reactivity of the clay depends on the amount of pyrite, which varies between different

bentonite materials, and also within different batches of the same material.
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