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ABSTRACT 

T h e  Swedish Nuclear Power Inspectorate (SKI) and the Swedish Nuclear Waste 
Manasement Co. (SKB) have carried through a joint scenario development excr- 
cise o f a  hypothetical repository for spent nuclear fuel and high level waste. based 
on  the  KRS-3 concept as disposal method. 

The starting point of the scenario development strategy has been the "Sandia 
methodology", but the actual implementation of the  steps in this method has rc- 
quired new s t r a t e p  developmerrt. The  work started with a rela:ivcl!* Iargc inter- 
nationally composed group meeting. which identified an cxtensivc list (ap- 
proximately 150 items) of features. events and processes (FEPs) thal might in- 
fluence the long term performance o f a  repository. All these FEPs and a mcmo- 
text containing a description of  the F E P  as well as its possihlc causes and consc- 
quenccs havc been entered into a computer database. 

The  next step in the development was t o  remove from the list approximatel! 
30  FEPs of low probability or negligible consequence. In a folloning stcp a large 
number of the FEPs on thc  original list were assigned to the "PROCESS SYS- 
TEhl". The PROCESS SYSTEM compnses the complete set of"dctcrministic" 
chemical and physical processes that might influence thc release from the rc- 
positor). t o  the biosphere. A scenario is defined by a set of external conditions 
which will influence the processes in the PROCESS SYSTEhI. 

Approximately 50 FEPs were lert representing external conditions. Thcsc 
remaining FEPs have been grouped (lumped) into a fcw (10) primar! FEPs or 
external conditions. T h e  remaining FEPs could all be combined to form 
scenarios, but it is concluded that it is not meaningful to discuss combinations 
without first analyzing the  consequence and probability of thc individual condi- 
tions. 

An important aspect of  the work is that the dcvelopcd strate€!- includes a 
framework f ~ r  the documentation of the complete chain of scenario dc\clop- 
men;. Such a transparent dmumentation makes possible an extensive rmicw 
and updating of the set o f  scenarios. A reviewing process. open to very broad 
groups in the society, is probably the best means of  assuring reasonable corn- 
pleteness and of building u p  a general wnsensus on what are the critical i:-0 \a J ~ C  

for the safe. disposal of  radioactive waste. 
In conclusion. the strategy developed within the project appcar to be a 

feasible approach t o  scenario development, but it must be  stressed that the 
present project is a firs; stage and that the  complete analpis must be reiterated 
several times. 
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SUMMARY 

T h e  Swedish Nuclear Powcr Inspectorate (SKI) and the Swcdish Nuclcar Waste 
Managcment Co. (SKB) havc carried through a joint scenario dcvclopmcnt cxcr- 
cise of a hypothetical repository for spent nuclear fucl and high ~cvcl waste based 
on the KBS-3 concept as disposal method. An incentive for thc projcr t ha .  bcen 
the perceived need for a common understanding of principles and procedures for 
scenario selection well in advance of the actual licensing process. Also the value 
ofdcvelopiilg an internationally available and well documented data post on  pos- 
sible features, evenu and processes that could be of importance in scenario 
devcloprr.ent was recognitcd. A well defined structure for the scenario devclop- 
men1 and documentation will also facilitate latcr phases of scenaric; developmcnt 
including interactions with broader groups in socicty. Besides the c:forts for the 
development of a common understanding and an internationally available infor- 
mation basis, the work o n  devclopment and evaluatior. of scenarios is pcrformcd 
scpa rady  in SKI and S U .  

The starting point of thc scenario dcvclopmcnt stratcgy has hccn lhc "Snndia 
mcthodolop". Howcvcr. thc actual implcmcntalion o l  thc stcps in this mcthod 
has rcquircd ncw stratcgy dcvelopmcnt. 

Thc work startcd in 1 9 s  with a rclativcly largc intcrnntioni~lly cornposrd 
group mccting. This largc group also mct in ci~rly 1989. Ho\\.cvcr. thc ni;~jor 
dcvclopmcnt h i~s  bccn carried out by a smallcr working group uithin SKI and 
SKB. The  work has bccn madc in interaction with an intcrnntionill working 
group o n  sccnario dcvclopmcnt within thc OECDmEA. 

Thc initial largc mecting rcsultcd in an extensive list (approxim;rtcl!. I50 
itcms) of features. events and proccsscs (FEPs) that might influence thc long 
term pcrformance of a rcpositoq. This list and all furthcr documentation havc 
bcen cntercd into a computer database. The  first cffort of thc working group 
was to  writc a mcmo-tcxt for each FEP. This text cont;lins a dcscription or  an cs-  
planation of each FEP as well as its possihlc causcs and conscqucnccs. T h c  
memo-tcxt has providcd thc basis for thc furthcr structuring of thc origin;~l !;st. 
Thc  next stcp in thc dcvclopmcnt was to rcmovc (scrccn out)  from thc list iIp- 
proximatcly 30 FEPs of low probability or  ncgligihlc conscqucncc. 

In ordcr to  structurc the rcmaining parts of thc list it was ncccssilry t o  intro 
ducc thc concepts of the "PROCESS SYSTE31" and "cxtcrn:hl conditions". Thc  
PROCESS SYSTEh1 comprises thc complctc sct of "dctcrministic" chcmic;ll 
and physical processes that might influcnce thc relcasc from thc repository t o  
the biosphere. The external conditions are events o r  processcs that arc not rc- 
pository i n d u d  and may occur (relatively) independent of thc prmcsscs in thc 
PROCESS SYSTEM. A scenario is defined by a sct of external conditions which 
will influence the proccsscs in the PROCESS SYSTEM. Thc extcrnal condi- 
tions determine how t o  actually model and combine thc proccsscs in the 
PROCESS SYSTEM when evaluating the consequence of the scenario. Fur- 
thennore. most processes in a scenario have conceptual and parametcr unccr- 
tainties. These uncertainties may be analjzed by evaluating a set of cases with 
different parametcr values o r  difterent conceptual models. This set of cases arc 
not scenarios but reprcscnt the sensitivity ol the scenario t o  conceptual and 
paramcter uncertainty. With thcse definition; most of thc F E R  o n  the original 
list wrrc assigncd to  thc PROCESS SYSTFM and only a smallcr numbcr (ap- 
proximately 5C) werc Iclt as FEPs rcprescnc~ng extcrnal conditions. 



T h e  remaining FEPs representing external conditions have been groupcd 
(lumpc j) into a few (10) primary FEPs of external conditions. Thc  objectivc o i  
this lumping is to reduce the number of combinations that nccd to bc analyzed. 
O n e  criterion for lumping FEPs to thc samc group is when thc (modelling) con- 
sequence for the FEPs are  similar. Another  possibility may bc to lump FEPs with 
the  samc and only primary causc. 

The primary external conditions could all be combined to form scenarios. In 
order  t o  reduce the n u m k r  of combinations to be carefully analyzed it is ncccs- 
sary t o  introduce restrictions in these combinations. O n e  important restriction is 
introduced by the term "ISOLATED SCENARIO". which should not b e  com- 
bined with other  FEPs. T h e  possibility to introdcce other  restrictions in the com- 
binations have been discussed within the working group. but it was concluded 
that it probably is not possible t o  discuss meaningful restrictions of combinaiions 
without first analyring the  consequence and probability of the individual condi- 
tions. Furthermore, a more clear understanding of the  time aspects of thc  exter- 
nal cond~tions a rc  needcd as the  importance of a combination o f  cvcnts may 
depend on  in which order  they occur. Finally, well dcfined criteria arc ncedcd 
for screening scenarios. 

In conclusion. the stratcgy dcvclopcd within thc projcct appear t o  hc n 
feasiblc approach.to scenario dcvclopmcnt. It must bc stresscd that thc prcscnt 
project is a first slagc and that thc  complc~c  analysis must he rcitcratcd S C V C ~ ; : ~  

timcs. Still. the  devclopcd strategy includcs a framework lor thc d txumcn~a~ ic )n  
ol thc  complctc c!iain of scenario dcvclopmcnt. This documcntntion is thc kc! 
t o  t hc  following analjsis. Evcn if a sccn;~rio dcvclopmcnt s t r i l t cp  nc\.cr ~vill 
producc a complctc set of sccnarios o n e  must strivc for complctcncss. In this 
context it is cxtrcmcly important to documcnt all stcps in the d c v c l ~ ~ p m c n ~ .  A 
transparent documentation makcs possihlc an cxtcnsivc rcvicw and updating o l  
the set oisccnarios. Such a rcvica.ing process. o p c l  to v c n  hro;ld groups in t h ~  
society. is probably the best means of assuring reasonahlc cc~mplctcncss and ol' 
building up a gcncral conscnsus on  what arc the critical issucs lor  thc  sarc dis- 
pos;~l ol radioactivc waste. 



'INTRODI JCTION 

GENERA!, 
T h c  Swcdish Nuclear Powcr Inspectoratc (SKI) and thc Swcdish Nuclear Wastc 
Management Co. ( S W )  have decided to  carry through a joint scenario dcvclop- 
ment exercise of a hypothetical repository for spent fuel and high lcvcl ~ s t c  
based on the KBS-3 mncept as disposal method. An important motivation for 
this project is that there is a need for a common understanding on principles and 
; !wdures  f ~ r  scenario selection well in advance of the actuai liccnsing proc s. 
After this first phase, scenario development. as well as consequence analysis of 
the derived scenarios will be performed within each organization separately. 

The  basic objective of a scenario development is t o  make sure that all relevant 
future evolutions of a repository is properly considered. For public confidence it 
is impor t~n t  that the scenario development is well documented and madc in a 
transpnrcnt way. A well dcfincd structure for thc sccnario dcvelopmcnt and 
documentation will also facilitate for latcr phases of sccnario dcvclopmcnt in 
Swcdcn including interactions with broadcr groups in socicty. Thcsc rcquirc- 
ments imply that it is not only important to obtain scnsihlc scenarios. hut it is illso 
essential to provc the scnsihility of thc sccnario sclcction proccdurc. 

Thc objcctive of thc prcscnt projcct is to initiatc efforts in a structured ap- 
proi~ch to scenario devclopmcnt. T h c  starting point for the projcct hos bccn to  
apply thc "Sandia Methodology" (as dcscribcd in t hc r c p r t  KUREG %R-la7) 
1 I] .  This method has been discussed by the NEAPAAG "H'orking Group on thc 
Identification and Selection of Scenarios for Pcrformnncc Asscssmcnt of 
Nuclcar Waste Disposal" and found to bc an apparently systematic and wcll 
documcntcd approach. T h e  Sandia methodology has bccn applied by US KRC 
for demonstration purposcs on disposal conccpts for disposal in salt. hasalt and 
tuff. Howcvcr. it must bc  stressed that thc Sandia method is not the only ap- 
proach to scenario analjsis. Thc motivation for its application in thc prcscnt 
project is that it was considered to bc 3 fruitful starting point for thc work. 

In thc present project thc scenario devclopmcnt is applicd to thc KBS-3 con 
cept for disposal of spent fuel and high levcl wastc. It has bccn assumcd that thc 
repository is located at a site in "typical Swcdish crystalline rock". During thc 
projcct thcre has been little need for actual site spccific geological data. Hi111 

such a nccd arisen it was planned t o  use thc gcncric SKI Projc:t-90 rcl'crcncc 
site (SKI TR 89:2) (21. ~ I I S  site has no corrcspondcnce with any potential dis- 
posal sitc in Sweden, although the aim has been to make thc sitc as rcalistic as 
possible in terms of  the features included and their associated parameter values. 

The  main interest in the present project is to develop methodologics for 
scenario development. The technical results need to  be updated and the analysis 
reiterated for the  evaiuation of a real potential repositov site. In particular, a 
future analysis has t o  be fully adopted to  the  actual disposal method. barrier 
design, repository tayout etc., that will be suggested. 

As a final remark it could be  mentioned that the scenario project happens to  
fall well in time with the SKI Project-90, which is a performance asscssmcnt ex- 
ercise. Some of  the scenarios and issues idcntilicd in thc present projcct will be 
analyzed within Project-90. 



ORGANIZATION OF WORK - THE SKIISKB WORKING 
GROUP 
T h e  start of the project was a workshop in Kolmerdcn in Scptcmhcr 2628. 
1988. T h e  participants were representatives from SKI, SKI consultants including 
Sandia. SKB, SKB consultants, the SKI Project-90expert group and thc S\rcdish 
National Institute o f  Radiation Protection (SSI). In addition, onc  obscnfcr  cnch 
from the  NEA secretariat and the Finnish organizations TVO and V1T at- 
tended the workshop. 

At this first workshop a large number o f  features, events and processes to bc 
included in the  scenario development were identified and principles for further 
work discussed. It then was decided t o  form a joint SKI and SKB working group. 
T h e  working group, which has met fairly regularly, tried to follow the different 
steps in the Sandia methodology. In  this process the problcms of implementing 
this methodolagy were highlighted. T h e  members 01' the working group are: 

Johan Andersson (SKi) 
Torbjorn Carlsson (SKI) 
Torsr c n  Eng (SKB) 
Fritz Kautslis (SKI) 
Erik Sodcrman (ES-Konsult /SU) 
Stig WingcTors (SKI) 

In addition t o  'hc efforts and mcctings within thc SK15KE3 working group 
there has bccn two largcr n e e t i n p .  In Dcccmhcr 15-16. 198s thcrcwas a mcct- 
ing with participation of  t he  SKI/SKB working group. othcr  SKI and SKB pcr- 
sonnel and a few external experts. Thc  ohjcctivc of  this mccting was to rcvicu 
the current status of  thc work. A sccond workshop was hcld in Stockholm. 
February 14-16. 1969. The  participants of thc scccnd workshop wcrc hnsic;~lly 
the  samc as the participants of  thc first wor l icho~ in Ko1m;"lrdcn. In addition. n 
new working group on thc biosphere (31 was initiated at thc mccting in\-olving 
SSI. SKI and SKB as well as new expcrts. The  main ohjcctivc of thc workshop 
was to rcview the  work of the S);I/SKB working group and to cl;~ril!. thc futurc 
dcvclopmcnt of  scenario analjsis. In particular, problcms cncountcrcd in im- 
plemcnting the  different steps in thc Sandia methodology wcrc discussed. Ap- 
pendix A:5 lists all participants at thc difrercnt mccttngs. 





Scenario dcvcloprncnt and pcrforrnancc asscssrncnt arc itcrirtivc proccsscs. 
The  S);I/SKB scenario dcvclopmcnt projcct is a First stcp in longer proccss for 
scenario devcloprnent. At this stagc thc main ohjcc:ivc is to invcstigi~tc the 
feasibility of thc Sandia sccnario devclopmcnt stratcgy (scc scction 2.3). Fur- 
thermorc, the appropriate stcps in furthcr sccnnriv dcvcloprncnt should hc 
idcntificd. In the long tcrm thc  le\cl of amhilion for sccnari:) dc\.cloprncnt rn;l!. 
certainly diifcr from what has bccn reasonably achic\.;thlc for thc SKI'SKB 
working group. 

2.2 THE SANDIA METHOD OF SCENARIO DE\'ELOPIIlENT 
T h e  present  project  includes an  evaluation of  a scenario development 
methodology developed by the W a t c  Management Systcrns Division of Sandia 
National Laboratories. Albuquerquc. USA. This proccdurc. hcrcin rcfcrrcd to 
as the Sandia method, is not thc only approach to sccnario anirlpis hut it was 
considcrcd to be a fruitful starting point for thc prcscnt work. 

Thc  main objcctiw of thc Sandia rncthod is to combine FEPs into sccn;lrios 
and to producc. hg rncnns of an ohjcctivc and consistent proccdurc, n set o f  
sccni~rios th i~ t  is impc.rtnnt in a potcntiill disposiil sitc ;~n;~l!.sis. Thc  tcrm 
"sccnario". ;IS uscd in thc  origin:~l Sandia rncthod [ I  1. rcrcrs to ";I act ol 'n;~tur;~i-  
Iy orzurring and'or  hurni~n-induced conditions th ;~ t  rcprcscnt r~ i~ l i s t i i  I'uturc 
stntcs or the rcpository, gcologic s!stcrns. and ground-water flow systcrns th ;~ t  
could al'icct thc repository and transport of radionuclides from thc repository to 
hurn;lns". 

An important conccpt in thc Sanciii~ rncthod is thc "hasc casc sccn;~rio". Thi3 
rcprcscnts "thc initial conccptu;tlization of tlic disposi~l system including thc rc- 
pos i ton  ; ~ n d  cmpli~ccd uastc. All cornponcnts of thc cngir.ccrcd hirrricr s!.stcrn 
a rc  assurncd to pcriorm as dcs~gned." 

According te thc ahovc definitions. 3 sccn:trio (with thc cxccption of thc h;rsc 
casc sccni~rio)  may hc  rcpnrdcd as a pcrturhirtion of a rcposi toc system th;r~ 
functions ;a cxpcctcd undcr thc  hasc cnsc conditions. 

2.2.1 Scheme 
T h c  Sandia mcthod is mcant to hc a systematic proccdurc I r  arriting i ~ t  it sct ol' 
scenarios for use in thc an;tl)sis of a potential disposal sitc. Furthcrrnorc is in- 
tcndcd that the sclcction ol rclcvant scenarios should hc hzscd o n  ucl!-dcfi~cd 
critcri;). In short, the  Snndi;~ mcthod consists of thc lollo\ving stcps: 

1. An initial comprehcnsivc identification of thosc FEPs that arcconsidcrcd t o  
be important to Ihc long-tcrrn isolation of radioactive wastc in a rcposi!ar\.. 

2 A classification schemc is ncedcd in ordcr to make thc list of FEPs as cum- 
plcte as possible. 

3. A scrccning of  these FEPs bascd o n  ucll-dclincd critcria. 

4. Thc formalion of sccnarios by takingspccific combinations of thosc FE f's rc- 
maining aftcr thc scrccning prmess. 

5. An initial screening nf thcsc sccnnrios. 

6. Thc  sclcction of a fin,ll sct of  sccnaricn for usc in cvslun~ing a potcnti;~l dia- 
ps .~ l  sitc. 
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Figure 2-1 prcscnts a sinlplil'icd pri~phici~l dcsrriptiorl c r f  thc S;lndi.r sc.cn.~rio 
dci-cl(lpmcnt proccdurc. Thc  ioop connecting cl ;~s>il~zi~tic~n h;icL t o  idcntil'ic+i~- 
tion i n d i ~ i ~ ~ c ~  ~ h i ~ t  thC fir51 ~ t r o  stcps in thc proccdurc may h;~vc t o  he itcr.~tccl 
scvcr;~l limcs hcforc ~ h c  third slcy. is csccu!cd. 

Identif icat ion of  Features.  Events, a n d  Processes 
T h c  firs1 s tcp  in thc Sandia rnclhod comists o i t h c  idcnti~i i ;~t ir \n ( \ l i t  I.lr$c num- 
bcr of FEPs. both naturill and human-induccd. t r  hich arc hc l ic \~ .J  1,) I-c inll~or - 
tant io thc  isolation o f  r;ldioacti\*c ua s t c  wilh rcplrd to thc si:c and the tinlc 
periods undcr considcration. This  idcctification could hc accornpl~shcd h!. 
mcans of mcet ing .  workshops o r  pancl discussions among kno\vIcd_ccal~lc in- 
dividuals representing ear th  scicnccs. wastc-managcmcnt. chemistry ctc. in 
ordcr  t o  assure that important FEPs a r e  not ovcrlookcd. 

2.2.3 Classif icat ion of  Fea tures ,  Events, and Processes 
The idcntilication process produccs a number of FEP:;. In thc  ncst s:cp of t hc  
method. o r  during the identification phasc. thcsc FEPs arc clilssil'icd into dif- 
fcrent groups. Examplcs o f  classification schcmcs arc 

- natural. human induccd. wastc and rcposi toq induccd phcnnmcni~.  
- likcly. unlikclg but possihlc, vcry unlikely, 
- ncar ficld, far ficld, hiosphcrc. 
- 0 - 100 ycars. 100 - 10'ytsars. 10'- l'l" years. > 1(P >c;I~s. 



Thc objective of classification procedure is to aid in assuring that important 
scenarios will not b e  overlooked. Furthermore i t  is hclieved that thc c~lassific;r- 
tion provides the organization nccdcd in ordcr to begin dcvcloping and aniilyz- 
ing scenarios. 

2.2.4 Screening of Features, Events, and Processes 
The  identified FEPs could be combincd into scenarios. Horrevcr. in practicc thc 
nurzher of coclbinations c ~nsidcring all idcntificd FEP; will bc  an  cxtrcmcly 
large number. By screening FEPc the numbcr of scenarios that have to be con- 
sidered in the scenario developnien~ can bc  drastically reduccd. Thc  following 
screening criteria a re  suggested in [ I ] :  

1. Physical reasonableness of thc FEPs. 

2. Prnbabili~y o f  significant relezsc of radionuclides from thcsc FEPs. 

3. Po1e:lrial consequenccs associatcd with the occurrencc of thcsc FEPs. 

It is assumcd that screening bascd o n  physical considcrbtions Iargcl!. should bc 
site (and dcsign) spccific whilc screening bascd on probabilities largcl!.shouId bc 
associated with judgment..l decisions which h a w  to bc consistcnt with ap- 
propriatc rcgulations. 

Scrccning bascd on  conscqucnccs is assumcd to takc pliicc in scvcritl wn!.s. 
For examplc, it is suggested tha; FEPb with insignificant conscqlicnccs can bc 
screencd out. whilc FEPs hzving similar conscqucnccs can concciviihl!~ bc 
lumpcd togcthcr provided that thc probilbilitics are properly comhincd. Thus. 
lumping should rcducc the numbcr of  FEPs that has to k@chnicall!. hi~ndlcd in 
thc following steps of thc scenario dc\'elopmcnt proccss sincc all FEPs that arc 
lumpcd togcthcr arc treatcd as onc  FEP. (This should o lcoursc  not mcan th;~t 
lumping reduces the  nuwber of FEPs being considcrcd,) .? 

Finally it is noted that the screening proccss has t o  b e  repentcd for cach rc- 
pository site and the screening criteria havc to bc  adjustcd to thc rcgulations 01' 
the national authorities. 

2.2.5 Scenario Development 
T h c  next s t ep  in the Sandia scenario development rncthod consists of thc for mil- 
tion of  scenarios by taking meaningful ccmtinations of thc FEPs remaining alicr 
t he  screening. It is stated that the  use of  a logic diagram, as illustrated in Figurc 
2-2, will help assure that all possible FEP-combinations a re  identified. Scenarios 
a r e  created by choosing either the  "yes" o r  "no" alternative associatcd with each 
FEI? According t o  the  Sandia method. this ~rganizational mcthod is preferable 
t o  !he classical event-tree. fault-tree techniques frequently used in the analjsis 
o f  engineered systems. 

Using t he  logic diagram for constructing combinations of  FEPs implies !ha! 
the  Sandia method does not separate between two combinations o f  FEPs con- 
sisting of  the  same FEPs but with different order. b u r n i n g  the ordcr betwcen 
FEPs 10 be irrelevant implies that n FEPs can be combined into 2" sccnarios (cl: 
Figure 2-2). However. if thc temporal order between FEPs is includcd thc num- 
ber of possible scenarios would considerably exceed 2". Thc  Sandia method 
claims that the  problem of temporal order can be handlcd by only considering 
the most important temporal order of  the FEPs. 



11.1, 

I %  T I .  1, 

II. 1 .. l a  
II. l l . l #  

I*. II 
I*. II. 1; 
Il. I Z .  1 2  
I*. II. 72. T3 
I l .  I ¶ .  1 1  
I*. I 2  Tl.1, 

I*. II. 71. T I .  1 3  

F ; ~ I I . c  2-2. Logic dinpfl t?~ sllo~~'irig IIIC po.r.vihlc col~~birrn~ior~.s c t f f i ~  c F E A  (111 o nS- 
l~.nsc n~l t l  llrrec ~mttspon~Jrcrror~~errn). /Fro111 I-'./ 1.1 

As ;I final rcmark may k nolcd that thc nccd of scrccning among I ~ C  FEPs is 
clcarl!. undcrstoc~d from thc fact thal n FEPs can bc comhincd into 2- scenarios. 
Combining ICH) FEPa would result in approximatcly 10'"sccnarios. whcrc;rs corn- 
hining 10 FEPs "only" rcsults in 1014 sccni~rios. 

2.2.6 Screening of Scenarios 
T h c  final s tcp  in thc Sandia n c t h o d  involvcs thc scrccning of sccnnrios 
dcvclopcd by taking combinations of the various FEPs. Thc initial scrccning of 
thesc sccnarios is bascd on physical rcasonahlcncss. probability. and conscquen- 
ces. 

Screening bascd on physical reasonableness should lcad to  thc elimination or 
scenarios containing e.g. mutually exclusive FEPs. Screening bascd o n  
probability considerations simply mcans that scenarios are scrccncd out  if thcir 
probability of occurrence is below a certain valuc ( e .~ .  1O8lyr). Screening bawd 
o n  consequences means that scenarios of minor importancc arc screened out. 

T h e  Sandia report 111 slates that ''a final screening of the scenarios remaining 
at  this point can be accomplished using combincd probability and conscqucncc 
arguments, namely risk. Howcvcr. unrc..s regulations for disposal are risk-based. 
thc use of risk in screening sccnarios is gcncrally not applicahlc." 



THE MrORKIN@ GROUP APPLICATION OF THE SANDIA 
METHOD 
T h e  SKI.'SKS working group has so far carried through thc thrcc first stcps in 
the  Sandia method (cf. Figure 2-1). i.e. the  identified i E P s  h a w  k e n  organized 
(classified, screened etc.) but not combincd toscenarios. Howcvcr. thc SKI 5 K B  
application of the method differs somewhat from thc  original Sandia method [ I  1. 
T h e  details of the performed analysis will be given in chapter 3. 

Already at  this point it is possible to make some gellcral commcnts on  thc ap- 
plicability of  the Sandia methodology as experienced by the working group. Thc  
first s tep  - ldcntlflcation of FEPs - appear t o  be straightforward and could bc 
made even more fruitful by clearly documenting not only t h ~  name of the idcn- 
tified FEP but also a by writing an explanatory text (memo-commcnf' 'o cach 
FER- T h e  second s tep  - Classification of FEPs -seems reasonable for dssuring 
completeness in t he  original list of  FEPs but appear to b e  of littlc value in thc 
following scenario analysis. 

Tho third step - Screening 01 FEPs -was found to be considcrahly morc com- 
plicated and time-consuming than the preceding ones. As screening implies that 
somc FEPs will obtain less (or no) attention in the  following sccnnrio c \ i~ lu ; r t i~n  
it was found that the screening proccss is intimately linkcd with thc sccn;lrio 
de\r lopmcnt procedure. Thus. in addiiion, to apply scrccning as it mc;lns for 
removal of FEPs for further analpis  it was considcrcd fruitl'ul to dcrinc i t  

PROCESS SYSTEhl (see next section) and screen FEPs to this PROCESS 
SYSTEh1. Finally, somc FEPs whcrc groupcd or Lumped toscthcr inti) groups. 
whcre the groups and not thqindividual FEPs whcrc considcrcd in thc k~Ilo\vin_c 
analysis. 

T h c  prcsent p,oject had little time ovcr for thc subscq~cn t  stcps in thc 
scenario dc\.clopmcnt. T h e  sugsestions discussed in Chapter 4 arc thc result or 
different working groups during the second workshop of the projcct. Ho\vc\.cr. 
the suggestions discussed there have not bL-en analyzed within this projcct. 

Finally, it is interesting t o  note that the tedious discisions conccrning scman. 
tics often expcrienccd by the SKI/SKB working grocp secm to bc uncscap;thlc. 
This conclusion can be  drawn not only from thc work within thc working group. 
but also from the  expert meetings arranged hy SU,&U, and from thc cxtcnsi\.c 

glossaries produced e.g. by IAEA and NEA 

2.4 INTRODUCTION OF THE PROCESS SYSTERI CONCEPT 
2.4.1 ldenlitication ota  Need tor a PROCESS SYSTEM 

Very soon in t he  discussions on t he  screening of FEPs it was recognized that thc 
FEPs belonged to  several different categorics. and therefore, that thcy had to hc 
treated differently in scenario development. First of all, in the great span of 
FEPs ranging from large scale climate changes t o  the detailed description of 
mechanisms for  fuel dissolution, some distinction must be madc b c w c c n  major 
external events and the phenomena that these evcnls in turn would control 
more o r  less automatically. Such "primary causes" (or  "external conditions") 
would. of course, be the first candidrtes for FEPs to bc combined into scenarios. 
O n  the  other  hand, the more detailed phenomena could bc regarded as alwa!s 
operative, but t o  highly varying degree depending on  thc initial and boundary 
conditions governcd by t he  primary causes. 

In fact, a similar distinction was madc alrcady at thc first workshop in Scptcm- 
be t  1988. when it was concluded that those FEPs that "are surc to occur" shoulil 
b e  screened t o  "the base case scenario" (BCS). O n  that occasion nothing wits 



concluded about how t o  combinc thcse FEPs to a sccnario o r  how they should 
h e  ireated in othcr  scenarios. 

Parts of a solution t o  thesc prohlcms wcrc eventually found according t o  thc  
following linc of reasoning. 

- Systematic pcrmutation of thc many FEPs in t hc  BCS would hc out  o f  qucs- 
lion duc  lo the  oulragcous numbcr of possible combinations as  alrcady mcn- 
tioncd earlicr. In addition, a n~n-systematic permutation of FEPs \tould lcad 
t o  inconsistencies. Instcad thcy should bc linked togcthcr according to  causc 
and effect, and this linking could hc made oncc  and for all. 

- Grouping (or "lumping") of FEPs  in thc BCS is of littlc valuc and should prc- 
ferably b e  replaced by linking as mentioned ahovc. 

- Even FEPs  that would bc of importance only at  extreme conditions should b c  
screened t o  t he  BCS as far as they d o  not bclong t o  external conditions. 

At  this s tage  t h e  greatest problcm was that  t he  meaning of  the  word 
"scenario** in "base case scen3rioW (or "rcfcrencc scenario") had bccn lost. T h c  
working group found o n e  feasiblc way out  of this dilemma by crcating a ncw con- 
ccpt. t he  PROCESS SYSTEhl. (PS). which should rcplace thc BCS as dcscribcd 
dbovc. 

Application of thc P S  in screening of FEPs  and in scenario dcvcloprncnt is 
dcscribcd in ;cctions 3.4.3 and 3.5.2, rcspcctivcly. T h c  follouing t \ u >  scctionh 
providc a definitior! of PS  and a discussion of altcrnativc rncthods todcscritvc thc  
PS. 

2.4.2 Definition orthe PS 
T h c  PROCESS SYSTEM is thc org:tnizcd nwcmhl!. of all phcnonicnir (FEPs)  
rcquircd far  dcscripticrn of  bdrricr pcrformitncc and radionuclidc bch;~viour in ;I 
repository and its cnvironmcnt. and that c;tn bc  prcdictcd with ;II lcnst somc  
dcgrcc of determinism from a givcn sct of cxtcral conditions. 

2.4.3 D~fferent Approaches for Description of t h e  PS 
O n c  of thc most straightfonvard dcs i r~pt innc  of thc PS is t o  cornp,trc thc rc- 
pository and 11s geological environment with a chcm~cal  plant - o r  rdthcr it< 
processing $)stem. Thc diffcrcnt harrlcrc ~ o u l d  thcn corrctpond to blockc in thc 
plant, the geological s trurturc and rock fructurcs t o  thc piping nc tsork .  ctc. 
Combination of FEPs to  scenarios would thcn correspond to  dlffcrcnt scttingc 
of controls in thc  control room of thc plant Thc  rcchargc prounduatcr is to bc 
likened u ~ t h  the raw material and thc dischargc t o  thc blosphcrc w ~ t h  thc  
product stream. O u r  task is t o  prcdict thc product quality. i.e. thc radionuclidc 
conterd in the discharge. accounting for various operating m d c s  and qualltics 
of raw material. 
Now, leaving the  "hardwarc" o f  t he  PS. our  tools t o  pcrform this task is a 

(sketchy) process scheme and a heap  of computer codes and  da ta  b a r s  for 
2: 

simulation o f  thc industrial process. (The  real problem in doing s o  might be that 
we  should also account for stochastic phcnomcna and uncerlainlics, i.c. erratic 
behaviour in the  control room and in thc dcsipn and ronstruclion of thc  pldnt.) 
This morc  o r  lcss mathematical reprc~cnta t ion  o f  the PROCESS SYSTEM is 
what wc dcal u i th  in pcrformancc and rafcty a n ~ l y s c s  of a repository. 

In rhc design o f  a PROCESS SYSTEM information is nccdcd from man! 
professional disciplines, e.g. gcolog!. hydrolop.  chcmistr)'etc. Clnscif~cat#\n and 





3 INITIAL ANALYSIS AND 
CLASSIFICATION 

3.1 IDENTIFICATION OF FEATURES, EVENTS, AND PRO- 
CESSES 

3.1.1 lnitial Lists 
Thc  first step of the Sandia methodology: Identification of Featurcs, Evcnts and 
Processes (FEPs) was initiated. and basically complcted at the first workshop in 
Kolmdrden. The workshop participants were divided into four groups with livc 
persons in each group. Thc groups were selected rather arbitrarily but it was 
tried to  cove: as wide area of knowledge and experience as possihlc in each 
group. 

Thc groups worked individually for about four hours. Each group uscd a dif- 
fcrcnt classification schcmc for FEPs in ordcr to rllustratc thc hcncfits of dif- 
fercnt schcmcs. Each group should bc comprchcnsivc and ccivrlr ;ill ;ispccts. Thc 
cl;~ssification schcmcs for thz individual g r o u p  wcrc 

I )  Likcly. Unlikclg but possible. Vcry unlikcl!-. 

2) Kcnr ficld. Far ficld, Biosphcrc. 

4 )  R c p s i t ~ r y  induccd. Human induccd. Katural proccsscs. 

Each group produccd a list of FEPs. Thc lists from thc diflcrcnt groups u-crc 
not cquitl and each list containcd cvcnts or proccsscs not covcrcd in ~ h c  other 
lists. Howcvcr, it is hard to dccidc if thcsc dirfcrcnccs arccaused by thc diffcrcnt 
classil'ication schcmcs. the slwcific group mcmbcrs or just cxprcsacs th:~t thc 
~ i n l c  allottcd to producing thc list was short. 

Group 1 (classification hascd on prohi~bility) found that "likcl~"u;ia by Ii~r thc 
largcst group. Group 2 found that many proccsscs wcrc rclcvilnt both lijr the 
ncar ficld and thc far field. Group 3 found that the timc classification was not 
vcry hclpful in organizing thoughts with thc cxcept~on that it puts attention to 
thc very carly timcs. Group 4 produccd thc most extcnsivc list and it  appcars thiit 
this classification schemc is useful. Howcvcr, thc main objective for thc clas- 
sification schemes is to aid in assuring that "everythingw is covcrcd. Thus thcrc 
are bcncliu in all schemes providcd that not only one Ghcmc is uscd. 

3.1.2 Final List of FEPs - The Merged List 
'Ihe individual group lists were combincd into a joint merged list including all 
the evcnts and processes in the group ]is&. This merged list is thc list cntercd t o  
the scunrrlo databast  (sec Appcndix B) and has bcen the basis for thc furthcr 
dcvelopmcnt by the SKI/SKB working group. Initially it was intcndcd to  classify 
the m c r p d  list into ncar rild. far  field and biosphere phcnomcna. Hrlwcvcr. 
during this proccs5 it was found that many phcnorncna that arc rclcvant for thc 
near ficld also afrect thc far licld. Thus thc classification in the rncrgcd list 
should no! bc takcn tmscriously. 



me merged list did contain inappropriatc c n t r i a  such as duplicates and thc 
inclusion of  processes expressed as conceptual unccrtaintics that shol~ld bc 
treated with uncertainly ana lp is  scparatc from thc sccnario d c ~ c l o r ~ m c n l .  
Howcvcr. when making thc lists it is important to include as many fci.turcs. 
events and processes as possihlc. In principlc. inappropriatc cnlrics shob:ld bc 
removed during the screening proccss. 

3.1.3 Completeness 
All participants at  the first workshop wcre encouraged to add ncw itcms on  thc 
list and t o  produce arguments for the inclusion o r  screening o f  thc particuldr 
items. but only 10 FEPs :lave been addcd t o  thc merged list as it appcarcd initial. 
ly. T h c  merged list is not complctc but it is extensive. It should hc strcsscd that 
this list is not definite but open t o  adjustrncnt all timcs. Scenario dcvclopmcnt 
should bc an iterative long term proccss. 

The present list of FEPs was produced within a very limited timc wr iod  and 
applics in principle only t o  thc KBS-3 conccpt. 

In rcality ti;e sccnario dcvclopmcnt should takc considcrahlc timc and should 
be adjusted t o  t ~ ~ c  relcvant storagc conccpt. Much morc timc should hc uscd i ~ n d  
special cxpcrt opinions necd to bc gathcrcd. Howcvcr. alrcad! at  prcccnt i t  is irn- 
portan: to idcntify critical issucs that nccd rcscarch as thcsc uill al't'ccl thc rc- 
search plans. On thc othcr hand thcrc may hc  a dangcr of spccil'5ing thc criticill 
issucs prcmaturclg as thcrc is a risk that too much rcsourccs thcn uould bc i:l lo- 

catcd in the wrong dircction. 
It is cspccially important to rcmcmhcr thirl thc prcscnt list onl!- cont;~inc a few 

FEPs rclcvant to thc biosphcrc. Biosphcrc aspccts of sccnario dcvclopmcnt arc 
trcatcd in another project 13). It can bc notcd thac t h ~  prcdiction of hiosphcrc 
changcs poscs a major difficulty. Ho\tcvcr. with thc cxcepiion ol'somc proccsscs 
with common causes (c.g. icc agc). most biosphcrc proccsscs arc indcpcndcnc 
from thc gcosphcrc proccsss. Thcrcforc. it should bc possihlc t o  dccouplc thc 
biosphcrc from thc ~nalysis. 

3.2.1 Motivation for Writing hlemo-comments 
T h e  initial list of  FEPs is just a lofig catalogue of hcadinp. Thcsc hedings  nccd 
t o  be bctter defined bcforc it is p s s ib l c  t o  continuc thc  dcvclopmcnl o f  thc 1151. 

Furthermore, it is essential that all s t e p  in a sccnario dcvclopmcnt should hc 
traceable which implies that it is necessary to documcnt how and why FEPs wcrc 
added. removed o r  groupcd. 

In order t o  meet the a h e  demands a rclarively short mcmo-tcxt has bccn 
written to cach FEP and entcred into thc Sccnario Datahasc. T h c  outlinc of a 
memo should idcal!y contain: 

1) Definition and explanation 

2) Cause 

3) Consequence / effcct 

4) How to model 

5) Motivation for scrcening 



6j If applicablc: Motivation for lumping 

7) Rcfcrences 

W r i ~ i n g  Memo-commenls - Conclusions 
Appendix B:l contains a complete printout of thc contents of thc  Data Basc in- 
cluding the full memo tcxt. T h c  main effort of the working grou,?. especially in 
thc  beginning. has been t o  write the memo-comments t o  t he  individual FEPs. It 
is the opinion of the working group that given enough time thcrc  a rc  few prin- 
ciple problems in writing the memo-comments. Furthermore. it is definitely 
worthwhile t o  g o  through the  effort of  writing these comments in order  t o  
facilitate the  remaining steps in the  scenario development. 

T h e  time that could bc spent  for w i l i ng  the memo-comments was limited. Ob- 
viousl!. the  texts need t o  be reviewed. In particular. most memos a r e  written 
without proper references t o  original scientific work. Parts of t hc  mcmos havc 
been rc\,icucd by external experts but more review is needed. 

CLASSIFICATION OF FEATURES, EVENTS, AND PRO. 
CESSES 
T h c  ncst  s tcp  in thc Sandia methodology is t o  classify thc diffcrcnt FEPs. T h c  
rnotiv;l~ion for this classification a that it should hclpassurc that i rnportan~ FEPs  
will not hc overlooked. Furthsrmorc. thc clii~~ifici\iion should providc thc or-  
pi~nization nccdcd to  bcgin dcvcloping scenarios. 

Four d i f~e rcn l  schcmcs of  classifying FEPs wcrc tricd at thc mccting in 
KolmArdcn (scc 2.2.3). T h e  difrcrcnt schcmcs contributed t o  thc  complctcnc.ss 
o f  thc lists. T h e  final "merged list" classified undcr thc headings: heor field. Far 
field and Biosphere. Furthcrmorc. it was tried t o  substructure the  list into wastc. 
canistcr. b~!~Tcr. nearby rock. far ficld rock and biosphere. T h e  INDEX-1 num- 
ber  of  the  dathuasc is constructed from this original classification. 

T1.c SUISKB working group has noi continucd wilh the  classificalion. Fcr- 
thcrmorc. it was felt that the scheme ncar ficld - far ficld - biosphere was dif- 
ficult lo apply. hfany FEPs a r e  not rcstrictcd t o  a singlc region. In addition. a 
F E P  may originally occur at a wcll dcfincd localion (i.e. canistcr failurc) hut its 
occurrence will affccl FEPs at  o thcr  locations (i.e. radionuclidc migration). This 
implics that t hc  IKDEX-I numhcr in the Data Basc is basic;~lly uscd for 
rcfercnce. The index numhcr does not  anymorc imply grouping o r  classilication. 
Grouping and sorting of  t hc  FEPs  should be made through proper ficlds (cur- 
rently not  updated) in the database. 

In conclusion, it is fclt that in order  t o  assure completeness the  classification 
is well motivated but  this point was illustrated already a t  t he  meeting in 
KolmJrdcn. Classification in order  t o  structure scenarios is probably also a good 
idea but the  adopted x h e m c  has t o  be well defined in order  t o  bc uscful. In fact, 
t h e  SKI/SKB working group has not fclt that the  lackof proper classification has 
been t he  main obstacle in the  further scenario analysis. 



3.4 SCREENING OF FEATURES, EVENTS, AND PROCESSES 

3.4.1 Different Elements of S c r e n i n g  
The next step of the Sandia methodology is to screen the initial list of FEPs in 
order to reduce the numbcr of FEPs to consider in the futurc dcvclopmcn~. 
Whcn starting the screening process it was found that thcrc arc at Icast thrcc dif- 
ferent methods of reducing the list. One possibility is to removc a FEP from thc 
list becausc it is considered to  be unimportant or irrelevant hascd on somc 
criteria. A second possibility is to  classify the FEP to thc PROCESS SYSTESI. 
The third possibility is to  group (lump) FEPs and only consider the group in the 
following anal~.sis. 

3.4.2 Removing FEPs from Further Analysis 
The  following criteria for screening out (removing) FEPs were suggested at the 
first workshop: 

2) Kglipible mnsqsence  (relatiw unimportancc comparcd to olhcr phcnomc- 
non !;lkcn into account. ohviouslg negligihlc impact on rcposirary and sitc cha- 
ractcristics or fulurc impact of cvcnt is signilicantly grciltcr th;ln radiolngic;ll 
conscqucncc). 

3) Ph~s ica l  reasonableness. 

4) Unplvnncdoptions. (c.p. unk~rcsccn changes in the rcposi~on. d c s i ~ n  such ;IS 
co-storapc nC othcr waste). 

5) Unscmning critrria (keep proccsscs that clcarly should bc scrccncd oh! 

b a ~ c d  on the othcr criteria but still should bc analyzcd as whn;-if sccnarios). 

In addition to the strict probability. conscqucncc and physic;~l rcnsonahlcncss 
criteria. the working group has also uscd 

6) Hesponsibilit~ (KBS-3 p. 21:6 151 "...each gcncration must t;lkc thc rcspon- 
sibility for its own conscious actions", e.g. Cor FEP 5.30 ~ndcr f round  tc5t oi 
nuclcar dcviccs). 

7) Admiaistrative (For removing multiple cntrics. po r ly  dcfincd FEPs ctc. ). 

8) Biospbcrr (A  FEP that only affects the biosphere is screened out as the bio- 
sphere is treated separately in (3)). 

'Ihe working group ha- examined the total list of FEPs and removed FEPs ac- 
cording to  the screening criteria. Appendix B:2 is a list of the removed FEPs. 
This screening was relatively straight forward, but the individual decisions ha- 
to  be reviewed. 

Out of the 156 FEPs o n  the original list 37 FEPs have bcen screcncd out. Thc 
physical rrasonableness criterion and rne Administrative critcria are the most 
widely used. Some suggested processes likc 2.1.6.2 "Natural telluric elcctro- 
chemical reactions" may eventual!y be screened out as unimportant or un- 
reasonable. However today tnex phenomena are not wcll an?lyzed. This lack 
of analysis should not be forgotten. 

The probability criterion has been dificult to apply with feu. exceptions (5.29 
Mctcorite). Obtaining probabilities of othcr FEPs would rcquirc morc carcCul 



analysis. Furthermore, it ic not clear that the probability for individual FEPs ICTI 
r e  11ly could bc as low as 10.' pcr year. (Thc probability o f a  combination o f  FEPs 
could still b e  much lower than 10'). 

It has bccn discusscd t o  usc risk as  a screening criterion. espcciitll!. in rclation 
t o  1.1.1 Criticality. Howmcr,  for individual FEPs it should h c  possihlc to usc 
ei ther  (o r  both)  probability and conscquencc. A need t o  usc risk in such cascs 
only indicates that the phenomenon needs further analysis for dctcrmining if thc  
o thcr  criteria apply. 

3.4.3 Screening FEPs to the PROCESS SYSTEICI 
According t o  the definition of  the  PROCESS SYSTEM in section 2.4.2. FEPs 
that could be predicted with at  least some degrce of determinism should b c  as- 
signed (screened) t o  the PROCESS SYSTEM. This statement may bc intcr- 
preted such that FEPs that can bc predicted ones  the  external conditions o r  sct- 
tings a r e  specilied can bc  assigned t o  PS. With !his interpretation sccnarios a r c  
basically formed by defining settings of external conditions o r  stochastic events 
of  t hc  EPs that a re  not scrccncd to thc PROCESS SYSTEII.  

An ana l ?~ i s  of  the list o f  FEPs showed that a largc portion of  ~ h c  FEPs  could 
i;r szrccncd to  the PS. Howcvcr. the list of FEPs scrccncd t o  PS. shown in Ap- 
pendix B:3. docs not dcfinc thc PROCESS SYSTEM. It should ritthcr bc: uscd 
as  a cheek list !hat a givcn rnodcl of a repository contains all rclcvant proccsscs. 

T h c  links hctwccn diffcrcnt cxtcrnal conditions (and othcr  FEPs thitt can b c  
rcpirdud as pr iaary  causcs within a pivcn scenario) ..ilr~uld hc  dcfincd hnth for 
thc  cxtcrnal conditians thcmcclvcs and for :he input slaccs in the PROCESS 
SYSTEM. For exnmplc. a chiingc in climate (cstcrnitl condition and priman. 
causc)  can influcncc the  groundwatci head and thcrchy also ~ r o u n d \ v i ~ t c r  Ilotv 
(input stagc). This example also shows that thc  cxisting list of FEPs hclonping to 
thc  P S  is far from complctc. sincc proundwatcr head would suitably hc  a F E P  in 
its own right. This prohlcm has t o  be  dcalt with in a more detailed description ol 
thc PS. 

A wcll-dcfincd PROCESS SYSTEM conncctcd lo primary causcs might 
facilitate chcckinp and proving that important links arc not omittcd. Of special 
importance in this contcx! is t hc  possihlc occurrcncc of "common causc 
failurcs", e.g coupling ofdisturbanccs in groundwater !low and hydrochcmistry. 
This aspect has seldom hccn dealt with propcrly in ci~rlicr safct!. asscssrncnts. In  
this respect and many othcrs  thc  PS  concept is bclicvcd t o  b c  uscful in any 
mcthod for scenario devclopmcnt and analysis. 

T h c  distinctior. betwccn a PROCESS SYSTEM and the "outcr world" was 
briefly discussed a t  the February-89 meeting. Thcorctically the  PS  could he 
regarded as a submodel to  a n  "Earth" (01 even "Univcrsc") modcl. For example: - 
if it would b e  possible t o  predict t hc  occurrence and distribution in t1ri.c of 
glaciations this fepturc could bc built into the PS. In that way thc timc aspect of  
a t  least some eaer .id1 conditions could be treated with a certain degree of detcr-  
minism. From the yractical point of view these problems might as wcll b c  trealed 
separated from the  PS, althoug5 it could be admilted that thc idea of an  en-  
larged P S  would possibly have some advantages when defining thc  coup l ing  bc- 
tween geosphere and  biosphere. 

3.4.4 Screening by Lumping FEPs into Groups r 

T h e  objective of  lumping is t o  rcducc thc n u n h e r  of FEPs that a r c  t o  b c  com- t 
% 

bined into scenarios by grouping "similar" FEPs togcthcr and only work with t hc  3 



FEP Ef  fec t 

Figure 3-1. Demonstration of thecon/lict between dijjerennr lumping-cdcrin: 1itnipi)tg 
based on similnr cause implies that the FEPs I and 2 should be lumped tqerhcr. 
while lumping based on eflecf (consequence) implies lumping o/FEPs 2 and 3. 

groups in the following scenario analysis. Clearly, when formulating lumping 
criteria the key issue is to identify how the lumping will aflcct the later scenario 
formulation. In particular. certain combinations and linkings might bc ovcr- 
looked iC too much is lumpcd togcthcr. Furlhcrmorc too much lumpingnill com- 
plicate thc consequence analysis such that the lumping u,as of no usc. On thc 
o ther  hand. in practice. i t  is necessary to rcsort to lumping in ordcr to rcducc thc 
number of FEPs such that thc  linal numbcr of formcd scenarios is manngcahlc.. 
In fact, thc number o f  FEPs remaining aftcr thc screcning proccsscs (removal. 
PROCESS SYSTEM and lumping) has to bc in thc ordcr of 10. 

First. i t  must be noted that FEPs in thc PROCESS SYSTEM should not hc. 
lumpcd. In particular. these FEPs will not contribute to the n u m k r  of  comhina- 
tions that nced to be analyzed. Howrver. as discussed in section 2.4 the!. should 
b e  linkcd in ordcr t o  make a logical structurc of thc proccsscs in PS. 

The  lumping (grouping) of  FEPs could bc bascd on both "similar consc- 
quencc (effcct)" and "similar cause". Thcsc rulcs arc somctimcs in conflict u irn 
each othcr  (see Figure 3-1) and it is not alwap quitc obvious which rulc offcrs 
the best result, i.e. the  minimum amount of FEPs t o  bc handled in thc sccn;~rio 
development. However. mostly the lumping has bcen bascd on  thc "similar con- 
sequences'-rule. 

The  lumping rules have a purely technical nature which means thi11 cach r n c  
o f  them offers several possible applications. For examplc. thc 'simili~r cocsc- 
quencc" rule does not indicate whether the conscqucncc to bc conridcrcd is 
chemical. physicdl. hydrological o r  somcthing else. Furthcrmorc. it is far from 
obvious what kind of  e.g. chcmical consequences that should'bc considered as 
most important. 

Numerous discussions within the SKIEKB workin2 group rcsulted linally in a 
set of  lumping decisions. Table 3-1 lists thc FEPs that remzincd after the lump- 
ing process. Appendix B:4 contains the complete set of lumping decisions. The  
working group does not claim that the result from this lumping necessarily is thc 
"best" one. Clearly FER with the same and only primary cause may be lumpcd 
together a s  these FER always will occur in combination. Furthermore. FEPs 
with sirrailar (modelling) consequence may b e  lumpcd provided that  the 
probabilities a r c  appropriately combined. However, the lumping performed by 
t he  SKVSKB working grol;;, has not always followed thcse strict criteria. 



Table 3-1. List of primary FEPs KEPToutsidc the PROCESS S\'STE.\I inclsd- 
ing ISOU TED SCENARIOS (set section 3.53). - 

25.1  ando om unistcr dcrcc~s - quality control 
3.2.1 1 Backfill material dcficicncics 
4.2.6 Faulting 
5.3 Stray m~tcrials lcft 
5.9 Unscalcd hrchnlcs ani'nr shafts 
5.16 Up l i l ~  and subsidcncc 
5.17 Permafrost 
5.27 Human induced actions on poundwatcr rcch~rpc 
5.31 Chanpc in sca Icvcl 
5.42 Glacialion 
7 .R Allcrcd surfacc watcr chcmis~rv by humans 
5.2 Non-scaled rcpcnitory (ISOLATED) 
5.10 Accidcnls during operalion (ISOLATED) 
5.33 Wastc rctricval. mining (ISOf-ATED) 
5 . 3  Explosions " Sabotagc (ISOLATED) 
5.39 Postclosurc moni~oring (ISOLATED) - 

In i lddi~iori t? the strict lumpinp crilcri.1 nhovc much of  the lump~n; i c  b.~zcJ 
on more vaguc criteria. For cx;rmplc. thc FEPs lumpcd to "(2.5.1 I R.lnclom 
cilnlstcr dcfccte" ha~icil l ly rcprcscnls difl'crcnl rc,lcons (i.c. c.~u\:s) wh: ;I 

canislcr miry tw impcrfcct. thc FEPs lumpcd IO "(3.2.1 I) B.I~LIIII n~,r Icr~;~ l  
dcllc~cncics" arc hasic;~l l~ conscqucnrcs o f  impcrl'cct b;lcLl~lI bch.~t~clur. 
w hcrc;~s the FEPs lumpcd to "(5.9) Cncc:llcd hrrcholcs and shi~l't\" rcprczcnt 
di fkrcnt cx;~mplcs of  hrrcholcs and ~ c l l ~  t h n ~  mil!. aflcct the rcpo\itop. \!II~ 

this lumping thc linal sct o f  KEPT FFPS arc b;~c~ci~lly hc,~dingc crl \ct\ (11 rc1.1tctl 
or slmil;lr FEPs. O f  course i t  mil? hc qucs~ic~ncd II thl\ lumping I\ ;111ot\.1blc for 
thc sccn;trio dcvclnpmcnc. 

Onc may arguc that thc lumping pcrformcd is prcm;lturc. On  the t~thcr h.tnd 
i t  is not c;lsy to follow strict lumping cri1cr1.1 uhcn thc FEPs iirc lormul.~tcd in 
gcncr'il. \Vith distinctly formulntcd FEPs such as a hrrchnlc pl,~ccd at ;I ccrtilin 
I t ~ a t i o n  with r spccilic withdrawal rate or faulting at a spccif ic~ Ioc;~tion. i t  m,l! 
bc possihlc to only rcly on conscqucncc lumping combined with iidd~tic~n;ll 
scrccning on p:ohability and conscqucncc. Howcvcr. in the prcscnt sltuatlc)n 
with a gcncric study such dctailcd FEPs cannot hc lormul;~tcd. 

At the prcscnt slagc lumping may bc vicucd as mcilns of  slructurlnc the 
KEPT FEPs and making simplistic conscqucncc analyyls morc cl l~cicnt.  AI ;I 
latcr stagc all lumpcd FEPs must hc dccouplcd and con~~dcrcd  la a dct;~ilcJ 
sccnario formulation. Aftcr having analyzcd ~ h c  FEPs and thcir rclcvancc u i ~ h i n  
each group o f  lumpcd E P s  i t  may hc pssiblc to dcscribc the FEPh in  morc ~. .  

dctail. to  screen thesc dctailcd E P s  and finally apply morc strict lumping 
criteria. 

3.5 INITIAL A'ITEfiIPTS OF FORhIINC SCENARIOS 
3.5.1 introduction 

The Sandia methodology was dcsigncd to providc a comprchcnsi\*c sct of 
mutually exclusive. pc~cntially disruptive xcnr~rios. I n  ordcr to obt;~in this com- 
prchcnsive sct the remaining FEPs arc combined. Thc combinationc m;ly bc il- 
lustratcd by a tree diagram (Figurc 2-2) .  Howcvcr. cvcn il ncglccting the ordcr 
i n  timc bctwccn FEPs and neplccling that conditions miry appl) to dil'fcrcnt 



dcerccs. thc number of  combinations is 2". iT hi is thc numbcr of KEPT FEPh. 
This numhcr is usually too largc e.g if M =4O the numhcr of csmhinntions arc 
10':) and somc mcans of rcducing this numhcr is nccdcd. 

Thc  rcduction of  thc n u m k r  oTcombin;~tions may hc ohtaincd b!. restricting 
thc combinations of ccrtiiin FEPs in thc trcc diagram (hascd on  an argumcnt 
tha: thcsc comhinations arc illogical) and thcn scrccn thc rcmain~ng rclati\~cly 
long list of combinations using prohahility. conscqucncc or risk. 

3.5.2 Application or t h e  PS in t h e  Sccnarir,  Formulat ion 
Sccnaricn arc formcd by combining thc PROCESS SYSTEM uith o n c  o r  a com- 
bination of thc FEPs KEPT outsidc 2 s .  Thc  proccsscs in PSshould. as discusscd 
carlicr, hc linked togethcr according to caltcc and effcct. Thi;: linking of proccs- 
scs In thc PS should not bc confuscd with thc permutation of mPs U P T o u : -  
sidc PS. Howcvcr. o n c  must note that thc specific modclling of ( ~ n a n y  ol) thc 
prch-csscs in PS must hc. propcrly adoptcd to thc specific sccr:nrio. This adop- 
t ~ o n .  uhich probahly constitutes a major modelling clfort. can wait until thc ac- 
tu;il con\cqucncc annl!s~s of the sccn;lrio (cf 3.4.2). 

Evcn for a particular sccnaric~ m;tny prtKcsscr in PS h;l\.c conccptu,~l or  
p;iramctcr unccrti~int~cs. Thcsc unccrt;iint~cs rn;l!. hc aniil!rcd h! c\. ,~lu;~ting n 
\ct ol c.tscsuith dlfIcrcnt p,lrnmctcr values or dill:rcnt conccp1u;ll models. Thrt 
SCI  01' c;rscs arc not ncw sccnarios but rcprcwnt thc scn\iti\ 11) 01 thc PS \\ith 

- rcspcct to cclnccrtu.~l and par;imctcr urlcc.rt,~int! Tor thc p;lrticul;ir sccn;rrio 
anall\ red. 

A prohlcm uhich must hc rcccynircd is that thc scnsiti\-it! and ur~ccrt;lint! 
an.il\.cis madc for a particular scenario mil! hc insulriclcnt for anothcr sccn;~rio. 
In pr;icticc it would hc unrcrlistic to p r i o r m  a complctc scnsiti\.~ty and unccr- 
tiunt!. i~n;~l!.air Tor cach sccnario and i t  is ncccssiiry t o  dclinc a s t r ; ~ t c p  for limit. 
ing t h ~ \  itn;il!sic. 

Onc  pc~s~ih1cstr ; i tcp that mil) uurk  in some instances is I(> cvi~!;l;~tc ~ h c  c l ' l ' e~~  
of p.~r.crnc[cr distributions causcd by thc ncu sccn;~ricl arld comp;lrc itn [he  
parameter dlstrihutions uscd in thc first sensitivity anal~sis. II' tllc nc\\ 5ccn;lrio 
aflccts the paramctcrs lcss than u h ~ t  is alrc;id! considered in the first ;in;iI! \is ;I 

ncw sct of unccrtainty and scnsi~ivity analyscs is unncccssary. Houcvcr. : the 
ncw sccn- io changes thc paramctcrs. o r  thcir unccrtainty. more th;in uha t  is 
cc*nsidcrcd in thc original seqsitivity analjsis a ncu evalua~ion is ncccssar!.. 
Anothcr p s i h l l i t y  ic t o  start wit:: a global sensitivity anltl!~is oT thc PS that cn-  
compasses thc maximum paramctcr ranpcs for an? sccnario. 

3.5.3 Restr ict ing t he  Number  of Combinat ions  - ISOLATED S C E S A R I O S  
In the  original Sandia mcthod (e.g. It]) is statcd that it  is possib!~ to cl~minatc il- 
logical combinations of FER in the trcc diagram. In trying to apply this pos- 
sihility t o  all two by w con;hinations of  the remain~ng FEPs, thc Sli1:SK-B 
working group found that in m o t  cases it was .lot possible to claim that i~ givcn 
combination of FER was illogical and thcreforc could bc disregarded. Thus i t  
appcars that the  a priori elimination of combinations o n  logical grounds will aid 
little in reducing the  number of combinations. Howcvcr, thc SKIISliB usorking 
group found that another but similar restriaion, which was lahclcd ISOLATED 
SCENARIO. may indeed hc uscful. 

Ttblc 3-1 al:,\ contains which oi thc  FEPs i c f ~  after thc l u m p i ~ r  proscdurc 
that  u c r c  labclcd ISOLATED SCENARIOS. A F E P  labclcd ISOLATED 
SCENARIO should not hc combincd with okhcr FEPs to form ncu scenarios. 



T h e  reason for this spccial treatment could bc  that thc  "normal" rclcasc and 
transport mechanisms considered in P S  arc  unimportant in compilrison t o  t he  
ISOLATED SCENARIC). For examplc Wastc rclricval and mining (5.33) is hy 
far a much morc effcctivc releasc and transport mechanism than c . ~  canistcr 
corrosion. cafiistcr failurc and radionuclidc migration through buffer and gco- 
sphcrc. Another cause for  labcling a F E P  with ISOLATED SCE?:ARIO could 
b c  that thc p h ~ n o r r ~ c n o n  mcrely is a separate issue which nccds t o  hc  1- 11 k e n  cilrc 
of  and may requirc a special discussion o n  ethics. Examplcs of such l i~ lc r  isola!l:d 
scenarios a re  5.2 Non-scalcd repository o r  5.39 Post-closurc monitoring. 

3.5.4 Problemsnith the lnitial Formulation of Scenarios 
T h c  lists of  priman* FEPs K E P T  outsidc PS and thc ISOLATED s c c n ~ r i o s  rcp-  
rescnt thc  present levcl of t he  scenario dcvclopmcnt made by thc SKiISKB 
working group. l ' h e  rcmainirlg steps of the  Sandia m c t h o d o l c ~  have nc t  bccn  
executcd. Limitcd time is o n c  reason why the development havc halted at this 
lcvel but thcrc a r e  also o thcr  problcrns that necd t o  b c  settled bcforc i t  is 
worthwhile to continuc t h c  \work with combining FEPs to scenarios. 

T h c  prcscnt definitions of  t hc  FEPs a r c  gcncral and vaguc. Comhin:~tionq of  
FEPs and especially restrictions o r  screening of  comhinntions rcquirc ;hilt thc 
individual FEPs a re  morc well dcfincd. In pilrticular. thc prescnt dcl'initions iirc 
not mutui~lly esclusivc. For cxamplc. 3.43 gl;lci;~tion may c;lusc 4.7.0 l;tultinc hu: 
faultiog and glaciation ciannot hc  lumped tngcthcr ;is hoth gl;icii~tic~n ui thout  
fi~ulting and faulting without glaci;ilion iIrC possible conditions. Tt:c Iilgistiis 01 
comhining t hc  FEPs would bc  simplified i f  the FE?  glaciation onl! c;~usc> I'.lult- 
ing ifcxplicitly combined with thc F E P  fi~ulting. 

Anothcr  unrcsolvcd mattcr is timc. The  Snndii~ rncthod docs not use timc cs -  
plici~ly. It is assumcd that  future and cvolution;~ry FEPs mil? h c  comhincd Tor 
maximum cffcct and should bc  modcllcd for thc  full Icngth o f  the timc Criin~: 
ccnsidcrcd. Howcvcr. t hc  applicat.ilit!. of this stratck? m;ly bc qucs~ inncd  as the  
prob;ihility of a F E P  and thc  conscqucncc o i  a F E P  can stroyl:; dcpcnd  upon 
timc and thc ordcr  of  occurrcncc. 

In thi\ contcst it may b c  advis;~hle to divide ihc  FEPs into cflkcts ddring "thc 
activc pcriod" and thc  "remaining cffccts". For esamplc 5.42 glac;i~:ion implics 
icc covcr ovcr a limited timc (active pcr i td )  but may causc r c m ; ~ i n i n  cflccts on  
faulting o r  erosion. During thc  active pcrind man!.comhin;itions of FEPs m;i!. bc 
outscrecncd as  thc  probability of simultaneous occurrcncc may h e  vcn. In\\.. Fur- 
thermorc. FEPs in the active period mil). be  anti-corrclatcd (for cxamplc 5.42 
glaciation and 5.27 human induccd actions o n  groundwater rcch; ir~c) .  Thc 
"rcmaifingeffcct" part o f  a F E P  (c.g. a iault causcd by a glaciation) may. o n  t he  
o thcr  hand, b\: lumpcd into a limited scr o f  FEPs (eg .  faults causcd by gl;rcistion 
could cventually be lumpcd into 1.2.5 faulting). 



4 POSSIBILITIES FOR FURTHER 
DEVELOPMENT 

As rloted in the  previous scctlon it is not straight forward to strictly a d o p ~  thc San- 
dia methodology and devclop scenarios from even a short list of  FEPs. Furthcr- 
morc, it may even be questionablc if thc proposed method is-at all possiblc or  if 
o thcr  techniques for dcveloping scenarios should be applicd. 

At the  second sccnario dcveloprncnt workshop in Stockholm the problcm of 
scenario development was analyzcd in a special group scssion. The works5op 
participants werc divided into three different groups. Each 2roup tricd to 
develop and apply a different techniquc for deve!oping sccnaiics based o n  thc 
list of  FEPs supplied by t hc  SKIBKB working group. T h e  following approaches 
werc studied: 

- Furthcr application of thc  Sandia mcthoaolcp~.  
- Idcntilication o f  critical issues. 
- Top - down ar,al!.sis. 

Thc  rcsult of  thcsc cfforts arc prcscn:cd in thc :allowing scctioni. 

4.1 FURTHER APPLICATION OF THE SANDIX hIETHODO- 
LOGY 

4.1.1 Introduction 
T h c  working group discussing thc possibilities of  a furthcr application of  thc' 
Sandia methodology first notcd that thc sccnario dcvclopmcnt by thc SKI 'SKB 
working group rcprescnts prclimiilary rcsults in an itcrativc proccsr.. Furthir-  
morc. i t  was concluded that at this stagc it is not rcally fruitful t o  go furthcr \vith 
the  Sandia methodology until the tedious FEP lumpinglscrecning process hits 
been carefully rc-examined and all thc  rrerno-comrncnts mcct will: acccptahlc 
standards. 

T h c  completion of  rncmo-comrncnts is considcrcd t o  b c  a straight-fonvnrd 
work. Howc\,er, thc re-examination of thc F E P  prwcssing is morc complicatcrl. 
According to somc participants a t  thc February 1989 mccting. it  ma). not only bc 
necessary to check that all FEPs have-been processed in a logical and consistent 
way, but also t o  split upsomc o f t h e  FEPs into smallcr ones bcfore rcpcating thc 
screeniagAumping process. It was also stressed that it may bc advantagcous to 
distinguish carefully between lumping based o n  cause and conscqucnce. respcc- 
tively. 

Furthermore. the F E P  processing contains problems that have not yet bccr: 
sufficiently dealt with, namely how the time ordering between FEPs should bc  
involved in the scenario development and how the binary yes!no alternatives as- 
sociated with t h e  FEPs in many cases should be exchanged by a continuous 
variation between these extremes. In this context. "time ordering" rcfcrs to thc 
temporal order of occurrence of the  FEPs in a certain scenario. 

T h c  original Sandia mcthod considers FEPs that may o r  may not bc timc dc-  
pendent  processes but it does not explicitly considcr thc timc ordcr  bctwccn 
FEPs..Thus. in a strict scnsc each sccnario formulated in thc original Sandi;~ 



method, represents a whole set ofscenarios which can bc obtained by pcrmutat- 
ing among the FEPs and by including arbitrarj time order of FEPs. 

For example, provided that each FEP occurs only once and that thc FEPs may 
either occur at separate times or  simultaneously. a scenario containing e.g. 3 
FEPs in the logic diagram (cf. Figure 4-3) represents in fact 25 different 
scenarios, when all possible temporal orders and permutations are considered. 
Thc example clearly indicates the considerable increase in the numbcr of 
scenarios to  be handled when "time order" is introduced in the scenario 
development. Yet, this number is small in comparison to the numbcr of scenarios 
that has to be treated when "time" in all its aspects is considered. 

4.1.2 Possibilities for Scenario Development 
It was pointed out at the February 1989 meeting that the above limitations con- 
cerning time order and binary yes/no options can be eliminated by including in 
the Sandia methodology o n e  or  more of the following parameters: (1) 
probabilities, (2) time, (3) time order, and (4) mu!tiple options in stcad of ycslno 
options. 

The devclopment of a repository docs not only dcpcnd on u hat kind of FEPs 
that occur. but also on their timc of occurrcncc. As an exiimplc. thc importirncc 
01 glaciation may highly depend on whcthcr it occurs at an carly. intcrrncdi;rtc. 
or latc stagc during the lifc timc of thc repository. Thcrcforc, it is rccommcnd- 
ablc to divide this FEP into ncu' FEPs corrcsponding to different timc period\. 
In thc logic diagram presented in Figurc 4-1 glaciation has bcen divided into 
glaciation occurring during the arbitrarily chosen periods 0 - 10' ycars. 10' - 10' 
years, and 10' - I@ years, respectively. (Timcs longcr than 10" ycars wcrc not 
considcrcd in this case.) 

Figure 4-1 also demonsuates thc possibility of including in the logic diagram. 
if wanted, probabilities of occurrences associatcd with each FEP. In cascs uhcn 
a FEP has been split up into several successive FEPs. as "glaciation" abovc. the 
probability of occurrence is highly dependent on the time period contidcrcd. 
Thus. since each pcriod is about ten times longer than thc preceding onc. i t  mil!* 
bc reasonable to consider the probability ol glaciation within 10' ycars. P(A) in 
Figure 4-1, to be "low", while the corresponding probabilities. P(B) and P(C). 
for the two following periods may be regarded as "medium" and "high", rcspcc- 
tively. The qualitative measures should of course, if possiblc bc exchanged by 
exact numbers in order to obtain the best results.' 

The multiple option can be used e.g. whcn a FEP is known to occur but thc 
time for its occurrence is unknown. Figure 4-2 demonstrates the usc of this op- 
tion in association with the FEP "faulting". The probability assigned to faultins 
is highly dependent on what time period is considered. Sincc onc of thc main 
reasons for faulting is glaciation, it may be reasonable to assign increasingly 
higher probabilities for faulting occurring at an early, intermediate. and late 
stage, respectively. The probabilities presented in Figure 4-2 are for dcmonstra- 
tion purposes only. 

Multiple options may also be used in order t o  present all possible time orders 
of ,FEPs in a scenario ("scenario" is here used in accordance with the Sandia ter- 
minology). As an example, the logic diagram in Figure 4-3 presents all possiblc 
time orders of three FEPs (A, B, and C) provided that each FEP occurs only 
once and that all FEPs may occur simultaneously or  at different timcs. 

It is obvious that the introduction of probabilities, timc, time order. and mul- 
tiple options considerably increases the wvrk to be done in the scenario dcvelop- 
ment. Nevertheless. in order to  carry through a complete scenario a n a l ~ i s  these 
factors have. to be considered. From practical points of view thc abovc stresscc 
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< 10' yrs 104-105 yrs 105-106 yrs 

Figrrc. 4-1. Logic diqronr irr H ' I I ~ C I I  t11c FEP "glociotiorr " lrns hccrr d i ~  ukd irrto tlrrcc 
pons con-cspo~lditlg to di//crcrrr rimepcnods. P(A ). P(B), nrrd P(C) rc'l~r.~..\crrt rirr pro- 
bnbilifj ofglocinrion ocarm'~lg drrrillg rlrc rir~rcpcriod roidcr c o ~ ~ s ~ ~ ~ r o t i o r r .  
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Figure 4-2. SimplGed tree dingram indicating rhc pssibiYit). of lra~ing n nlrrlriplc op- 
tion associated wirh a FEP 



the need of a carefully prepared s u a t c p  concerning the screening and lumping 
among the FEPs (cf. Chapter two). 

1 Ref. rcen. 
C  

4.2 IDENTIFICATION OF CRITICAL ISSUES 
The attractiveneu of the Sandia approach is that it appears to produce a com- 
plete set of scenarios. However. :his apparent completeness may be misleading 
as the lumping and screening process includes many illdefined decisions. Fur- 
thermore. the method directs a lot of effort in sortingout details and there may 
bc a risk that the overall critical questions are lost in this process. Forcxample. a 
key parameter for the performance of the KBS-3 concept is the canister life time 
distribution. Will a bottom-up scenario evaluation really show this? & ;tn dtcr-  
nalivc it may be much more fruitful to. based on expcn judgcmcnt. sclcct a fc\\ 
scenarios and analyze them first before putting too much emphasis on ~htaining 
a complcte set of scenarios. 

I 

B  

I B C C  
B - C  
C < B  

A  
A < C  
A - C  
C < A  
A C E  
A - 0  
B < A  
A < B C C  
A < C < B  
B < A < C  
C C A C B  
C < B < A  
A = B < C  
C < A - B  
A = C < B  
B < A = C  
5 - C < A  
A c B - C  
A - 0 - C  

Figurr 4.3. Logic d iopnr  sltow~ingallpo~~iblc ritrtc ordcrs nnrotigthc rlrrec FEPs A. 
B, and C. The signs < and = mentis "occurs enrlier t/lnn" and "occ~rrs at rllc snrltc 
time ns ", respectir~el): 



A possiblc strategy for selecting the few xitical scenarios may bc to: 

i divide the future into dillcrcnt timc framcs (c.p. 10'. 10' and 1(Y ycars). 

ii) formulate scenarios for each particular timc framc by asking what mil!. cause 
a rclcasc in that particular time framc. In answering this question thc idcnti- 
ficd FEPs are used as a chcck list. 

Some of  the  FEPs o n  thc final list of K E P T  FEFs may he rcgardcd as dcsign 
problcms (scc Tahle 4-1). T h c  main rcason for scy;~rating dcsign problcms from 
othcr  FEPs is that the causcs for thc  dcsign p r ~ b l t m s  arc uncor rc l~ tcd  with thc  
causes for t he  other  FEPs. Thus, thc design problcms may bc left out from the 
scenario dcvelopmcnt and instead bc trcatcd as  unccrtaintics regarding the 
sourcc and ncar ficld propcrtics. 

Table 4-1. Design pro'blems selected from the final list of ICEIT FEPs. 

2.5.1 (Randurn) canister dcfcct 
2.2.1 1 B~cLfill (nmtcri~i) dcficicncic~ 
1 - .- S t r ~ v  m ; ~ ~ c r i ~ l s  lclt 

Thc  rcm;~ininp FEPs wcrc uscd for constructing sccnnrios I r~r  thc 10' timc 
frnmc and th,: 10' timc frnmc. Tablcs 4-2 i ~ n d  4-3 displi~y thc FEP5 aclcctccl in 
thc  rcspcctivc timc framds. 

Table 4-2. Potential cnuws for release in thc 10: time frame selected from thr 
final list of K E M  FEl's. 

5.9 "Unscalcd b~rcholcj  a t d  shafrs" (includi,~g all Ijpcs of *rcll\) 
7.8 "Altercd ualcr chcmist~y by hurn~n\" 
5.16 "Uplik~subsidcncc" 

Tablr 4-3. Potential causes for release in the 10' time frame selccted from thr 
final list of KFPT FEPs. - 

5.9 'Uwalcd borcholcr and shafis" (including all tyrcs OF ucl l \ )  
7.8 "Altcrcd water chemkrry by humans" 
4.26 'Faulting" 
5.42 'Glaciation" 
5.16 'Uplift/subsidcocc" 

Tahles 4-2 and 4-3 illustrate that most FEPs :i;:ecied to be potcntislly critical 
for a particular timc frame arc  potentih:ly critical for all lalcr timc framcs. Thus. 
thc  dclinition of  t he  time frame docs not aid much in thc  selccticn of which 
FEPs to bc considered. Howcvcr, thc ?robahility. conscqucncc and anal!ais of a 
F E P  ma!. bc  very different in different time framcs. 

At present combinations ofFF.Ps do not sccm crucial just for idcntif!.ing criti- 
cs! scientific problems. It is prohah:) morc important to a n a l y ~ c  and spcsi l j  thc  



individual FEPs. for example to  identify the consequences of glaciation or 
evaluating the extent and location of faulting. than to  worry about which com- 
binations of FEPs to  consider and not consider. Especially thc intermediate 
combinations of FEPs are mainly only interesting when the objcctive is to d c ~ c r -  
mine probability density functions of releases. but are of minor importancc for 
highlighting critical issues. 

In any time frame it is possible to  construct a human induced sccnario which 
will result in large releases. For oramplc. a set of wells for geothcrmal produc- 
tion drilled right through canister deposition holes (5.9 Unsealed boreholcs and 
shafts). However, the scenario may in fact bc very far fetched. Thus it is not easy 
t o  formulate "a realistic" critical scenario and probably the only solution to this 
problem is to introduce probabilit) of occurrence combined with screening out 
such human induced scenarios which may be labeled "conscious actions". 

Ar a general conclusion it appears that the sugge5ted strategy of using "expert 
judpmcnt" for the scenario development is not really constructive in adding in- 
formation on  how to develop the final list of KEPT FEPs into scenarios. In fact. 
all the KEPTFEPs need to  be analyzed. Furthermore, it is not always possible to  
formulate the most critical scenario without being overly pessimistic. Thus 
probahility and ,isk cstimatcs are somctimcs necdcd. 

O n  thc other hand thc philosophy of concentrating on critical issucs should bc 
valusblc for the sccnario development strategy. Thc formal sccnario building 
should bc aimed at providing a framework giving insigh1 into critical issucs and 
prwcsscs. Clcarly. probahilistic paramctcrs such as thc canistcr lilc time dih- 
tribution or possible w.cll locations necd to bc  considercd and may p r o w  to bc 
critical. It may also provc necessary to  evaluatc thc risk ol ccrtain sccnarios. 
Howcvcr. thc main effort should bc spent on  how to  detcrministicslly o r  
probabilistically evaluate the particular phenomcna already idcntilicd on  thc 
final list of E P T  FEPs at  dillcrent time framcs. Evaluating total risk o r  pdf's of 
releases or doscs integrated over all time and all possiblc scenarios. which may 
be  an objcctive of the scenario devclopmcnt. is such a largc undcrtaking that it 
may divcrt the resources from the critical issucs. 

4.3 AN JXAMPLE OF A "TOP-DOlln"' APPROACH - THE 
BARRIER STATE METHOD 
An alternative to  the Sandia approach would bc t o  disregard thc dctailcd 
phenomena and their coupling from the outsct and just look upon combinations 
of  different barrier performance. In practice this mcans that i h c  PROCESS 
SYSTEM is divided in a set 01 barriers, e.g. canister. ncarfield and farficld. Ini- 
tially, it is then assumed that the performance of each such barricr might be 
denoted by either of three states: ordinary. less efficient or short circuitcd. In 
performance assessment calculations these states correspond to different sets of 
parameters according to  the following scheme. 

Barrier performance Set of parameters 

Ordinary ( 0 )  Realistic 
Less eficient (LE) Pessimistic 
Short circuit (SC) (None) 



CANISTER STATE n 

NEARFfELD STATE 

LE SC 

FARFIELD STATE D LE SC 

Figure 4-4. Fomularion of scenarios by ~ombinin~differennr botriersnranres. (*) denores 
an improbable combination. 

This scheme might not apply to a copper canister. however. According to  thc 
evaluation of KBS-3 it is vcry difficult to  assign any barricr function to  an already 
failcd canistcr. which mcans that thc canistcr only exist in t ~ o  stittcs. hrcachcd. 
i.e. non-existent. or  not yct brcached. i h u s  the LE statc might hc cxc l~dcd  for 
thc canistcr. Ordinary pcrformance mcans that its lifc-timc is as cxpcctcd and 
short circuit corresponds to an initial canistcr failurc (or earlier failurc than cx- 
pectzd). An alternative would hc to  dcnotc the timc framc of canistcr failurc in- 
stcad of thc state of thc canistcr. i.c. initial. early and as cxpcctcd. 

Thc total set of scenarios according to this mcthod can hc rcprcscnlcd by 
Figurc 4-4. whe;: each box mcans a sccnario. 

For cnch of the 18 comhinations of states (scenarios) in Figurc 4-4 i t  might h-. 
possiblc to  assign some mcasurc of probability. Screening might also bc possibk 
sincc thc simultaneous occurrcncc of difl'crcnt statcs arc not always indc- 
pcndcnt. For examplc. a short circuitcd ncarficld would most prohahl? not occur 
togethzr with an undisturbcd farficld. A reduction to  12 combinalions is 
achicved aftcr such screening. 

In order to  further dcvclop this method it is necessary to morc carefully ana- 
lyse the interdependencc of barricr states. Evidently such an analpis must bc 
bascd on the PROCESS SYSTEM and i u  developmcnt in timc. It should also hc 
recognized that (a) the starting point in timc for each sccnario I;i.c. timc for 
canister failure) is a paramctcr of major importancc. and (b) scenarios might 
only apply for part of thc repository. 

An advantagc of thc barricr statc mcthod seems to be thc 1:ttlc nccd for 
analysis of couplings within the PROCESS SYSTEM. Considering thc impor- 
tance of possible rammon cause failures, as described in section 2.4, this is not 
quite true, however. Still it might be useful for construction of "bad cases" which 
can be used for regulatory purposes o r  as a starting point for development of 
more realistic scenarios. 

In order to  be  useful in a safety assessment the scenarios actording to  :his 
method should be combined with realistic sets of primary causes. e.g. according 
t o  the list of  KEPT FEPs. In that way it is possible to get clues both how to  dis- 
tribute scenarios in time and how to  achieve couplings in the PROCESS SYS- 
TEM. The  easiest way to  d o  this is to  assign to each FEP a set of barrier states. 
(Table 4-4). 



Tabk4-4. lllustmtloa of cooscqueam oo the barrier states caused by In- 
dividual FEh. 

KEPT FEPs BARRlER STATES 
Canister Ncortield Fafield 

Faulting 
Nearfield deficiencies 
U w a l e d  boreholes 
U p$i't!s ~hsidencc 
Glacialion 

SC* LE SC' 
LE 

SC' 
LE 

SC* LE SC* 
Hutuoil actions on grouod- 
water flow an3 compositioo -- LE 

(* mezns for p u t  of repository only) 

4.4 THE SITE EVOLUTION METHOD 
The most important objection to  the already described methods for sccnario 
development is lack of the  arrow of time. It is evidently of  tremendous impor- 
tance whether the failure of canisters o r  other barrier functions occur carly or  
after long periods of :imc. In principle. a solution t o  this problcm would be to  
rcplacc the scenario development with a total simulation in timc of all aspccts o l  
the  repository development. whcrc uncertain parameters arc dcscrihcd by 
probability density funct~ons and the result of the total simulation is cxprcsscdin 
probability space. In fact. the UK Department of the  E n v i r o n m e n t , , ~ ~  
developed a code (VANDAL) nhompson.  19871 [GI, with this amGtian. 
Howevcr. the practicality of the approach and the interprctation of the aaal!xis 

A d  

is still in question. ,, 4 
A slight modification of the approach of a total simulation might b e  tq first 

develop scerrarios for the large scale evolution of thc site. including the rc- 
pository. i.e. the macro system and in a sccond stcp supe r impsc  o n  the largc 
scale scenarios the more detailed scenarios that also includes .hc dispcrsion of 
radionuclides, i.e. the microsystem. The  greatest advantage with this approach 
would be to  account for the accumulation of detrimcntiil effects on thc  rc- 
pository from in!ernal and external p. imary causes. This aspect is vcry difficult to 
handle in a logic and defensible way in other methods of scenario devclnpmcnt. 

Aserious objection t o  this method, as well as to the total simulation approach. 
is the necessity t o  include predictions ci the future that are  extremely uncertain. 
e.g. with regard to  glaciations, faulting. biosphere development and human be- 
haviour. Such difficulties have t o  be discussed in the scientific community, of 
course. Anyhow, the prospects for mnsensus are favourable keeping in mind 
that it is the relative accuracy in estimated time of occurrence that is important. 
If needed the order in time could then always be  chusen as to  max~mize thc ef- 
fect. 



5 DISCUSSION AND CONCLUSIONS 

5.1 PRESENT SirATE 0:' SCENARIO DEVELOPhlENT WORK 
Thc scenario developmcnt p r r ~ j x t  has reu!tcJ in a cxtcnsivc list o f  fci~turcs. 
events and processes. These FEPs have becn so r~cd  Int,, diffcrcnt group.<. i.e. 
outscreened. PROCESS SYSTEM and FEPs KEPT outsidc the PROCESS 
SYSTEM. Furthermore. the FEPs KEPT outsidc the proccsscs systcm arc 
grouped (lumped) together into a limited set of primary F E R .  

The structure given to the initial list of FEPs is constructive in thc sense that 
the final lis: of KEPT FEPs appears to  represent the key external events and 
processes that could be dcri t ical  importance for a radioactive waste repository. 
Furthermore, even if this list is incomplete it should be straight forward to  up- 
date it with new FEPs. 

It has not been possible to continuc thc evaluation and actually combiric FEPs 
into sccn~rios. Thc reasol?s for this fact arc hsically: 

- a too gcncral spccilication of thc KF:,T FEPs. 
- uncertainly with regard to thc propcr sccnario dcvclopmcn~ strotcr?. 
- limitcd timc for the working grot,p. 

Thus in order to  continue thc yLnar io  dcvclopmcnt i t  is ncccss;lr!. 10 analyrc 
each KEPT FEP in detail. analyzc the potc,ltials of ~ . f icrcnt  sccnario dc\.clop- 
mcnt strategies and fina!ly start a ncw i~cr i~t ion of thc sccnario clc\,cl?pmcnt 
chain. 

5.2 DETAILED ANALYSIS OF KEPT FEP: 
It is ncccssaq to work out thc details of the KEPT FEPs and pcrlhrm (limitcd) 
conscqucncc analysis of each individual FEP k f o r c  it is really meaningful to 
start to discuss combinations of FEPs. 

For example glaciations may imply a series of phcnomcna like small mow- 
mcnts along fractures intersecting canister deposition holcs. faults through thc 
repository. temporal pcrmcability changes or tcmporal ertrcmc groundwater 
heads. Establishing the probabilities and conscqucnccs of such morc wcll 
defined events is first of all necessary in evaluating the consequcnccs of glacia- 
tions. Furthermore, this increased dctailed knowledpc will makc combinations 
of glaciations with other primary F E f i  more straight forward. 

5.3 SCENARIO DEVELOPMENT 
At least three different methods of formulating scenarios by combining FEPs 
have been discussed. Even if the identification of critical is,;les is a key objective 
of the scenario developmcnt it must be stated that "expert judgment alone" ap- 
pears to  be insufficient for formulating sccnarios. A predefined s t r a t eg  for thc 
scenario development ;5 needed. Without a strategy for selecting sccnarios it will 
become cxtremely difficult to defend if thc selcc~cd sccnarios a i c  on one sidc 
overly pcssimistic o r  on t he othcr sidc incomplctc. 



The  discussion in section 4.1 shows that it is possiblc to carry on with thc San- 
d ~ a  methodology for selecting scenarios. especially if the general FEPs arc lur- 
ther spcc i f i~d  as discussed in 4.1. Also 15c top-down "barrier-state" mcthod (:IS 
discussed in section 4.3) appears to  bbc :J practical approach. 

Both the  Sandia approach and thc "barrier-state" approach provide a 
framework for incorporating probabtlilics and thereby solving the problcm ol 
overly pessimistic scenarios. Furthermore, both methods comprchcnsivcly 
analyze all suggested FEPs and t h u  address the question of completeness. 
However, the success of the ncthods  depend upon the quality of thc dctailcd 
consequence analysis and the quality of tne probability estimates. Ncithcr of  thc 
suggested methods provide guidance for how to  obtain this crucial information. 
Thus it may be stated that provided that the consequences and probabilities ol 
the  PROCESS SYSTEM and the individual FEPs KEPToutsidc thc PROCESS 
SYSTEM a r e  properly u n d e r s t ~ o d  the actual technique for the scenario 
development may be  of a secondary importance. 
Ar has been stated in section 4.4 neither the Sandia method nor the topdown 

(barrier-state) method explicitly include time evolution and the timc ordering 
between events. T h e  "sitcsvolution-mcthod". as discused in 4.4. appears t o  bc  
attractive as  it includes time explicitly. Howevcr. solving the repository evolution 
in a fully transient modc would in prncticc bc extrcmclg complica~cd which in 
turn miby lcad to undesired simplilications of thc involvcd processes. 0 r . c  altcr- 
nativc to explicit timc cvolution is to div~dc thc luturc into dilfcrcnt timc fri~rncs 
and to combine the FEPs lor maximum c fkc t  lor each timc lran:c. as discusscd 
in scction 4.1. appcar to  bc a sensihlc approach. 

DOCUMENTATION AND REITERATION 
Clearly. a given set of scenarios could alwajs bc qucstioncd for various reasons. 
Thus. it is extremely important to rcmcmhcr that scenario dcvclopmcnt. salcry 
analysis and pccr rcvicw shocld bc itcrativc proccsscs. In ardcr to  makc possihlc 
lor constructive iterations and rcvic~. .  a trnnspilrcnr documcnration is ol kc!. im- 
portancc. T h c  documcnration stiatcgy adoptcd hy thc Slil,'S);B working group 
based o n  computcrizcd sccnnrio datahi~sc should bc vcry constructi\.c in this 
sense. 

CONCLUSIONS 
In conclusion, the strategy devclopcd within the projcct appcars to be a lcasiblc 
approach t o  scenario development. In particular, the  strategy includcs a 
framework for the docamentadon of the complete chain of scenario develop- 
ment. This documentation is the key t o  the following analysis. 

It must be stressed that the present projcct is a first stagc and that the com- 
plete analysis must be reiterated several times. In particular for some of the  
FEPs, (e.g. glaciation. faulting or  unsealed boreholes and shafts) a propcr 
scenario formulation can only be madc altcr a limited conscqucnce analpis of 
the  individual FEPs. After these analyses it should be possible to  continue with 
the  scenario formulation. 



T h c  SF;I./SKB working groap gratcfull!, ackno\vlcdgc thc input and intcraction 
with all parlicipants a: the workshoy.~ and mcctings within thc joint SKI'SKB 
scenario devclopmen; mcrcisc. In faci. most o f  thc contcnts 9 f  thc prcscnt rcport 
originate from thc participants o f  thesc mcctings. 
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Appendix 

A:l  GLOSSARY 

This glossary discusses some of thc mos: frequently used terms in the report. The 
objective is noiprimarily t o  provide strict definitions of the terms but to illustrate 
how wnle  of the terms have been interpreted and how they are used in this work. 

BASE CASE 
The Sandia report [ I ]  gives little information about the Base Cnse but notes that 
it represents the site without any disruptions and that it needs to  be considered 
as a possible scenario. Scenarios are formed by taking meaningful combillations 
of the Base Case and the other phenomena remaining after the  screening 
process. 

The SRUSKB Working Croup 

found that the actual dcfinition of thc Basc Case is crucial for the sccnario 
deve!opment and that tbc original definition was difficult to apply. In com- 
binations witb cthcr phcnomcna the Basc Case has been superscdcd by thc 
new concept PROCESS SYSTEhl (q.~.). 

COXSEQUENCE 
Risk Methodology for Geologic Disposal of Radioactive U'iistc': 
Scenario Selection Procedure (11: 

Consequence can nave different interpretations, depending upon thc stagc of 
the screening process. For examplc, in thc earlicr stagcs of thc scrcening 
process, "consequencc" generally refers t o  the effects that a ccrtain cvcnt or 
process might have o n  the natural properties of the sitc (e.g.. hydraulic head 
distribution). Thus, only flow and possibly thcrmo-mechanical analpcs  arc 
needed at this point. In the screening of scendrios. "consequence" gcncrally 
refers t o  the  amount of radionuclides being dischargcd to  thc environment and 
the health effects associated with these discharges. Thus. radionuclidc transport 
and health effects calculations are needed at this point. The reason for this 
breakdown is that in the early stages of the screening process. detailed transport 
and health effects calculation should be avoided because of the higher computer 
and man-power costs associated with these efforts. 

EXTERNAL CONDITIONS 

The SKUSKB Working Group: 

Tbe external conditions are events or processes tbat are not repsitory in- 
duced and may occur (relatively) independent of the processes in thc 
PROCESS SYSTEM. In this work, enernal conditions are includcd in 
FEPs KEPT outside RS. 



KEPT 

Tbc SKVSKB W d n g  Group 

dividcd the FEPs into four mutually exclusive categories: 

(I)  Isolated FEPs, which represent isolated scenarios that arc ncc rurthcr 
considered in the present work, 

(2) Outscreened FEPs, which are excluded from the scenario dcvclopmcnt. 
(3) FEPs which belong to tbe PROCESS SYSTEM PS, 
(4) KEPT FEPs a-liich docs noc belong to the PS but may interact with thc 

FEPs inside the PS. 

Thus, scenarios are formed by combiningFE~s in the PS with KEPT 
FEPS. 

LUMPING 

The SKUSKB Working Croup: 

The main objective of lumping is todccrcasc the aumhcr of FFPs t h ~ t  i!. ti> 

bc technically handled in the later steps of the sccnario dc\clopmcnt 
process. Lumping does however r60t reduce the numV)cr of FEPs bcir~g con- 
sidcrcd. 

FEPs can k lumped togethcr if they have the samc cause or crfc.ct or if 
onc FEP is pan of a greater FEP. Lumping is restricted to FEPs KEPT out- 
side the PROCESS SYSTEM, sincc only these FEPs allcct thc numhcr of 
possiblc scenarios. 

PROCESS SYSTEhl, PS 

The SKUSKB Worldng Croup: 

The PROCESS SYSEII  comprises the complcte sct of "dctcrminictic" 
chcmical and physical processes that might influcncc the rclcasc of radio- 
nuclides from [be reposi!ory to thc biosphcrc. Scc also scction 2.4.2 for a 
more detailed and stringent definition. 

REFERENCE SITE 

Tbe SKVSKB Working Group: 

The refcrcoce slte in this work is synthetic rad bas do correspondence to 
any potential disposal sitc in Sweden, although the aim has been to makc 
the sire as realistic as possible in terms of the features includcd and their as- 
sociated parameter values. 



The SKUSKB WorWng Group 

has used t h e  following widely accepted dcfinition: 

Risk is the product of probability and conscquencc associated with a ccr- 
lain event. 

11 must be recognized that risk is closely related to the timc pcriod undcr 
consideration; an event associated with a high risk in the onc million ).cars 
perspeaivc may very well be associated with a low annual risk. 

SCENARIO 

Sceaario is t h e  most important concept  in this work. Still n o  gcncrally acccptcd 
dcfinition exists. 

The SKUSKB Working Group 

usc  t h c  following dcfinition: 

A scenario is dcfincd by a sct of cxlcrncll conditions which \r i!l influcncc 
proccsscs in a process s!.stcm. Thc cxtcrn?l conditions dctcrrninc how to 
ac~uall) modcl and comhinc thc prcwcsscs in the PROCESS SYSTEXI 
uhcn evaluating thc conscqucncc of rhc scrnclrio. 

The SKUSKB Working Group: 

Thc objective of r c m n i n g  is t o  eliminstc less impc.rtant FEPs and 
sccnarios from the sccnario dcvclopmcnt b~ mcans of firm and wcll-dcfincd 
screening criteria. Thc grcat practical ad\.anragc of screening FEPs is thdt 
thc numbcr of possihlc sccnarios is considcrahly rcduccd. 



Appendix 

A:2 SUBJECT INDEX FOR FEPs IN THE DATABASE 

Accidcnts during opcration. 5.1 0 
Accumulation in pcat. 7.2 
Accumulation in sediments, 7.1 
Accumulation of gases undcr permafrost, 5.22 
Acidic surface watcr. 4.1.2. 7.8 
Alpha-dccay, 1.1.3 

recoil of a.. 1.1.3 
Alpharadiolysis, 1.2.1 
Altcred surface water chcmistr). by humans, 7.8 
Archcological inrrusion. 5.37 

B;~ckfill; scc Bcntonitc 
Backfill cffccts on Cu corrosion: scc Cilnistcr 
Bcidcllitc. 3.2.5 
Bcn tonitc 

ccmcntation. 3.1.5 
ccrncnt porc ~ a t c r :  rc;lctions uith h.. 3.1.7 
coagulation. 1.5 
colloid gcncration. 3.1.4.3.2.4 
convcrsion of h.. 3.2.5.5.1 I 
corrosion products and b.. 3.1.10 
degradation by chcmicnl rcac1ion~.3.l.l.3.1.10 
dill'usion. 3.2.6 
cffccts on groundwater chcmist~. 3.1.3 
crosion (of hufl'cr,%ackfill). 3.2.4, 5 .  I I 
Ilocculation. 1.5 
flow* (through buffcr;backfill). 3.2.9 
hydrothermal effccts. 3.2.5 
ion-exchang propcrtics. 3.1.3 
mechanical failurc, 3.2.3 
pcrturbcd buffer material chcmistr).. 3.1.12 
radiation effects on bcntonitc. 3.1.10.3.1.1 3 
saluration of sorption sitcs. 3.1.2 
sedimentation, 3.1.6, 5.1 1 
surface diffusion, 3.2.6 
suspensions of b., 3.1.6.3.2.4 
swelling 

Into tunnels and cracks, 3.2.1.1 
uneven s., 3.2.1.2 

thermal effects on b., 3.2.5 
Biosphere, 7.1,7.2,7.3 
Borcholcs 

futurc b., 5.21 
reuse of b.. 5.36 
undetected past h.. 5.21 
unsealcd b., 5.9 

Buffcr; sce Bcntonitc 



Canister 
backfill effects, 2.1 -9 
channeling inside c., 2.1.4 
chlorides and corrosion, 2.1.5 
corrosion, 1.2.l,2.l.l,2.1.3.2.1.5,2.1.6.2.2.1.9,2.3.3. 5.1 
corrosive agents. 2.1.8,2.1.10 
cracking, 2.3.1.2.3 2.2.3.3,24,3.2.7 
creeping of coppcr, 2.2 
defects, 2.5.1,2.5.2 
ductility (bss of d.), 2.3.4 
e!ectrochemical cracking. 2.3.2 
electrochemical PblCu reactions, 2.1.6.1 
electrochemical telluric reactions, 2.1.6.2 
external stress. 2.3.7.1 
failure a i ~ d  release of radionuclides, 1.5 
hydrostatic pressure. 2.3.7.2.5.23 
internal corrosion due to wastc, 2.1.3 
internal pressure. 2.2.2.3.8 
movement of c. in buffcr/backfill. 3.2.2 
pitting, 2. 7 
plastic deformation. 2.3.4.2.3.7.1 
quality control. 2.5.1 
radiation effects on c., 2.3.5 
stress corrosion, 2.3.3 
wclding zonc, 2.2,2.3.6 

Cement pore water. 3.1.7 
Channcl flow of oxidants and nuclidcs. 4.2.3 
Channeling. 4.2.3.4.2.9.6.6 
Channeling inside canister, 2.1.4 
Chemical sabotage, 5.5 
Chemical toxicity of wastcs. 7.4 
City on the site, 7.1 1 
Clathrate. 5.22 
Climate changes. 5.31.5.32.6.8.6.10 
Coagulation of bentonite. 3.135.1 1 
Copper (see also Canistcr) 

creeping. 2.2 
thermal cracking. 2.3.1 

Colloid 
generation, 3.1.4,3.2.4,4.1.2,5.45 
transport. 5.45 

Colbids, 4.13.4.1.9.5.45 
Cornplacing agents, 4.1.3,4.1.9,5.45 
Corrosion; see Canister 
Corrosion products 

interactions with waste and bentonite, 3.1.10 
swelling of c., 3.27 

Corrosive agents, see Canister 
';o-storage of other wastc, 5.6 
Cracking; see Canister 
Creeping 

of copper, 2 2  
of rock, 4.2.6,4.2.9 

Crystalline rock: see Rock 



Criticality, 1.1.1 
plutor.:um c.. 1.1.1 
uranium c.. 1.1.1 

Cs; migration t o  fuel surfacc, 1.2.5 

Damagcd o r  deviating fuel, 1.3 
Decontamination materials left in repository, 5.4 
Degradation o f  hole- and shalt seals. 4.2.5.5.1 1 
Desert,  5.32 
Diagenesis, 7.10 
Diffusion 

matrix d., 4.1.5,4.2.3 
surface d., 3.2.6 

Dilution o f  radionuclides, 6.5 
Discontinuities, 6.12 
Dispersion, 6.4 
Dissolution of  fracture fillin~slprccipitations, 5.25 
Dissolutioil o f  fuel matrix. I .2.9,1.5 
Distribution cocfficient, 3.2.6.4.1.4 
Drinking water, 5.41 
Ductility of  canister. 2.3.4 
Dwellings. 5.28 
Dykcs (Intruding d.). 6.1 1 

Earthquakc. 1.4,3.2.4,4.2.5.4.2.6,4.2.1, 5.15 
Electrochemical reactions 

rb,'Cu rcactions. 2.1.6.1 
tclluric reactions, 2.1.6.2 

Elcctrophorcsis, 2.1.2.2.1.6.2 
Encrgy release (Sudden e.) 

carthquakc, I .4 
sabotage, 1.4 

Enhrlnccd rock fracturing. 4.2.8 
Erosion (of buffer~backfill). 3.2 4 
Erosion o n  surfacehediments and crystalline bedrock. 5.20 
Excavation/Backfilling effects 

hydraulic conductivity change, 4.2.2.2 
mechanical effects. 4.2.2.3 
skin-zone. 4.2.2.1 

Explosions 
general, 5.38 
Hd02 explosions, 1.2.2 

Extreme c h a n n d  flow of  oxidants and nuclidcs, 4.2.3 
Extreme groundwatcr heads, 5.42 

Far field hydrochemistry, 6.3 
Faulting, 4.2.6 
Flocculation, 3.1.5 
Flow 

gcothermally induced f., 6.13 
thermally induced (general), 3.2.10 

Flow* paths 
short-circuit off. ,  4.2.6 
weathering of f., 6.6 



R o w  through bufferbackfill, 3.2.9 
Fracture 

healing of f., 6.6 
surface of f. and sorption, 4.2.3 
permeability and stre-;, 4.2.2.1 
transmissivity, 4.2.3 
zones (Undetected f.), 6.1 

Fuel 
damaged o r  deviating f., 1.3 
dissolution off., 1.2.6, 1.2.9, 1.5.5.1 
variation of f. composition. 1.3 

Fuel model, 1.1.2 

Gammaradiolysis, 1.2.1 
Gas accumulation due to permafrost. 5.22 
Gas generation 

general, 1.2.4 
H e  production. 1.1.4.2.3.8 
pressure in canister, 1.1.4 

Gr- transport, 3.2.12.6.2 
Geothermal production. 5.34 
Geothcrmally induced llou.. 4.2.5.0.1.7 
Glaciation. 3.2.4.4.2.5.4.2.8, 5.3i. 5.42.6.10 

SLC also No ice agc 
Granile (Future use of). 5.35 
Groundwater 

chemistty, 4.1.8. 5.14 
effect of bentonite on g., 3.13 
enhanced flow, 5.18 
extreme gw head. 5.42 
flow and changes. 4.2.5.5.3 1 
intrusion (of saline or  fresh g.). 5. I. 5.31 
rechargeldischarge. 5.26.5.27.5.46 
velocity. 4.2.3 

Heat from radioactive decay. 1.1.2 
Heat-induced conversion of montmorillonitc. 3.2.5 
Heat-induced stress-redistribution. 4.2.7 
He-production, 1.1.4 
Human induced changes in 

climate, 5.32.6.8 
groundwater recharge, 5.27 
surface hydrology, 6.9.7.7 
surface water chemistry. 7.8 

Hydraulic conductivity. 3.2.5.4.2.2.2.5.14.5.24, 
see also Fracture permeability 

Hydrology near surface, 6.9.7.7 
Hydro-mechanical models, 4.2.2.1 
Hydrostatic pressure 

effect on canister. 2.3.7.2.5.23 

I; migration to  fuel surface. 1.2.5 
Illite. 3.2.5 
Internal corrosion, see Canistcr 



Internal pressure. see Canister 
Intruding dykes, 5.13.6.1 1 
Intrusion into biosphere. 7.3 
Ion exchange propcrlics. 3.1.3 
Isotopic dilution, 7.5 

Lead; reactions with iodinc. 1.2.3 
Lead filling (Voids in). 2.4 
Loading effects due t o  glaciation. 4.2.8 
Loss of records, 5.28,5.30,7.9 

Magnetic field, 5.20 
Magnetic pole inversion. 2.1.6.2 
Malfunctioning of  rock reinforcement. 4.2.10 
Matrix diffusion, 4.1.5.4.2.3.4.2.8.6.6 
Meandering (effects o n  hydrology). 6.9 
Mechanical failure of  bufferlbackfill; sce Bcntonitc 
hlechanical rupture of repository. 4.2.1.4.2.5 
Mcthanc 

hydrate. 5.22 
intrusion. 5.43 

hleteoritcs. 5.29 
hlicrobcs. 2.1.10 
hligration. 4.1.4.4. i .5 
hlining. 5.33 
hlonitoring after c los~~rc .  5.39 
Montmorillonite (Hcat-induccd con\.crsion iiirn.). -3.2.2 

NAhfhlU, 4.2.4 
Ncar ficld buflcr chemistry; 

see Perturbed buffer rnatcrial chcrnistn. 
Ncar storage of othcr wastc. 5.12 
Non-closed rcpository. 5.2 
h'o ice-age. 6.10 
Nuclear war, 6.7 
Nuclide transport in bu~fer ,  3.2.6.4.1.4 

Organic decomposilion. 1.2.4 
Orogeny. 5.1 
Oxidizing conditions. 4.1 .I. 5.14 

Pathways, 3.2.1.2.3.28 
PbI reactions, 1.2.3 
Peat (Accumulation in p.), 7.2 
Permafrost, 4.2.5.5.17.5.22 
Permeability 

in fractures, 4.2.2.1 
in rock, 4.27.5.16 

Perturbed buffer material chemistry, 3.1.12 
pH-deviations, 4.1.2 
PHREEQE, 3.1.7 
Pitting. 2.1.7 
Plate motion, 4.2.6,4.2.9,5.19 
Poorly construction of repository. 5.8 



Poorly design of repository, 
Postclosure n*onitoring. 5.39 
Precipitation (of compounds containing radionuclidcs). 5.44 
Preferential pathways; sec Pathways 

Radiation effects on canister, 2.3.5 
Radioactive decay, 1.1.2 
Radioactive decay and heat generation, 1.1.2 
Radiolysis 

alpharadiolysis, 1.2.1 
gammaradiolysis, 1.2.1 
He-producti-n. 1.1.4 
redox potential. 1.2.6 

Radionuclide release from canister. 1.5 
Recoil of alpha decay, 1.1.3 
Reconcentration, 4.1 -6 
Records (Lms of r.). 7.9 
Recrystallization. 1.2.: 
Redox front, 3.1.1 1.4.1.1.4.1.6.5.46 
Redox potential, 1.2.8 
Repository 

co-storage of other waste. 5.6 
decontamination nlaterials left in r.. 5.4 
mcchanical failure of r.. 4.2.1 
nonclosed r.. 5.2 
poorly construction of r., 5.8 
poorly design of r.. 5.7 
stray materials left in r.. 5.3 

Resaturation (of repository). 4.2.5.5.14 
Reuse of boreholes, 5.35 
Rheolopy. 3.2.5 
River meandering. 6.9 
Rock 

creeping. 4.2.6.4.2.9 
fracturing. 4.2.5.4.2.8 
malfunctioning reinforcement. 4.2.10 
other future use of crystalline r.. 5.35 
pern~eability. 4.2.2.1.4.2.6.4.2-7 
reinforcement, 4.2.10 
stress distribution, 4.2.2.1.4.2.3 

ROCMAS, 4.2.2.1.4.2.7 

Sabothge, 1.4.5.5 
Saline groundwater intrusion, 5.1.5.31 
Saltwater, 5.1 
Sealevel,(Change of s.), 5.31 
Sealing, 5.1 1.5.14 
Sediment erosion, 5.26 
Sediments jAccurnulation in s.), 7.1 
Sedimentation, 3.1.6 
Skin-tone - Excavation/Backfilling effects, 4.2.2.1 
Solubility (of compounds containing radionuclides), 5.44 
Soret effect, 3.2.10 
Sorption, 4.1.4.4.2.3.4.2.8 



Spalling. 4.2.8 
Stray materials left in repository. 5.3 
Stress 

changes of fracture permeability, 4.2.2.1 
changes of hydraulic conductivity, 5.24 
redistribution. 4.2.2.1 

Subsidence, 5.16 
Sudden energy release: see Energy release 
Surface diffusion, 3.2.6 
Surface hydrology, 6.9, 7.7 
Surface water chemistr- (human alteration of s.). 7.8 
Suspensions of bentoni:~. 3.1.6,3.2.4 
Swelling (Uneven s.). 3.2.1.2 
Swelling of corrosion products. 3.2.7 
Swelling into tunnels and cracks; see Bcntonitc 

Tectonic activity - large scale, 6.14 
Telluric current. 2.1.6.2. 5.20 
Test of nuclear devices. 5.30 
Thermal buoyancy, 4.2.4.4.2.5 
Thermal effcc:s. 3.2.5 
Thcrmo-chem~cal changcs. 4.1.7 
Thermo-mcchanical changcs. 4.1.7 
Tra~spor t  oi nuclides in buiicr. 4.1.4 
Turbdcnt flow. 3.2.4 

Undcrground dwellings, 5.28 
Undcrground test of nuclear d~\~iccs .  5.30 
Undetected discontinuities, 6.12 
Undetected fracture zones. 6.1 
Uceven swelling. 3.2.1.2 
Unsaturation. 5.32 
Unsealed boreholes and shafts. 5.9 
Unsucc~ss ful site impr~vcmcnt. 5.40 
Uplift, 4.2.5,5.16 

Volcanism, 5.13 

War. see Nuclear war 
Water producing well. 5.Gl 
Water sorption isotherm, 3.2.6 
Waste 

chemical toxicity. 7.4 
retrieval. 5.33 

Welding zone (in canister) 
cracking. 23.6 
creep. 2 2  

Well (water producing w.), 5.41 



Appendix 

A:3 STRUCTURE OF THE SCENARIO DATABASE 

A:3.1 Introduction 
The list of features, evcnts and processes (FEP) has been entered into a 
Database created by dBASE 111 Plus. The motivation for working with a 
database is that it allows for 

- continuous updating including bookkeeping of altered decisions. 
- a rcicrcncing system. 
- sort and sezrch possibilities. 

At present the database contains the following fields: 

Structure for database: E:FEPSNl.dbf 
Numbcr of data records: 157 
Datc of last updatc: 26!0 1/89 

Field Field Kame 

1 PHEKOMESOS 
2 LOCAT BEH 
3 P E A C ~ ~ T Y P  E 
4 INDEX1 
5 LU MPING-1 
6 SCREENING 
7 PHEN-COMM 
8 REP INDUCE 
9 HUG INDUCE 

l o  , N A T ~ H E N O M  
11 FUEL 
12 CANISTER 
13 BUFFER-BAC 
14 NEAR FIELD 
15 FAR ~SELD 
16 BIOSPHERE 
17 NFB-COMM 
18 SCR-CR-NF 
19 SCR-CR-FF 
20 SCR-CR-BID 
2 1 SCR-CR-COM 
22 SCE GR-REF 
23 SCE-GR-COD 
24 SCE-GR-COM 
25 L I T - R E F  
26 GEN-COM M 

" Total * *  

T! pe 

Charact~r  
Charactcr 
Charactcr 
Chi~ractcr 
Charactcr 
Charactcr 
Mcmo 
Logical 
Logical 
Logical 
Logic;~l 
Logicill 
Logical 
Logical 
Logical 
Logical 
Memo 
Numeric 
Numeric 
Numeric 
Memo 
Memo 
Charactcr 
Memo 
Memo 
Menlo 



A:3.2 Actively Used Fields in the Data Base 
Of the 26 fields of the Data Base only a few are rsed activcly. Thesc are 
PHENOMENON, INDEXI, LUMPING-I, SCREENING and PHEN-COM. 
The other fields may be altered, deleted or  updated at a later stagc, New fields 
may also be added. 

A:3.2.1 The Field PHENOMENON 
This field contains the title of the Feature, Event o r  Process (FEP) that was 
entered on the merged list or  later added. 

A9.2.2 The Field INDEX1 
This field contains the number of the PEP as given in the merged list enclosed 
with the Minutes 3f the September 1988 meeting. FEPs added to thc list obtain 
a new index. The index number is basically used for reference. Thc index num- 
ber does not imply any grouping or c;assilication (although t hc!. did indicate 
grouping on the original merged list). Grouping and sorting of the FEPs should 
be madc through proper ficlds in thc database. Classification is fur~hcr discusscd 
in section 3.3. 

A3.2.3 The Field LUhIPlIVG-1 
This ficld contains poiaten to thc FEP(s) to which this FEP is  lumpcd. Thc 
pointer address is the INDEX1 numbcr of thc FEI? Lumping is furthcr discusscd 
in scction 3.4.4. 

A:3.2.4 The Field SCREENING 
This ficld contains the decision of ~ h c  screcning process (see section 4 to 7). Thc 
possiblc decisians are: 

PROCESS SYSTEM 
This FEP belongs to  the PROCESS SYSTEM (scc scction 4). 

KEPT 
This FEP should be part of a considered scenario (scc scction 3.5). 

O U T  (.....) 
This FEP is screened out. The text between t l ~ e  parenthesis indicate on what 
criterium (see section 3.4.2). 

UNDECIDED 
Not decided. 

ISOLATED SCENARIO 
This FEP represent a very special situation with no (few) references to :>iher 
FEPs (see section 3.5.3). 





Appendix 

A:4 DESCRIPTION OF THE PROCESS SYSTEM FOR A 
REPOSITORY OF THE KBS-3 TYPE 

Various al~ernatives lo r  dcscriplion o f  the PROCESS SYSTEM of a repository 
and its environment have already been presented in the main part o f  this docu- 
ment (Ch 2.4.3). O n e  of these alternatives that has t o  be integratcd with all thc 
othcrs is the verbal description, which also should form the b s i s  Cor the descrip- 
tion in a safely analysis report. It is possible lo organize a text of that kind in many 
ways. When scenario deve lop~ . cn t  is considered. the structure chosen here might 
be  preferred, however. 

The  main principle is that the system is described starting from thc  outsidc 
and going inwards. The  inncr fcaturcs o f t h e  system a r e  accounlcd for as pcrtur- 
bations of thc  larger system dcscrihcd earlicr. In  that way thc cvolution of the  
larger scalc features a r c  dcfincd bcforc discussion cf  phcnomcni~ o n  ;I srn;lilcr 
scalc. This approach will morc o r  less automatically proiidc the insight ahout thc 
chains of  causcs and crfccts ncccssary for sccnario formslalion. Sccnltrios \\ill in 
turn delinc barricr pcrformancc and. finally. provide :hc sctting 1;); radionuclidc 
behaviour. 

Of  coursc. tirnc and space d o  not allow 3 full dcscription of  thc PS. c.g. as rc- 
quircd in a safcty analysis rcport. Th~ls .  thc follouing tcxt should only bc 
rcgardcd as a n  outline. only giving examples of the  most important issucs. 

1 The Barrier System 
Since this rcport only conccrn thc situation in Swcdcn. thc U S - :  conccpt hit3 
been choscn for repository dcsign. hlany issucs might hc considcrcd rclcvanl for 
most othcr  repository designs in crystalline rock, howevcr. Although thc E;BS-3 
repository should be rathcr familiar by now, a short recapitulation of its systcm 
of barricrs is given in this scction. 

Starting from the  innermost barrier. i.c. thc spcnt fucl itself. thc  rndionuclidcs 
a r e  surrounded by a set of joint barricrs that prcvcnts andi'or delay thcir migra- 
tion towards the biosphcrc. T h c  fucl is first surroundcd by cncapsul;ttions of 
mctal such as zircaloy, stainless slecl. tilanium. Icnd. coppcr o r  carbon stccl. Ac- 
cording t o  t he  KBS-3 method thc  spcnt fucl clcmcnts a rc  encloscd in a coppc; 
canistcr filled with either lead o r  coppcr. Aftcr that follou3 a cia!. buffer. i.c. a 
layer o f  h~ghly compacted bcntonitc, bctwcen thc  canistcr and thc rock wall in 
t he  emplacemenl boreholc. Attention must also be  paid to Ihe backfilling in lun- 
nels, shafts and investigation drillholcs. Togcther with those portions of rock 
that has been o r  ever will be dkturbcd by the prcscnce of a repository these parts 
form what often is called thc  near field. Thc  remaining parts of  lhc undis~urbcd 
geosphcre form the  last barrier. the far field (commonly but not quitc correctly 
referred t o  as  t he  geospherc). 

Thus, we see that t h e  physical structure of the PROCESS SYSTEhl in this 
case is comprised by thc  following scvcn barricrs (or barricr clcmcnts). 

- t h e  spent fuei itself. 
- t h e  copper canister, 
- thc  clay buffcr. 



- the backfill. 
- the near field rock, 
- the far field rock. 

A:4.2 Sta tes  a n d  Evolutionary Processes in  the  Undisturbed Geosphere 
Any prediction of the behaviour of a repository and the migration of radionu- 
clides must be based on  an organized knowledge of the present statc and pos- 
sible evolution of the chosen aeological formation. This knowledge forms thc 
basis for our conception of the "natural" part of the PROCESS SYSTEM. 
However, in scenario development it is suitable to also include the humanity and 
its actions in a description of the "natural" system. Thus. the only result of 
human actions that is not included is the  repository itself. T h e  needed 
knowledge mainly concerns parts of the geophysical sciences: mineralogy, litho- 
logy, geohydrology, rock mechanics, properties of the fracturc network. tec- 
lonics snd geochemistry. 

Ideally, the  available knowledge should be  organized in a complete  
hydrogeochemical model of the repository site. This model is thcn our mathc- 
matical realization of the natural PROCESS SYSTEhl. It should dcscribe thc 
groundwater flow field from recharge to discharge. weathcring of rock mincrals 
and formation of fracture mincrals, thc convcrgcncc. mixing and divergence or 
different groundwaters. and how fractures and fracturc zoncs arc dcvclopcd and 
influenccd by tectonic rnovemcnts. climatc changcs and human actions - in short 
a modcl that describes pss iblc  transport paths for groundwatcr and radionu- 
clidcs in space and tine. 

Dctails in this part of the PROCESS SYSTEhl that requirc morc serious at- 
tention arc. 

- the regional and local groundwatcr flow ficlds and thcir charactcristics of im- 
portance for radionuclide migration (dispersion and channeling effccts. corrc- 
lation of flowrates and fracture mineralogy/rock porosity). 

- the mechanical stability of the rock formation and its bchaviour during intcr- 
nal and external stresses, 

. - weathering p rmsses .  including the effects on dccp groundwatcr chcmist~y 
from disturbances in surface water chemistry. 

Depending on  our knowledge about the initial (present) statc of the natural 
PS and its uncertain features and different (uncertain) assumplions about com- 
ing external events it would then be possible to predict pss ib lc  future states. 
First when such a state. and the evolutionary processes leading to that statc. 
have been identified it will be  possiblc to predict the state of the other barricrs 
consistently by superposition. 

AA.3 States  a n d  Evolutionary Processes in  (he Near  Field 
With the excavation, construction, operation, sealing and the following mere ex- 
istence of the repository the rock formation is subjected to a disturbance that 
varies with time and is limited in space. The extension of this disturbance is com- 
monly assumed t c  define the outer boundaries of the near ficld in performance 
assessments. This distinction between near field and far field docs not only arisc 
from the fact that the migration models for the near ficld are quite diffcrcnt 
from those for the far field. The near field modelling must also comprisc thc 



source term for radi~nuclides and account Tor more complex phcnomcna than 
encountered in the  far field. 

T h c  disturbances within the near tield are primarily of a thermal, mechanical. 
chemical o r  hydrauli~: nature. By way of couplings bctween thcm they might givc 
rise t o  a row of complex and poter~t;;lly important phenomena, c.p. changc in 
rcdox state, convection flow and colloid formation. 

In  this section we will give a description of  evolutionary proccsses that dcter- 
mine the possible future states of  the barriers within the near ficld. Only alicr 
that  it will b e  possible t o  describe the behaviour of  the radionuclidcs in the fol- 
:owing section. T h e  reason for why such a distinction will work is that most radio- 
nuclides can be regarded as micro components in the PROCESS SYSTEM. As 
such ti-ley are assumed not to  influence o n  other  radionuclides and not o n  thc  
macrosystem, i.e. the barricrs and their components. Exceptions from this rulc 
d o  exist, however, see bclow. 

A:4.3.1 States and  Evolutionary P m s s e s  in the Near Fkld Rock 
Superimposed o n  the processes identified for thc evolution of thc undisturbcd 
geosphere it will, in principle. be possible t o  dcscribc thc ei,olution of thc ncnr- 
ficld rock. Examplcs of inportant  initid statcc and procc$scs t o  conaidcr arc. 

- the groundwater flowfield on  repository scalc (including thc s;irnc aspccts as 
for thc  undisturbcd gcosphcrc). 

- mcchanical disturbances from the excavation (skinzoccs ctc). 
- thc  changes in redox state due  to acration and resaturation. 
- thermal cffects o n  gcochcmistry, groundwatcr flow. and mcchanical strcsscs. 
- influcncc of buffcr and backfill materials: changcs in gcochcmistry. mcchani- 

cal stress, groundwatcr flow, colloid generation and thcrmal bchaviour. 
- propagation of the redox front (including redistribution of  uranium as a mac- 

ro-componcnt. cf abovc). 

A: 4.3.2 States and  Evolutionary Processes in the Backfill 
T h c  main issues to considcr for the backfill of tunncls and shafts a rc  thc  abilities 
t o  provide mechanical support for the excavated host rock and rcsistancc against 
groundwater flow. Important phenomena t o  considcr a r c  almost thc samc as for 
the  buflcr, see below. 

A4.3.3 States and  Evolutionary Processes i n  the BuNer 
T h e  mechanical and chemical stability of the buffer (and backfill) is of impor- 
tance for its ability t o  limit groundwater flow and provide a stable and beneficial 
chemical environment for the embeddcd copper canisters. T h e  follcwing issues 
have t o  be addressed. 

- T h e  initial state of the buffer, i.e. QA in materials selection and for emplace- 
ment techniques (mechanical and physicothemical properties, including re- 
dox capacity. and their variations). 

- Alteration in clay mineralogy as possible consequence of chemical intcractions 
with groundwater components, reaction with corrcsion products. and tempcra- 
lu re  changes. 

- Effects o n  the physicothemical properties (swelling ability. rheolog!.. difl'usi- 
vity and hydraulic conductivity) of clay as a resul: of mineral alteration. varia- 



tion in salinity. and mechanical behaviour of surrounding barriers (rock and 
canister). 

- Behaviour during and after disruptive events (mechanical and thermomecha- 
nical effects) in the repository for different time-frames. 

AA.3.4 States and Evolutioaaty Processes for the Canister 
Considering the states and evolutionary processes in the surrounding outer bar- 
rier elements it should be possible to  estimate the time for failure of canisters or  
even calculate a distribution of life-times. 'lhe overall distribution in time or 
canister failures is of fundamental importar,ce for a repository concept like that 
of KBS-3 where the expected life-time ranges over more than millions of years. 
Examples of phenomena to be analysed arc 

- the initial state of canisters. i.e. QA and the probability of "immediate" canis- 
ter failure, 

- corrosion chemistry and availability of corrodants (oxygen, sulfides, sulpnate), 
- c0rrosio.i reaction rates, transport of corrodants, 
- possible mechanical failure modes ofranisters, e.g. duc to rock mc\,ements and 

internal pressure. 

Thc only barricr function that could bc ascribcd a failcd canistcr would 
probably be some redox capacity. (Fc~r sure. thc coriodcd matdrial will r c m a i ~ ~  
and act as a strong barricr. but it would bc imrnenscly difficul~ to sa!. anything 
definite about its transport propcrlies.) 

AA.4 Radionuclide Transpor t  
The  time of a canister failure marhs thc time for start of a scenario, and ihc ini- 
tial seiting for radionuclidc behaviour and transport is provided by thc then es- 
isting state of other barriers. including the spent fucl itsclf. In a strict analysis thc 
subsequent evolution of the total barricr q-stcm should bc consiclcrcd. 

A:J..l.l Tmnsport P m e s e s  in thr. Near Field 

A:4.4.1.1 Release of Radionuclides from the Fuel 

Some important aspects to be covered undcr this heading arc 

- initial state of fuel a t  the time of canister failure (nuclide distribution). 
- production of oxidants by radiolysis. 
- dissolution/conversion of the fuel matrix. 
- availability and rate of radionuclide release irrespective of matrix bchaviour 

("gap" and grain boundary release), 
- radionuclide solubilities. 

A:4.4.12 'Zknsport dRadknucl ides  througb tbe Buffer and BacMll and 
Release to the GQOSphere 

Important aspects on the nearfield transport are 

- the initial (and developing) states of buffer and surrounding rock (mineralo- 
gy, groundwater chemistry incl. redox properties. hydraulic paramctcrs and dif- 
fusivities). 



-diffusion through buffcr jbacldill), into the rock matrix, and u i lh  rclcasc lo 
fracture flow o r  precipitation at  a rcdox front as  outer  boundar). conditions. 

- distribution of  transport parameters betwecn emplacement borcholcs and thc 
coupling to corresponding canister life-timcs, 

- the  temperature field for early scenarios (and possibly somc olhcr  Onsagcr cf-  
fects. c.g. osmotic phcnomcna). 

- interactions with solid phase: sorption, matrix diffusion. 

A:4.5 Transport ~rocesses in the Far Field 
T h e  setting for  radionuclide transport in thc "undisturbcd" zonc of thc gco- 
s p h e r c  has already bccn  described in sect ion A:4.2. I n  addition t o  t hc  
phenomena mentioned therc the following should bc considcrcd: 

- dispcrsion and its variation with sc-' dnd in different zones. 
- retardation by surface sorption and/or mairix diffusion, 
- thc chcmical s tate  of radionuclides in solution including complcxation with o r -  

ganic substances. 
- collc!id transport. 



Appendix 

A:5 PARTICIPANTS AT THE SCENARIO PROJECT 
WORKSHOPS 

Johan Andcrsson, SKI 
Kjell Anderson, SKI 
Ulf Baverstam, SSI 
Jim Campbell. Intera-ECL 
Torbjorn Carlsson, SKI 
Neil Chapman, British Geological Survcy 
Bob Cranwell, Sandia 
Bob Guzowski ,Sandia 
Ghislain de  Marsily. E.N.S.M., Paris 
Torsten Eng, SKB 
Bcrtil Grundfelt, KEMAKTA 
Lennart Hammar. SKI 
David Hodgkinson. INTEW-ECI. 
Lars Hogberg. SKI 
Fritz Kautsky. SKI 
Ivars Ncrctnieks, KTH 
Soren Norrby. SKI 
Tonis Papp, SKB 
Esko Pc:!oncn. TVO 

1 

Thomas H. Pigkrd. Unircnity o i  ciiliiornii~ 
Nils Rydcll. SKN 

?i 
Ovc Stcphansson. LVJH 
Erik Sodcrman, ES-Konsult 
Clacs 'rhegcrstrom. O E C D S E A  
Timo Vicno, V7T 
Stig Wingcfors, SKI 

Biosphere group 
Ulla Bergstrom, Studsvik 
Gunnar Johansson. SSI 
Sverker Nilsson, SKI3 
Graham Smith. IYTERA-ECL 
Bjorn Sundblad, Studsvik 



Appendix B: 

CONTENTS OF THE SCENARIO DATABASE 



PREFACE 

A p l x n d k  B is a printout of thc contents of thc Sccnario Data Basc including thc 
full memo text. Thc  main effort o f  thc working group has bccn to\\ritc thc mcmo- 
commcnts to thc individual FEPs. Howevcr, thc time that could bc spcnt I'or writ- 
ing thc mcmo-commcnts was lirnitcd and thcrcforc thc dali\hi\sc is hy n o  rncans 
complctc. Furthcr work to cnhancc thc quaiity of  the dati~basc is nccdcd its \vcll 
as cxtcrnal rc\iews by compctcnt cxpcrts. 



Appendix 

B:l FULL MEMO COMhlENTS ON FEPs 

. . . . . . . .  ..... . . . . . . . . . . . . .  . . . . . . . .  

.j.. 1.1.1 Criticality 
'\ . . :  .: .. : ..:. ... : . . . . . . . . . . . .  . . . . . . . . . . . . .  

Lurnplng 
Screening OUT (Cons) 

PROCESS 

Plutonium criticality could theoretically occur within t h e  canistcr during the  first 
50 000years  o f  storage. This would call for selective dissolution and transport of  
uranium and part of thc  canister filling material. Uranium criticality could only 
occur outsidc the  canisters. This would call for selcctivc deposition of  dissolved 
uranium in the bentonite. A minimum amount of 4 400 kg ol' uranium is nccca- 
sary for criticality. T h c  conscqucnccs havc k c n  calculated t o  bc insignil'icanr. 
mas  130 kW powcr in o n e  tunncl. 

EFFECTS 

Criticality would impact thc radionuclidc inventory and thcrmal bchaviour of 
thc  repository. i.e. thc ncar ficld m9dcls. 

T h c  far ficld and biosphere modcls would ne t  bc influcnccd. only sonic input 
da ta  ol nuclidcs and thcrmal impact. 

REFERENCES 

T h c  casc has k e n  studicd in thc KBS-2 study by ASEA-ATO31. 
Refcrcncc t o  KBS-2. volumc 2, pagc 255 and I iBS Tcchnici~l Rcport 10s. 

"Criticality in a spent  lucl repository in wct crystalline rock". 1978-05-30. 

SCREEN!SC 

Accor~fing t o  the  refcrence reports, thc  casc could be scrccncd out. T h c  possiblc 
thermal heat produced is restricted. as thc  increasc in fission product inventor,. 
T h c  probability is also shown t o  b e  very low. although thc phcnomcnon cannot 
b e  ruled out. 
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! ?.I2 Radioactive decay; heat  j 
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Lumping 
Screeniog PROCESS SYSTEhI 

PROCESS 

T h e  radioactive decay of the fuel in thc repository is well :;?own. It is modelled 
in the fuel model, which keeps track of the  timely isotope inventory in the h e 1  
matrix. Even the heat generated by the  radioactive decay is modelled, as an input 
t o  near field and far field calculations. 

Whether or  not the model corrects the inventory for amounts of different 
isotopes, that have left the fuel by dissolution is not known. 

The  far field model does keep track ot  radioactive decay of species that x c u r  
in the trdnsport path, but not for the heat generation. This should be fully ac- 
ceptable. 

EFFECTS 

T h e  heat generated in thc fuel is the driving force for con\,ectivc g-ouni \vatcr 
movement. It also may have impact o n  ground water chemistry. 

SCREENING 

This rcprescntation should bc included in the PROCESS SYSTEM. 

Lumping 12.6 
Screening PROCESS SYSTEA! 

PROCESS 

Concerns the possible destruction of the fucl pellct structure induced by high 
energy alpha-particles from alphadecay. Could also include the liberation oC 
atoms from the fuel surface. 

EFFECTS 

Probably unimportant effect as the fuel has experienced a lot of alpha-decay 
before the canister emplacement. Its impact on the fuel matrix should thus be 
screened out, wing conservative assumptions concerning fuel pellet structure. 

SCREENING 

T h e  alpha-decay recoil may affect solubility of alpha decay daughters and should 
perhaps be further investigated or  altcrnatively lumpcd into solubility estimates. 
1.2.6. 



Lumping 23.8 
Scmning PROCESS SYSTEhI 

PROCESS 

Helium production is a consequence of alpha-decay in the fuel. 

EFFECTS 

It is impocant only wilh respect to the pressurc build-up inside the canistcr. 
KBS-3 calculations showcd that the intcrn2l pressure will exceed the cnviron- 
mental pressure after 106years. 

SCREENING 

Shall bc includcd in thc PROCESS SYSTEM. 
Note that Nclium production insidc thc canislcr is not includcd in thc 

radiolysis calculation bui rathcr of radioactive dccay. 

1.2.1 Radiolgsis 

Lumping . -@ 
Screening PROCESS SYSTEM 

PROCESS 

Only radiolysis due to gamma and neutron radiation is possihlc as long as thc 
canisters are intact. It will havc some impact on watcr chemistry in thc vicinity of 
the canistor. 

Alpha atid beta radiolysis, occurring u p  to .03 mm from the fucl pcllcts, will bc 
of importance after canistcr failurc, when watcr pcts in closc contact with thc 
fuel matrix. 

EFFECTS 

In KBS-3 it is shown that the impact of radiolysis on chemistry and canister cor- 
rosion is negligible outside and intact copper canister with a reasonable thick- 
ness. 

Alpha-radiolysis will lead to the formation of hydrogen and oxidizing specics 
such as hydroperoxide. Conservative calculations have been madc in the KBS-3 
report and references. 

REFERENCES 

KBS-TR 83-24. 



SCREFNING 

Radiolysis should bc taken into account in thc PROCESS SYSTEM and hc sub- 
ject to  sensitivity analysis. Far field impact has been marked in thc Mcrgcd list. 
This should be deleted, the impact bcing negligible. 
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Lumping 
Smcning OUT (CONS) 

PROCESS 

The gases may be formed by alpha and beta-radiolysis. The probability that thcy 
gather in gaseous form, in an explosive composition. and in a cavity in the rc- 
pository area, are judged to  be very small. T h c  fuel itself. the  canis:cr or  its cor- 
rosion products, the backfill (bentonite) and surrounding rock and groundwater 
will in gcncral act as a reductant and consumc thc oxygen. 

EFFECTS 

Should it occur, thc energy rclcascd is \.cr). small and thc canistcrs. h u k r  and 
backfill are well suited lo withstand thc pressure wave initiated. 

Experience from mining cxplosions shoiv thc low impact of an explosion on 
rock and excavations. 

SCREENIKC 

HdO: cxplosions should bc a sccnario to  scrccn out at an carly stagc. Howevcr. 
somc more rcfcrcnce material nceds to back np !his screening dcoision. 

Lumping 15 
Screening PROCESS SYSTE h1 

PROCESS 

Pb-I reactions refer to  [he possibility that iodine is bound to the lead in the fill- 
ing of the canister. and thus not subject to release. Several similar reactions, I- 
Cu. Cs-Mo ctc. arc possible but difficult to  assess. 

EFFECTS 

The reactions will increase the release rczista.lce from thc spcnl fuel material. 

SCREENING 
Shall be included in the PROCESS SYSTEM. Probably the best way to  handlc 
the problem is to make a conservative assumption. 



; 12.4 Gas generation - % 

Lumping 
Scmnlng PROCESS SYS'IEhl 

PROCESS 

Gas generation could bc  caused by radiolysis, helium production, carbon 
dioxidc, organic decomposition, corrosion or chznging wzter chemistr).. 

EFFECTS 

The gas generation might impair the buffer, change the ground watcr flow local- 
ly and may also provide the source for gas transport. It is thus a di\.ergent basis 
for a group heading. 

SCREENIKG 

Gas gcncra'ion should bc incrudeJ in the PROCESS SYSEXI.  Spcci;~l clrcccts 
may Iatcr lorm separate sccnarios. 

1 .2 .  I ,  Cs-migration to fuel surface 

Lumping 
Screening PROCESS SI'STE JI 

PROCESS 

Migration of I and (3 to  the fucl surlacc could impact the fission product rclcasc 
aftcr canister failure. Considerable cxpcriencc cxists on  this suhjcct from 
analysis of spent fucl. 

Ccnscrvative assumptions with respccl to burn-up and opcr:~tion;tl history of 
the fucl can be made when designing the basc casc fuel matrix dissolution modcl. 

EFFECTS 

The assumptions made nil1 greatly impact thc time function for rclcasc of Cs and 
1 after canister failure. This E P  is modelled (in KBS-3) as given (assurncd) frac- 
tions of Cs, I, C, Tc available for transport immediately aftcr a breach of z 
canister. 



SCREENlNG 

Should be included in the PROCESS SYSTEM, probably by making conscrva- 
live assumptions mncerning fractions of the said spccics !hat arc available for 
transport immediately after canister failurc. 

Lumping 
Screening PROCESS SYSTEB1 

PROCESS 

Solubility within the fuel matrix refers to the solubility of specics containcd in 
the fuel matrix in the water entering the canistcr after it has lailcd. 1s highly dc- 
pcndcnt on water chemistry, redox potential and r~diolysis. 

EFFECTS 

Tt,c solubility aficcts thc relcasc of radinnuclidcs io the ncnr Cicld. 

SCREEKING 

Should bc included in the PROCESS SYSTEM. 

1.2.7 Recrystallization 

Lumping 
Srreening PROCESS SI'STEBI 

Recrystallization is linkcd to  solubility phcnomcna and chanpcs in miltcr 
chemistry. in turn couplcd to radiolysis. 

Recq5tallization may also refer to thc long-tcrm aitciation of a cemcnt 
matrix, i.e. crystallization of calcium silicate hydiatcs. 

EFFECTS 

The first effect may have to be taken illto account closc tc thc rcdox front. 
However, rectystallization is a non conservative assumption as it gives lower 
values of so~cbility. 

SCREE:'ING 

'The recryrtallization should be included in thc ?ROCESS SYSTESI. 



Lumping 12.6 
Semenlng OUT(Adm) 

PROCESS 

The  redox potenlial is influenced by the natural composition of groundwater 
and, to a high extent, of possible radiolysis close to the fuel. The redox potential 
greatly influences the oxidation of materials and the solubility of species in thc 
groundwater. It is thus an important intermediate parameter in calculating fucl 
dissolution, canister corrosion and radionuclide transport. 

SCREENING 

Rcdox potential is a parameter, not a process. Should be screened O U T  on 
'redundancy' (i.e. the ADhl criterion). The  parameter is handlcd within thc far 
field chcmistry and within the radiolysis effects in the ncar ficld. 

1.2.9 Dissolirtion chemistr- 

Lumping 15 
Screening PROCESS SYSTEM 

PROCESS 

Dissolution refers to dissolution of thc fuel matris. It is high]? inllucnccd h!. 
water chemistry and radiochemical reactions. Thc dissolution chcmistry mighl 
be defined as those chemical condicio.rs that influence the ratc of fucl matrix 
oxidation (malrix conversion). reprecipitation and "Icaching ratc" of uranium. It 
includes chemical equilibria as well as reaction kinetics. 

EFFECTS 

The  dissolution chemistry, together with solubility and groundwater exihangc 
rate, decide the nearfield activity release. 

SCREENING 

Shall be included in the PROCESS SYSTEM. 



j 13 Damaged or deviating fuel ''1 
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Lumping 
Screening PROCESS SYSTEM 

PROCESS 

The detailed composition of the stored fuel will vary, due to initial enrichment, 
possible Pucnrichment, burn-up etc. 

Damaged and possibly also extreme high burn-up fuel might have a greater 
surface exposed to  the water penetrating the canister. 

Codes to asjess the nuclide inventory in different cases are available and suf- 
ficiently accurate; the difficu!ty is formulating representative input parameters 
for the calculations. 

EFFECTS 

F G ~  the single canister in question, this might bc important for thc release rate 
of radionuclides, but as long as it is light-watcr powcr reactor Cucl. the ovcrall 
impact will remain within ge.leral conservatism in assumptions. 

SCREEKING 

Forms part of the PROCESS SYSTEM. 

Lumping 
Screening OUT (CONS) C3 

PROCESS 

Sudden energy release could occur by sabotage during the operational period. 
Formerly. suspicions have been put foward on the possibility of sudden 

release of lattice energy stored in the fuel, similar to thc Wigncr ellcct. This has 
however, shown not to be possible. 

EFFECTS 

The storage is not very sensitive, canisters, backfill and excavations will not easi- 2 
ly be damaged, the energy will spread elastically in the bedrock, consequences " 

are like those from an earthquake. 

REFERENCES 

(See SKN-review of KBSJ). 

SCREENING 

Should be screened OUT for low consequence. 
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1.5 

<;. . . . .. . . . . . . 
Release o f  radionuclides from the  fai lured canister  

. . 

Lumping 
Screening PROCESS SYSTEhS 

PROCESS 

Is linked to  solubili~y of the fucl matrix, t o  the binding of solublc spccics in thc 
matrix and to the access ol water and its chemical propcrtics. Exarnplcs of 
release resistance arc Ph-I reactions, that could rcduce thc rclcasc of lission 
products to the groundwater. 

EFFECTS 

The effect of release resistance may be to  rcducc the release o l  fucl matcrial to 
the nearfield. 

SCREEXISG 

Should bc nodcllcd in thc ncarficld chcmical rnodcl and includcd in PROCESS 
SYSTEM. Chcmical paramctcrs subjcct to scnsitivit!.an;~lpis. 

2.1.1 Chemical  reactions (copper corrosion) 

Lumping 
Screening PROCESS SYSTE3I 

SCWEEKISG 

Naturally, chcmical reactions is part oC thc PROCESS SYSTE31. 

2.12 Coupled effects (elec~rophoresis)  
L 

Lumping 
Scmning Ol!T 

Electrophoresis is thc migraticn of ions in an electrical licld. Probably this can 
only occur in mnnection with galvanic corrosion, i.e. after breach cf thc canister 
when migration of radionuclides is considercd. The cffcct might possibly ill- 
fluence the rate of uranium dissolution. This can probably bc calcula:ed andlor 
tested by laboratory expcrimcnts. 

SCREENING 

May eventually be screcncd out after morc careful anal!.sis. 



Lumplng 
Srrccnlng PROCESS SYSTEhl 

The  only really aggressive components in the waste are the halogens (iodine and 
bromide) and possibly also Se and Te. It could easily be calculated how much 
copper  lhese elements would consume if released from the fuel rods to the 
canister. 

Lumping 
Screening PROCESS SYSTEhl 

This FEP only conccrns the channcls t h i ~ t  rnay bc forrncd in t h c  canislcr itsclf. 
The  effcct on the canistcr of channclinp in othcr parts of thc rcpositoq (chan- 
neling in the buficr. in Lhe nearby rock or  In thc gcosphcrc arc trcatcd at thcsc 
respective FEPs). 

EFFECTS 

Channelling within the canistcr can bc rulcd out within an intact burfcr. Also. 
advcctive transport within the canistcr aftcr failurc of both canistcr and buffcr 
has to be trcated as a spccial casc with no available modcls. 

SCREENING 

Should be in t h t  PROCESS SYSTEM. but may at a l a w  stagc bc scrccncd out. 
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12.15 Role of chlorides in copper corrosion : 
. . .  E6:;a+is:<:w.:w. ...% .................. 

Lumplng 
Scmnlng PROCESS SI'STEh1 

During oxidizing conditions it has been shown in a Canadian u a r k  (MRS 88, 
Berlin) that the  corrosion of copper is limited by the trans,mn of reaction 
products in t h e  presence of chloride ions. 

During reducing conditions extremely low pH (about 2 o r  less) is ncccssary in 
crder to cause w p p r  corrosion (cf KBS-3). Howevcr. thc pH interval where thc  
copper is stable for corrosion may decrease as the salinity incrcascs. 

(This FEP is related t o  5.1 Saline groundwater intrusion). 



Lumping 
Screening PROCESS SYSTEM 

This kind of reaction can only occur in a breachcd canistcr. Only of importancc 
when coupled to (2.1.2) electrophoresis. 

Lumping 
Screening PROCESS SYSTEM 

PPrJCESS 

Electric currents will havc 3n effect on thc corrosion on the canisters and possih- 
ly on thc transport of elements through thc bcntonitc buffcr by clcctro-osmosis 
or clcctro-phoresis (the former for dissolved spccics thc lattcr for particulatco). 

Thc first question is to find all possible sources of electric currents in ~ h c  rc- 
pository environment. The most obvious one is c l c ~ t r ~ ~ h ~ m i c i i l  rci~ctions occur- 
ring at thc canister boundar).. o r  due to thc prcscnce of dilicrcnl mctals in thc 
repository. 

Anothcr source is the electrical field associated with radiolytic clli.cts duc to 
the waste; it has already been mentioncd in some confcrcnccs. A third orrc is 
natural currents occurring in the ground. known as "telluric currcnts". Thcsc 
currcnts are generatcd bc several proccsscs; onc is piczo-clcctricity uhich is 
being tested in Grccce to prcdict earthquakes in the vicinity of hulls whcrc 
large stresses develop. 

Thc major cause of telluric currcnts is related t q  the solar activity. which 
creates ionospheric currents around the earth. in rclation to its magnetic ficld. 
Thesc currents are randcm. ancl cover a large range of frcquencics. Thc frcqucn- 
cics bclow 1 Hz havc a penetration depth which ercccds thc repsitory dcpth 
and thercfore they need to bc considered. Telluric currcnts also follow thc sol;~r 
activity (with the 11-year cycle) and have the same origin as the "pular lights". 

At repository and since crystalline rocks are mostly resistors. thc flow of the 
electric currenls will take place in the water conducting fractures. and will bc 
"channelised" by the conducting argillaceous material introduced into the re- 
pository as buffer and backfill. They will also use thc long coppcr canisters as 
preferential pathways. It is thus necessary t o  study their role in corrosion studies. 
e.g. pit corrosion. since the circulation of the current In the water-conducting 
fractures will concentrate them to  restricted areas of the canister. whcrc they 
may increase the corrosion rate and the pitting factor; this effect may be onc 
reason why the pitting factor of  metal is a function of the sizc of the objcct (a 
small coin does not have the same pitting factor as a large bronzc cannon). 

It is also of interest to  investigate thc possiblc changes df thtsc solar ionos- 
pheric currcnls in the futurc, e.g. if they havc othcr qclcs  than thc I I - p a r  one. 
or what can happen when the magnetic polc of  the earth vaai~hcs and bccomcs 
invertcd (a phenomenon that occurred several times in rhc past and is used as a 



geological clock; the next magnetic pole inversion is predicted to  occur in ap- 
p~oximately 200000yean. i e. wi hin the time frame of a repository perforrnancc 
assessment). 

If thcse currents are quantified, their potential impact on corrosion ratcs and 
transport enhancement by electro-osmosis could bc assessed by a preliminary 
calculation, t o  see if they should be included in the scenarios. 

SCREENING 

Should be included in the PROCESS SYSTEM, although bascs for quantifica- 
tion lack at the moment. 

bmplng 
Sertcnlng PROCESS SYSTEhl 

Pitting is a corrosion phcnomcnon. 

REFERENCES 
h'iclscn and Vidcm. Evaluation of the fcacihi!ity of carrying out a probilistic as- 
ccssmcnt of the life of thc coppcr canistcr. Tcchnical Rcport SKI W7.198S. 

2.1.8 Corrosive agents , Sulphides,  oxygen e lc  

Lumping 
Serecniog PROCESS SYS'Ehl 

The  presence of corrodants, either naturally occurring or prescnt initizlly in 
backfill materials, will give rise to  corrosion of the copper canistcr, e\.entually 
leading t o  its failure and subsequent release of radionuclides. In thc absence of 
oxygen, which is the expected condition 31 repository depth, copper may only 
corrode to  cuprous sulphide. The  source of sulphur is free sulphide (or possibly 
polysulphides) or  sulphate. The latter is thought to  bc of lit:!c significance. 
however, due to  very slow reaction kinetics; the supply of ferrous iron might also 
b e  limiting. 

CAUSES 

Sources of corrodants are  substances originally prescnt in backfill materials 
(oxygen. sulphides, sulphate) or  in the groundwater. Thc content of ccrrodan:~ 
in clay buffers etc can be controlled and is othcrwisc well known. In total thcy 
can contribute to general corrosion of some tcns of kg of coppcr. T h c  con- 
tindous inward transport of corrodants from thc grclogical cnvironmcnt is 



probably dominated by diffusion from the tunnel system. giving risc to a local- 
ized attack a t  the top  of the canister. This 13 r r  of corrosion is thcn limiting for 
the canister life-timc. The measured concentrat i~ns of total sulphidc in ground- 
water is in general below 1 mgA, which gives life-times on  thc ordcr of tcns of 
millions of years. A combination of very unfavourable conditions (concentra- 
tions, buffer failure, high groundwater flowrates etc) might lcsscn thcsc figurcs 
by about one  order of magnitude. In conclusion, a very early failurc of canistcrs 
from corrosion attack, say within one  million years, does ncit seem vcry probable. 

EFFECTS 
Extreme conditions (see above) might lead to  failure of coppcr canisters from 
general corrosion in the timespan between one and :en mill io~s of ycars. This as- 
sumption is based on  a canister wall thickness of 100 mm. A smallcr wall thick- 
n w  will give correspondingly shorter lifc-timcs. 

REFERENCES 
Copper as a canister matcrial for non-reprocessed nuclcar fucl wastc. h s c s s -  
ment from viewpoint of corrosion. (In Swcdish.) KBS T R  W. KBS. Stockholm 
1978. 

Corrosion rcsistancc o f a  coppcr canistcr for spcnt nuclci~r fucl. KBS TR 83. 
24. S U E  Stockholm 1953. 

Niclscn. I?-0. and Vidcm. K.. Evaluation of thc fcasihilit!. of carrying out a 
probabilistic assessmcnt ol thc lirc of thc coppcr canistcr. SKI TR 88:7, Stock- 
holm 1988. (Translation of Scandpowcr Rcport 2.34.12-2. 1984.) 

2.1.9 BacWlII emects on  Cu corrosion 

Lumping 
Screening PROCESS SYSTEM 

DESCRIPTION 
Backfill and buffer materials might influcncc thc ratc of coppcr corrosion in thc 
following ways: 

- initial content cf oxidants. e.g. trapped oxygen, sulphidcs. sulphatc. thc trans- 
port of wrrodants to the canister surface is limitcd by diffusion in the backfill 
and the transport resistance bctwecn thc backfill and thc flowing groundwatcr. 

- the clay buffer influence localized corrosion, on the micro scalc (pitting). and 
o n  the  macro scale (in case of  buffcr failurc). 

CAUSES 
Unfavorable conditions might result from inferior quality control and unex- 
pected buffer failure. 

EFFECTS 

Poor backfill characteristics night shorten thc expcctcd canistcr lirc-timc con- 
siderably. This is not thought to bc a scrious problem. howcvcr. scc 2.1.8. 
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PROCESS 

Microorganisms exist in geologic environments. There are several different 
types. Anaerobic bacteria are the most :ikely species in deep groundwaten. e.g. 
methanogenic bacteria and sulphate reducers. 

Microbial activity is likely both in the near- and far-field of a high-level waste 
repository but the biomass is constrained by nutrient availability. In the near- 
'field the presence of microbes can not be excluded but the nutrical availability 
will generally be very low as compa~ed to  the biosphere. 

Bacteria have been found in undisturbed deep groundwaters but again this is 
a heterotrophic environment with general unfavourable conditions for extensive 
microbial growth. The activity in the far-field is likely to  depcnd on the supply o l  
nutrients from the surrounding waters and host rock. 

EFFECTS 

Possiblc adve~se consequcnces of microbial activities arc production of cor- 
rosive agents and gases. Either the microbes themsclves or  substances produced 
by the microbes car  be imagined to take up radionuclides by sorption or  complcx 
formatiol?. These aggregates may act as mobile species of radionuclides which 
would othenvise have a low solubility or  a strong tendency to sorb on the mineral 
surfaces. Bacteria driven geochemical reactions can also at lcast in principle 
cause generation of colloids e.g. ironhydroxidc partic!es by oxidation of iroa. 
Bacteria in a heterotrophic environment have thensclf a tendency to live sorbed 
on mincral surfaces. This may in fact add to the uptake of radionuclides on 
mineral surfaces but it also introduces an uncertainty v i s -h i s  laborator)' sorp- 
tion measurements and the fact that dead bacteria or decomposition products of 
them may become released to the water phase. 

In the near-field corrosive agents might bc produced that could influence the 
corrosion rate of the canister and eventually also radionuclide migratiori. Resi- 
dent microorganisms in the far-field could potentially act as colloids thus en- 
hancing nuclide transport. 



Lumping 
Screenlag PROCESS SYSTEhl 

PROCESS 

Movements in and deformation of the canister material. 

If voids inside o r  octside of the canisters are present and internal or external 
pressure respectively is formed, the ductile copper material will creep into these 
voids. If tension stresses are formed at the outside of the copper inaterial during 
manufacturing these stresses might be reliefed by c ree~ ing  of the material. 

EFFECTS 

The  canister barrier effect might be impaired. Coppcrs ductility for crecp are yet 
not known to  full extent but can be limitcd to dcf~rmalions to a f cu  pcrccnt. 
Especially the welding zonc is sensitive for crecp since this small arca is suhjcct 
to  hcaty heat changes during manufacturing of the canister. 

. . . . . . . . . . . . . . .  : . - ................................... i... . " .  : :  . 

i 23.1 Thermal cracking:" 
. . ....:.... ...... ..:... . . .  . : . . . .  . . . . . .  . . ::. : ..., :.: :.: :.. 

Lumping 
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PROCESS 

Very high temperatures In a brittle material could cause strcsscs :hat could lcad 
t o  cracks. Ilhe probability for such temperatures are judgcd to be ncgligihlc and 
copper is not a brittle material. 

Cycling variances of temperatures could lead to fatigue in the material. Thc 
frequency in the temperature changes must then be  rather high. Tempcraturc 
changes with a high frequency are very unlikely in a repository environment. 
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tumping 
Srmaiag OUT(ADh1) 

Electrochemical cracking is covered by corrosion (2.1.1). Thus 2.3.3 may bc 
screened out on the administrative (duplicate) criterion. 

933 Stress corrosion cracking [ 
wxw.a<.: <---<<c..7A:7*x<<xw..%K*.: ., . ... :.: :...: :.:. :..: 

tumping 25.1 
Scmoing KEPT 

PROCESS 

Stress corrosion refers to  cracking of thc copper material undcr stress. 

CAUSES 

In an aggressive environment and with tcnsion stresses on  thc material corrosion 
might occur. The groundwater h a w  to h a w  a nitrogcn conccn!ration above 1 
mmolar or  50-60 ppm before any corrosion reaction will occur. Thc probability 
for such an environment will bc very ;ow. 

EFFECTS 

Increased leakage of radionuclidcs. 

SCREEKIKC 

Stress corrosion cracking could be lumpcd to random canistcr defccts (2.5.1). 
O n e  could view 23.3 being a special case of 2.3.3. 



Loss ofductilit 
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Lumping 25.1 
Screening KEPT 

PROCESS 

Coppcr material looses some of its ductility for plastic andlor crccpicg deforma- 
tions. 

CAUSES 

Loss of ductility may take place due to: 

- Impurities in the coppcr material. - Bad manufacturing methods. 

EFFECTS 

The matcrial becomes morc sensiblc for crccp andior plastic dcf~rn~i~tions. 

23.5 Radiation emects on canister 

Lumping 23.1 
Serecning KEPT 

PROCESS 

Radiation may lead to brittlencss of thc coppcr matcrial. 

CAUSES 

A ncutron flux will causc brittlcncss of thc coppcr matcrirll. Sincc thc ncutron 
flux will be very low in thc repository any scverc brittlcncss will hc v c n  unlikcl!~. 

EFFECTS 

May lead to canister failure (2.5.1) if combined with other effccts. 
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Lumping 25.1 
Scmning KEPT 

PROCESS 

Cracking along the weld at the canister lid. 

CAUSES 

Bad manufacturing methods could lead to "cold cracks". 

Late cracks: 

Creep 
Stress Corrosion Cracking 
Loss oi ductility 

EFFECTS 

Cracking implies a canistcr fa~lurc which ma!. lead to lc-.k;lic. radionuclidcs. 

, , 

23.7.1 External stress 

Lumping 43.1 
Screening KEPT 

External stress, caused e.g. by rock displacements. may Ic;lfl to plastic dciorm;t- 
tions and creep in the canisler a ~ ~ d  subsequent leakagc oC ..ddianuclidcs. 

................ ........... ; ............. : :... +..: '.. .>*<..2:.<.*l...;.)...;... ...< ...::. : ::, ..: ..,,.: .;,.,.. ,.:: :. ... . . 

$ 2 3 . 7 3  Hydrostatic pressure on canister ,. 
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Lumping 
Semning  OUT(C0NS) 

The hydrostatic load (5 MPa) o n  the canister must be a negligible stress com- 
pared to  the swelling pressure of the buffer. The hydrostatic load could bc 
screened out on low consequence o n  the canister integrity. 

The canister is dimensioned for a hydrostatic load of 5 MPa and a swclling 
pressure of the buffer o i  10 MPa (see KBS TR 83-20). 

REFERENCE 

KBS TR 83-20. 
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ure 

Lumping 
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PROCESS 

After about 1 million years the He production in thc s p n t  fuel will havc causcd 
a highcr internal pressurc than the surrounding hydrostalic prcssurc and thc 
swelling pressure from thc bentonitc. Design differcnccs for fucl typcs ss well as 
different burn-up history will, due to  different internal pressurc build up. causc 
a tirnc spectrum for canistcr brcak down. 

2.4 Voids in the !cad i;lling 

Lun.?ing 25.1 
Screening KEPT 

PROCESS 

If voids occurs in :hc filling rnatcrii~l in thc canis~cr this rnigl~t Ic;~d t o  crccp 
phcnorn~~n ;~  in thc surrounding coppcr material. Dcpcnding on thc \.olumc ol' 
tt,c void this could lcad t o  wc;rk palls in thc c;~nistcr wall ;icd thcrclby c;~rlicr 
breakdown of the canistcr than olhcwisc cxpcc~cd. 

2.5.1 Random canister defects - qualit! control 

Lumping 
Screening KEPT 

O n e  or a few damaged car.is!ers cannot bc outrulcd dcspiic carcCul quality con- 
trol. The:e are 3 numbcr o f  reasons why 3 canister may 1311. FEPs influencing 
canister failalres are lumpcd to  2.5.1. 
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lects - quality control 

Lumplng 23.1 
Screening KEPT 

Vcry unlikely but an important what-if situation (sccnario). Common c;~usc 
should be lumped to  2.5.1 (random dclectsj as common causc is a spec;;tl case ol 
23.1. Evaluating the conscqucnc;: of 2.5.2 knowing rhc consequence o; 2.5.1 is 
probably straight fonvard. 

3.1.1 Degradation of the bentmite by chemical reactions 
., % 

Lumping 
Screening PROCESS SYSTEM 

PROCESS 

Thc  dcgrzdaiion coald bc causcd cithcr hy matcriiil dcl'icicncics. c.g. poor 
quality control. or  by uncxpcctcd chcmic~ l  com?ositian ol thc ground \\.iltcr. 

EFFEC'I'S 

Thc  result of the bentonite chemical degradation could hc t\\.orold: l'irstl!. rcduc- 
tion of s\vclling capabililics and thus incrcdscd h~~drologicirl conductivity. 
secondly "cmientation". rcduction of plasticity and conscqucntly a risk for cnnn- 
nclling cffccts. 

REFERENCES 

Much information is available in the KBS-3 work on the f c ; ~ ~ u r c s  or hcntc~nitc. 
and also o l  the probabilities fur chemical dcgradatior.. 

SCREESING 

Should be included in thc PROCESS SYS TEhl. 



: 3.1.2 Sa tv ;  a t i o n  o f  so rp t i on  s i t e s  
L 

Lumping 
Screening PROCESS SYSTEM 

There  is an  upper limit of  the sorption capacity of a buffer ma t e r i~ l  w h ~ c h  may 
b e  described in terms of the  cation exchange capacity (CEC) ol the c l q  mineral 
c o m p n c n t .  (The clay mineral also has a minor anion exchange capzcity which 
howevcr is neglected here.) hlost o f  the  important nuclides will sorb on  the  

clay also for other  reascns than idn-exchange mechanisms. 11 is probably thc 
large specific surface of  the clay that is of importarce. 

T h e  risk that the amount of  nuclides released from an eventually damaged 
canister exceeds the sorption capacity of a buffer may easily bc avoided. pro- 
vided that t h e  nuclide content and CEC a re  known. It shquld also b c  r.otcd that 
in the  KBS-3 study no  credit was taken from sorption in thc buffer. 

3.1.3 EfTects o f  ben toni te  o n  g r o u n d ~ a t e r  c h e m i s t n  

Lumping 
Screening PROCESS SYSTEM 

T h c  i:w-exchangc properties o f  the bentonite and impurities such as  sulphidcs. 
sulphales, organic compounds, carbonates and Fc(1.l). will influcncc thc chcmi- 
cnl composition oC the groundwater. This will in turn h a \ r  an impact o n  the a€-  
grossivity of the groundwater o n  thc corrosion of thc canistcr. 

T n e  ion-exchange capability may also ailect thc transport of  radionuclidcx 
back through the bentonite lo some extent. 

This heading refers to the  impact o n  ground water chcn i s t n ,  w hrch should hc 
included in the base case description of thc buCfcr material. 
Thc ion exchange properties may also be bcncficial and h a w  a positive impact 

in cases, when t he  groundwater chemistry dcviatcs frcm thc standard composi- 
tion. 

SCREENING 

T h e  chcmical properties of  the bentonite should be includcd in thc PROCESS 
SYSTEhl.  



Lumping 
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PROCESS 

This beading refers to  the possibility that the bentonite contains, or  produces, 
particles small enough t o  follow the water in colloidal form, especially in case or 
non-filled cavities. 

EFFECTS 

The colloidal particles would bring with them radionuclides due to  ion-exchangc 
and other sorbing mechanisms. As long as the nuclides stick t o  the particles thcy 
would not be subject to sorption o n  the fracture surface along the groundwater 
flow path. 

REFERENCES 
The  KBS-3 and later knowledge ofbentonitc propertics should lbrm thc basis to 
set figures o n  probability and extent of colloid generation from thc bcntonitc. 

The existcnce of colloid particlcs should bc included in the PROCESS SYS- 
TEM. 

Lumping 
Serrcniag PROCESS SYSTE31 

PROCESS 

Coagulation or flocculation is the process by which dispersed clay particlcs bcpin 
to  stick together in suspensions. The  flocculation may take placc duc to  the ad- 
dition of a few percent of salt to the clay suspension. Thc flocculation givcs risc 
t o  aggregates of clay particles. Largc aggregates are influenced by gravity forccs 
and will settle t o  a bottom sediment. 

CAUSES 

Flocculation is only expected to take place in a dilute clay-water system (e.g. gel, 
solution, o r  suspension). Flocculation is mainly favoured by high ion concentra- 
tions and by high catian valencies. 



CONSEQUENCE 
Although flocculation may change t h e  properties o f  a bentonite-water system. 
the buffering capacity in the  originally dense be l ton i tc  is expccted t o  bc  
damaged mainly by the dilution of  the system and not by the subsequent floc- 
culation. I n  fact, in  order  t o  avoid that the bentonite particles a re  dispcrscd from 
the  buffer into the fractures, it is necessary that the bentonite in thc buffcr has 
a sufficient capacity for coagulation ( the concentration of  coagulating ions cx- 
ceed the  C C C  (Critical Coagulation Concentration)). 

w< ,,., ., .: .:.:.:.:: ...., :...:.,::: ,.. . . . . . . . . 
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PROCESS 

Sedimcntation is thc process whcre large particlcs (on a molcculi~r scale) in a 
suspension settlcs duc  t o  the gravity forccs and form a scdimcnt. Altcr  the  
sedimentation the  suspension consists of  thc s c d ~ m c n t  and a clcar. particlc-frcc 
supcrna;ant liquid. 

Sedimcnt;rtion in bcntonitchvatcr systcms only occurs u hcn thc u a t c r  contcnt is 
so high that the propcrtics of  thc  s p t e m  arc simil;ir t o  thosc of a liquid. 11' 
scdimcntation occurs in the bcntonitc buflcr it prcsupposcs considcrnhlc dilu- 
tion, caused by e.g. washing ou t  o f  bcntonitc particlcs. 

EFFECTS 

I n  thc  vicinity of  a canister, the  effccts of  sedimentation may bc considered as  
negligible in comparison t o  thc processes which dilutc thc  bufl'cr. It should 
howcvcr be pointed o u t  that sedimentation of watcr transported buffcr mntcrial 
may play a significant rob: in the  sealing of rock liaurcs. 

Lumping 
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PROCESS 

T h e  ccmcnt  pore water composition is detcrmincd by rcactions wilh thc solid 
phascs. T h e  flowing groundwiitcr will dcplete  thc  porc watcr o f  initially dis- 
solved sodium and po:assium hydroxides. Then thc Ca(0H) :  ccmcnt c o m p n c n l  
is dissolved and the pH-value riscs t o  12.4. When all calcium hydroxidc is dis- 
solved, then the aluminia silicatc componcnts arc  dcplctcd from ccmcnt. Thc 



p H  drops at the same time but isstill above 10. When all silicatc is dissolvcd. thc 
pore water will be  equal to  the groundwater. 

EFFECTS 

See especially 3.1.1.3.1.8.3.2.1.3.2.2, and 3.2.3. 

REFERENCE 
1 Lunden & K Andersson: Modeling of thc mixing of cemcnt porc watcr and 
groundwater using the PHREEQE code. (1988). 
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Lumping 
Scrrcning OUT (ADhl) 

Ncar ficld buller chemistry is a heading and docs not dcscrihc specific. proccsscs 
o r  cvencs. This F E P  is scrzcncd out on thc administrati\< critcrion. 

Lumping 
'@ 

Screening OUT(ADS1) . 
4:- % 

Radiolpis is covercd in 1.2.1. This FEP is scrccncd out on thc adr,>inihtrittivc 
criterion. 

3.l.iO Interactions ~ i t h  corrosion products and waste 

Lumping 
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PROCESS 

The  hcading refen to  thc ion-exchange and other interactions bctween cor- 
rosion products and waste ar?d the b:ntonitc material. Thcse phcnomcna must 
bc  treated togcther with thc interaction uith grounduatcr. 3.1.3. 



EFFECTS 

T h c  effects o f  interaction could be degradation o f  the ben ton i~c  material. 
Tfie probability o f  waste concentration in the bentonite t o  an cxtcnt that this 

degradation b e  of  importance, is probably low. 

SCREENlNC 

T h e  interactions should bc  modclled in the  PROCESS SYSTEM. 

........... . . . . . . . . .  . : : : . : .  . . .  . 

:. 3.1.1 1 Redox front 
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T h c  rcdox front could rcicr t o  thrcc diffcrcnt possiblc rcdox fronts: 

1) T h c  changc of  watcr chcmistq whcn oxidizing su rhcc  wi1tL.r cntcrs thc  I'ar 
ficld and at the  redox front changcs to rcducing conditions. 

2) Thc  transient aftcr ilosing thc storagc. whcn the ncarlicld rcsumcs thc n;ltu- 
ral rcducing conditions. 

3) The  p s s ib l c  establishment of oxidizing conditions. duc  to ri~diolysis in l hc  clo- 
sc vicinity of thc  fucl. and thc chnngc t o  oxidizing conditions I'urthcr our in 
the ncarficld. 

T h c  cifcct of t h c  fin1 point (natural phcnomcnon) should h c  wcll known and 
takcn inlo account in basc casc sccnario. Altcrnativc sccnario could hc causcd 
e.g. by h u n a n  induccd changc ofsurfacc watcr chcrnistry. 

T h c  second point should havc ncglipiblc i,npact. as thc tran5icnt nil1 hilvc 
ccascd long bcfore the canislcr failurc. 

T h c  third point should b c  takcn inlo account as a hasc casc assumption. ~ h c  
extent o f  radiolysis k i n g  realistic and watchcd as thc povcrning paramctcr. 

T h c  rcdox front is rclated t o  thc  following FEPs (6.3.1.1.S. 1.1.1 and 4.1.1 r .  

Lumplng 
Screening OUT (ADhl) 

This FEP is covered by 3.1.1 "Degradation of the bcntonitc by chcmical reac- 
tions". Thus 3.1.12 may bc  x:eened out  o n  thc administrativc crilcrion. 
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Lumping 
Scmning PROCESS SYSTEhl 

PROCESS 

T h e  bentonite could be  influenced by the radiation from dissolved fuel passing 
o r  depositing in the bentonite clay. 

SCREENING 

Should be included in the PROCESS SYSTEM. 

Lumping 
Greening PROCESS S\'S?F.hi 

PROCESS 

Thc swclling of thc buffer and backfill material is a basic property. rcprcscntcd 
in the nearfield model. Most of possible. and probablc. swc;ling into crack3 and 
surrounding tunnels will rcduce thc groundwatcr flow to the storagc area, and 
thus, in this aspect. reprcsent a conservatism in the model, as long as it is nct 
taken credit for. However. the contact bctwecn thc rock and the bentonite is 
usually assumed to  be perfect which dramatically restricts the transport from thc: 
bentonite into the flowing groundwatcr. This restriction will bc dccrcascd thc 
bentonite does not fill  all cracks intersecting thc deposi t i~n holc. 

EFFECTS 

The  negative aspect would include swelling into surrounding cayi t i s  :o such an 
extent that the planned high density is not maintained, and thus not thc pl:~nncd. 
low hydraulic conductivity. 

SCREENING 

T h e  swelling should be included in the PROCESS SYSTEM. using consenlativc 
assumptions concerning its impact on  adjacent crack systems. The extremc 
swelling into cavities resulting in lack of bentonite pressure is handlcd under thc 
heading poor quality,control of backrill. 



Lumplng 32.1 1 
Screening KEPT 

PROCESS 

Uemen swelling probzbly represents a transient state. the time scalc which 
should be experimenta:!~ verified and inclilded in the PROCESS SYSTEM. 

Deficiencies in matcrial structure. cementing etc. could cause steady state im- 
perfections. 

EFFECTS 

This could cause preferential pathways or  even fiow ilistead of diffusion. Thc 
probability is judged low, provided quality control is good. 

SCREEKIKG 

This should bc KEPTon thc list of scenario events. Thc FEP is a subsct of3.2.11 
Backfill matcrial deficicncics. 

3.2.2 Movement of canister in bul''er/backfill 

Lumping 32.11 
Scrccmiag KEPT 

PROCESS 

This phenomenon is well kncwn and calculations can bc madc on the crtcnt of 
this type of movement. It is of no importance for basc case caiculation. 

An accelcrated movement coulci reduce the effcct of thc bcntonitc barricr. 
This would again probably be a conscqucnce of matcr~al dcficicncics or  poor 
quality control. 

EFFECTS 

Canister movement in ths buffer/bac)rlill could bring the canister fastcr in con- 
tact or  closer to the bedrock, thus reducing the e f f c t  of the buffcr/backfill 
material. 

SCREENING 

Should be KEPTon the list as a subset of 'Backfill material deficicncics' 3.2.1 1. 
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f a i lu re  o f  buffer/baclilill  
. .  . 

Lumping 42.1 
Screening KEET 

PROCESS 

Mechanical failure of  the buffer material here refers to disturbances of  thc  buf- 
fer due to  rock movements in fractures intersecting the canister deposition holcs 
o r  intersecting the  repository tunnels. 

SCREENING 

T h e  causcs for rock movemects along frac:ures are covered in 4.2.1. Mcchanicnl 
failure of the repository. Thus 3.2.3 may be lumped to  4.2.1. 

3.2.4 Eros ion  o f  buffer/backfill 

Lumping 
Screening PROCESS SYSTEM 

PROCESS 

Solid material in burfcr o r  hacklill is carricd a\vily by Ilowing grounduaccr. Thi5 
process s h ~ u l d  be  distinguishcd from chcmical dissolution, which of coursc can 
occur simultaneously. 

CAUSES 

Releasc of particdates in thc  "normal" situation is vcty unlikcly indccd. For nor- 
mal groundwater compositions this may only occur for vc? high flo\\ri~tcs. 
Flowratc criteria might be availablc. High flowratcs may bc causcd by cvcnls 
such as carthquakcs. glaciations etc. most of u hich arc of a tranhicnt naturc. T h c  
effcct of temperature may bc important. 

Anothcr cause for rclcasc of solid clay particlcs secms to bc  conncctcd to 
change in water chemistry that gives abnormaily low salt content  (ionic 
strength); distilled water gives suspensions of bentonite. Critzria for ground- 
water can be developed 

Preceding o r  simultaneous chemical alteration of the clay might of course in- 
fluence the situation. 

EFFECTS 

T h e  b a r n 3  in question might be impaired. Redistribution of matcrial in frac- 
tures. The  eroding clay acts as En "enginccrcdS'sourcc of colloids. 

REFERENCES 

Le Bcl. KBS T R  97. 



Lumplng 
Screening PROCESS SYSTEhl 

PROCESS 

T h e  main thermai effects o n  bentonite may b e  associated with heat-induccd con- 
version of montmorillonite t o  either beidellite o r  illite. T h e  type of clap mineral 
formed depends e n  t he  K* concentration. A low K* concentration leads to the  
formation of  beidellite. while a high K* concentration yiclds non-expanding il- 
litc. 

Bridellite exhibits similar expansion properties as  montmorillonite ar,d docs 
not collapse p rmanen t l y  with other  cations than K' in the  interlamcllar spaces. 

T h e  thermodynamics of montmorillonite in polyelectrolyte solutions indicates 
that  different cations a rc  taken u p  in intcr-lamcllar positions at diifcrcnt 
degrccs of water saturation. K' is prcfcrrtd t o  Na' in vc? dcnsc smcctitc clay 
whilc thc opposite is valid for "soft" conditions. 

Hydrothermal cffccts may also t o  somc extent hc  associated with changcs in 
thc  microstructural arrangemcnt of clay particlc and ccmcntirtion cnuscd by 
precipitation of  silica and othcr  e o m p n c n t s .  Rclcasc of s u b t a n ~ i ; ~ l  irmounts ol' 
silica h;a hcen doc~rmcntcd for tcmpcraturcs exceeding 150 C. Prccipit;~!ior, ol' 
amorphol~s  silica has hcen observcd or, cooling aftcr hydrothcrni;~! tc>tlnc of 5.1 
montmorillonitc. ... 

;" 

EFFECTS 

Tlicrm;~l cffccts influcncc thc  hydraulic conducti\.i!!.. rhcolog!. ,rnd s\\c!:icg 
capacity of  the b y k r  malcrinl. 

REFEHESCES , a '  

R Pusch 6: 0 Karnlund: Hydrcthcrmal cfl'ccts o n  montmorillonitc. k prelinii- 
n a n  stud). SECB T R  ,%-I5 (19SS). 

3.2.6 Diffusion - surface diffusion 

Lumplng 
Screening PROCESS SYSTEM 

PROCESS 

Diffusion as a f u n d a m e ~ t a l  transport process will certainly not require any com- 
ments. O n  t he  o ther  hand. thc underlying mechanisms must bc understood in 
order  that t hc  beneficial and/or det.-imcntal effccts of diffusion proccsscs can bc 
judged. 3 n e  o f  these proposcd mechanisms is "surfacc dil'l'usion" in clay 
matcrials, which seems t o  incrcasc ratc o f  transport for some rndionuclidcs (Cs, 
Sr) through compacted clay layers. It  is also anticrpa!cd lo sccur in connection 
with matrix diffusion. 



CAUSES 

The mc chanism for the hitherto obseived cases of "surface diffusion" is not yet 
fully understood. However, it seems unlikely that thc observed phcnomcnon ac- 
tually involves movement of ions o r  molecules that are really sorhcd u;on 
mineral surfaces. A more plausible explanation seems to  be that cations which 
can take part in an ion exchange process are not "surbcd" at any spcci3c sitcs at 
the mineral surface - they occupy the charged layer in the vicinity of the surfacc 
and are thus still highly mobile. The  ion mobility in this laycr is in fact lowcr than 
i ~ r  ordinary water due to its higher viscosity. Also, the state of surfacc (or intcr- 
layer) water depends on !he clay density, e.g. as described by the water sorption 
isotherm (which directty gives the swellirig pressure). In order to more fully un- 
derstand this mechanism the interpretation of diffusion data must nlso take into 
account the dependence of observed ("apparent") distribution coeflicient o n  e.g 
ionic strength, the state of surface watc: and free water porosity. A multiphase 
model might bc developed and tcsted. 

EFFECTS 

Surfacc diffusion gives rise to higher rates of dil'lusional mass transport than cs- 
pectcd Ibr cations that take part ir, ion exchange at mincral surl';~ccs. Thc cfTcct 
of this might possibly be accounted for by a judicious choicc of transport 
paralnctcrs (diffusivitics). However, in ordcr to perform z logical anal!ais of thc 
behaviour of certain barricn development e.g. during chcmiral and ph!aical 
degradation i! is necessary to  use a modcl that morc in dc~a i l  dcscrihcs all aspcc!s 
of diffusion - including "surface diffusion". For bounding calcu!;r~ions thc avail- 
able information might wcll be  sufficient. 

32.7 Swelling of  corros ion p roduc t s  

Lumping 
Scmoing PROCESS SYSTEM 

PROCESS 

Corrosion products h a w  o higher molar volumc. cvcn in thc most dcnsc statc. 
than thc corrodcd metal. All necessary data arc casily availahlc in litcrnttlrr. 

CAUSES 

This behaviour is an unescapable consequence of the fact that mctals corrodc. 

EFFECTS 

The  detrimental effect rJ; inis swelling is that any surrounding material is com- 
pressed (clay buffers). I i  can also be the cause of cracking (cf corrosion of rein- 
forcement bars in concrete) of such materials. In the present case it may also 
lead to mechanical stresses in the corroding metal canister that in turn might 
cause an even faster degradation. This effect is already accounted for in the per- 
formance assessment since the role of a canister as a barrier ends as soon as it 
has been breached by pitting corrosion. 

D e  compression of surrounding buffer can easily bc calculated. Most probab- 
ly. in the case of a copper canister this effect is very minor. Howocr .  the chcmi- 
cal effccls of corrosion products should also be discussed. 



The swelling could aim have p-~sitive effects as the void sp.rce and thc 
transport of radionuclides msy be decreased. 
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Transport through the near-field region may take place in possible continuous 
passages through the buffer (see 3.2.9). in possible spaces between buffer and 
rock, o r  in spaces between buffer and canister. 

The seconli rase is covered by the discussion in e.g. subsection 3.2.1.1. Thc 
third case is considered tc be negligible in a bentonite buffer with high swelling 
capacity. 

3.2.3 Flow through buffer,'bactifiII 

Lumping 31.8 
Screening KEPT 

Flow through buffcr/backlill is highly dcpcndcrrt on thc ahility of thc huf- 
fer/backfill to resist piping and suhscqucnt erosion o f  ground wiitcr. Pipin; is  
more likely to occur in a sand.'bcnlonilr mixturc !him in a purc hen~onitc. In thc 
formcr matcrial piping may take placc duc to unpropcr grading of thc sand or in- 
homogeneous mixing. 

32.10 Soret eff'ecl 

Lumping 32.6 
Senening PROCESS SYSTEM 

PROCESS 

The Soret effect is a diflusion process caused by a thermal gradlent. In liquids 
having both light and heavy molecules (or ions).. the heavicr molecules tend to 
concentrate in the cold region. 

EVIDENCE 

There is little or no experimentally obtained information ahout Sorct cffccts in 
bentonitelwater systemc. 



EFFECT 

Soret effects may t o  some degree influence the ion concer.lrations in the watcr 
phase. Its importance is probably negligible but should be analyzcd likc othcr 
off-diagonal Onsager effects (e.g. 2.1.2). 

REFERENCES 

John H. Perry: Chemical Engineers Handbook. (1%3) 
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Lumping 
Scrnning KEPT 

PROCESS 

This FEP concerns materiai propertlcs that dcviatcs from thc dcsiyn v,~lucs. It is 
a heading lor possible uncvcn swcllinp uncxpcctcd movcmcnt orci~nistcrs in thc 
buffcr,hrrckfill o r  thc est;lhlishmcnt of prcfcrcntial pathw;~!.~ in thc buflcr,hack- 
fill ma~crial. 

EFFECTS 

It c~ulc! taus 5vhstantial reduction o l  thc bull'cr function and ultiniatcly chan1.c 
the mode of water t r anspr t  through thc bulrcr from dillusion to  a 1 1 1 ~  rcpirnc. 

SCREENING 

Shculd bc S P T  on thc list for composition of sccnnrios. 

3.2.12 Gas Lransporl in bentonite 

Lurnpinb: 33.8 
Screening 

CAUSES 

Potential sources for gas generation are discussed in 1.2.4. 

EFFECTS 

Thc gas transport may influence the stability of thc bullcr and thc transpart of 
radionuclides. 



Lumping 
Screening PROCESS SYSTEM 

PROCESS 

This is evidently a special case o f  redox conditions in general. It might bc limited 
in space and time (eg when considering redox fronts), o r  it might apply t o  all of  
t h e  migration path through the  geosphere. T h e  lattcr o f  these two possibilities 
should b e  covered in a separate  s c e n a r b  (design basis). Since thc  redox froni 
concept is treated in a spccial F E P  it is not necessary t o  lump this FEF? 

CAUSES 
T h e  following FEPs  may c a m e  oxidizing conditions: (4.2.1.4.2.3.4.2.5.5.2.5.33, 
5.34, 5.36. 5.37.5.39. 5.41. 

Oxidizing conditions all along thc  pathway from a brcachcd canistcr to  thc 
biosphcrc is a highly unlikely feature for a propcrly scalcd rcposi~ory in Sucdish 
bedrock. S;ill this pssihilit!. can not  Llc excluded. Laycrs uf  ferric iron mincrals 
havc becn found a t  great depths (ca AOO m) but it is not certain 

that this is dlre to  oridizing conditions. Such perturbations of thc othcrwisc 
very r c d u c ~ n ?  geological environment might occur in conncction u i th  rock 
movemclts .  f rac tu~  ing a s d  extreme channcling, leading t o  transients in high 
groundualcr  flow ve lwi~ies .  Drilling activities and o thcr  kind\ of  human in- 
trusion in t h e  accessible environment might bc othcr  causes. 

Anothcr  possibility would be if ex-rcmc channelling occurs past an earl!. 
breachcd canister and  thcn past jeveral others downstream. It rould casily hc 
checked whether  t h c  oxidant production fror,~ o n e  canistcr is suflicicnt to causc 
penetration o f  others. Taken together the  effcct of such a "chain rcaction" might 
also b c  reason for "oxidizing conditions" - o r  a: least a strong elongation of thc  
"rcdox front". (This situation should be treated under the  F E P  rcdox: tront.) 

EFFECTS 

Oxidizing conditions affcct the  following FEPs: (2.1.8.4.1.4.5.43.6.3 and 6.6). 
Most probably occurrences of oxidizing conditions wil: only hc of short dura- 

tion. D u c  t o  the  presence of  fcrr, Iron many radionuclidcs in f;~ct might h c  morc 
retarded in a n  oxidized rock than in a reduced onc.  Howcvcr, the sourcr  tcrm 
f o ~  ciigration is greater by orders o f  magnitude lor  those radionuclidcs which in 
t h e  normal case are  precipitated at  t h e  redox front (notable examples a r c  Tc and 
Np). This fart, coupled with the  possible simultaneous occurrence of  high flow 
rates, is reason enough t o  study this case more carefully. Tile probable short  
d u r a t i ~ n s  o f  these transients lead t o  t h e  assumption that they might have only 
negligible effect o n  the  integrated collective dose. 

Another  effect o f  oxidizing conditions is thc  increased ratc of  copper cor- 
rosion, although most oxygen should be ccnsumed by ferrous i r m  and sulphur in 
reducing valency states and  the  copper  in the  canistcr itself. Even if the water 
surrounding the  canister had a n  oxygen c o n 1 3 1  equal t o  surfacc water (11) m g l )  
there  would not be more than 10 mglcanistcr o f  oxygen with a groundwater flow 
o f  1 Ucanisteriyear. 





Lumping 
Screening PROCESS SYSTEM 

PROCESS 

First one  must decide the  meaning of this FEF? If is perfectly clear that the p H  
value might vary considerably due  t o  "natura!" reasons within a repository and 
the  gcosphere. In  Swedish bedrock the outer limits of this variation is set by thc 
buffering action of minerals and dissolved carbonctes, e.g. aboul p H  6.5 - 10.5. 
T h e  "natural" variation within these limits must of course be accountcd for in 
any performance assessment. Thus, in this sense pH..dcviations belong to t hc  
bast: case. Perturbances of the  surface water chemistry might shirt t he  gcncral 
acidity level towards these limits. however. Even so, the limits will most probab- 
ly not be exceeded. T h e  effect of such perturbances can b e  trcaled in design 
basis scenario. 

CAUSES 

T h e  following FEPs  a re  rslatcd to causcs for pH-dcvia~ions (5.27. 5..32. 6.S. 7.7. 
7.11). 

T h e  only really credib:? impact of this kind would bc  intrusion of highly acidic 
surface watcrs ( p H  4 -4.5) into thc bedrock. Possiblc causcs a rc  not csirctly thc 
same as for oxidizing conditions. i.e. in thc latter casc wc alrcady knot\. that thc  
rock has sufficient poising ability to reduce thc atmospheric oxygcn. 

It is not certain that the bedrock has a similrcr buffering capacity for acid 
watcrs but the  groundwater a l w a p  experience a continuous supply of acids from 
the  surface water (carbon diaxidc originating from dcpradation of organic 
materials as  well as  humic and fulvic acidsj. Thus it appcars that thc bulkring 
capacity of ihe  rock is very large ( thc  rock contdins sevcra! percent olcalcitc and 
in addition also the  feldspar rcacts with acids). 

T h e  following FEPs  a re  related t o  effects of pH-deviations ( I  2.4. 1.2.6. 1.2.R. 
1.2.9, 1.5,3.1.12,5.44,5.45,5.46,5.3). 

An acidic recharge may increasc t hc  weathering in thc  uppcr I;~!.crs of thc 
geosphere. I n  turn this influences ground water chernistr) in gcncral - nct  only 
the acidity. Increase in colloid formation might also bc a rcsull. Sooncr o r  h e r  
the  perturbation might spread to the repository levcl and fallow thc migration 
pathways towards the  decharge zone. Subsequently most chcmical proccsses or 
any importance might be afiected, although the consequences would be highly 
variable. Fxamples are: bufier/baclrfill chemistry, redox reactions, solubilities 
and sorption quil ibr ia .  



Lumping 
Screening OUT(ADh1) 

This FEP is split into N o  new oncs 5.45 (Colloids and transpor:) and 4.1.9 
(Complexing agents). 4.1.3 is screened out in the administrative criterion. 
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Lumping 
Screening PROCESS SYSTEhl 

PROCESS 

Sorption is the collective term for adsorptioq of particles (molcculcs. ions. col- 
loids) on outer or inner surfaces of solids. Thc forccs responsiblc k)r sorption 
rangc from "physical" ir?tcractions [v d Wahls' f ~ r c c s )  to thc formation of 
"chcmici~l" bonds. Sorption retards thc transient diffusion of radionuclidcs 
through bulfcr and backfill and thc advcctivc transport in thc ncarby rock and 
the far ficld. Thc effect is wcll established and indudcd in thc migration modcls. 
Sorption is element spccific and dcpcnds both on radionuclidc spcciation 
(valcnq state. hydrolysis. complexation) and the solid phasc composition and 
surfacc characteristics. At truc thermodynamical equilibrium thcsc two scts of 
conditions are linked togcthcr. 

In most transport c~lculations sorption is accounted for by thc simplistic method 
of letting the rctardation be determined by constant distribution cocfiicicnts 
(Kd). This approach is sufficient only whcn truly c o n s c ~ a ~ i v c  Kds arc choscn. 
More elaborate and thermodynamically convincing modcls Tor sorption arc  
available (surface: complexation etc), but :he amount of useful data is as  !.el \.cry 
scarce. It should also be recognized that alcng a transport trajectory thc chcmi- 
cal conditions might change significantly on a scale less !han onc mm. Other is- 
sues of importance for a proper modelling of sorption are  the possibility of in- 
clusion of radionuclides in fracture minerals, and the release of trapped (or 
sorbed) nuclides in conncction with mineral dissolution. Phenomenologi:ally it 
is diflicult to  distinguish between matrix diffusion o n  the microscale. surfacc . 

sorption kinetics and weathering effects o n  mineral surfaces. 



Lumping 
Screcnlng PROCESS SYSTEM 

PROCESS 

Matrix diffusion is the  process by which nuclides in the water flowing in the rock 
fissures migrates into the  porous rock by difl'usion. It is governed by the charac- 
teristics of  fracture fillings and the rock mass (porosity and mincralo~).). 

The re  is considerable experimental evidence o n  matrix diffusion both from the 
laboratory and the  field. For example KBS-3 or  Abelin et. a]. (1987) providc 
both models and references t o  experiments. However, the deprec 01 matrix dif- 
fus;on. i.e. t he  available transport length in the rock matrix, for any licld siiua- 
tion is not yet known. 

EFFECTS 

Matrix dillusion is a very efficient retarding mechanism. esmcially lor s t r o n g l ~  
sorbcd radionuclides. It  rcquires a special model, hut it is not vc? diflicult t o  ac- 
count lor. Conceptually. limited matrix dillusion is a more realistic al tcrnat~vc to 
sorption o n  fracture surlaccs. In principlc matrix diffusion should hc trcatcd 
likewisc both in the far field and the in rock closc t o  thc wastc canistcrs. 
Howcvcr, in the  near field individual fractures may hc considered. whcrcns lor 
thc far licld a continuum model is probably suliicicnt. 

REFERENCES 

KBS-3, 1983. 
Abclin et.al., Stripa TR 87-21, p 68. SKB. Stockhnlm 1367. 
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PROCESS 

T h e  ~ n l y  interpretation of  this process is the  accumulation by precipitation or  
sorption of  radionuclides withic a rather confined volune  along the path t o  the  
biosphere. Subsequent release by changed chemistry might then give a kind of 
pulse discharge t o  tne  environment. Such accumulation is a standard case in bio- 
sphere modeiling (for sediments and biological accumulation). In thc gcosphcrc 
a similar situation is no t  very probable. however. Reconscn:ration might occur 
a t  the redox front, but this is treated undcr other headings. It is not v c q  
probable that any nuclide along its migration path (from thc rcdox front) 
through the  geosphere will encounter such conditions that prccipi~a:ion can 



t ake  place. O n  t h e  o thcr  hand, drastic changcs in flow directions andlor ground- 
water  chemistry might givc a n  significant rclease of originally strongly sorbcd 
radionuclidcs. 

Lumping 
Scrtening PROCESS SYSTEM 

PROCESS 

This  FEP should b e  interpreted as  t h e  influence o n  all chemical equilibria (and 
reaction kinetics. fo r  that matter)  by changes in temperature. 

CAUSES 

Thcrmochcmica l  changcs may t a k c  placc d u c  t c  a t cmpcrn turc  incrcnsc 
gencrntcd by thc  dccay hcat  o l s p c n t  fucl in ~ h c  early timcs ( u p  to ahout  10 OW 
y). A lowcrin: of tempcraturc will occur in conncction with pcrmalrost and 
glaciations. 

EFFECTS 

Tcmpcrature influences all chemical reactions of importancc: wci~thcring.  bcn-  
toni tc  degradation. solubilitics. sorption etc. T h c  early tcmpcr3ture gr 5 d '  lcnt 
might c a u s e  increased wca ihcr ing  of  s i l ~ c a t c  minerals a n d  a suhscqucnt  
precipitation of  silica (colloid formation?) downstream thc  rcpbsitory. O n  t h c  
o t h c r  hand, precipitation of  calcitc s i t h i n  the  ncar licld will t akc  placc undcr  
thcsc conditions. 

4.1.8 C h a n g e  of g r o u n d w a t e r  c h e m i s t r y  in n e a r b y  r o c k  
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DESCRIPTION 

T h e  presence of  construction. backfill and o t h c r  msn-made matcrials will causc 
changcs o f  t h e  geochemistry'in t h e  nearfield. Another  sourcc o f  such changes is 
t h e  formation o f  radiolysis products. In fact. t h c  extension o f  these changcs 
defines t h e  nearfield in t h e  chemical sense. 

CAUSES 

Thesc changes a r e  a n  uncscapablc consequcncc of  thc prcscncc o f  "unnatural" 
matcrials in the  repository. 



EFFECTS 

Clay materials such as sodium montmorillonite should havc a vcry minor in- 
Rvencc o n  the groundwater chemistry; the only effect is that thcy might act as 
sinks f ~ r  cations other than sodium. Concrcte will lead to weathcring and sub- 
sequent formation of  clay minerals (ref.), which in fact should bc  an bcncficial 
effect. Corrosion products mighl only influence thc conditions in thc nc;ir 
vicinity of canisters. 

MODELLING 

T h e  effects mentioned above can easily be calculated by available geochemical 
computer coda. Scooping calculations will probably show that the influence on  
the  macro system is negligible. 

REFERENCES 

Emrtn,  A, Lundtn ,  I., and Andzrsson, K., Geochemical kl!odcllinp. SKI TR 
89:1, Swedish Nuclear Power Inspectorate. Stockholm 1989. 

4.1.9 Complexing  a g e s t s  
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PROCESL 

T h c  presence of naturally occurring complex in^ agcntr. is wcll cstablishcd cvcn 
for decp  groundwaters, e.g. those de r iv in~  from humic and fulvic acid%. Thus. 
their cffect o n  barrier performance should be includcd rn thc proccss s!stem. 
Howevcr, it should be noted that surface wdtcrs has a vcr). niuch largcr contcnt 
of humic and fulvic acids than the deep  waten, which indicatcs that thc t r i ~ n s k r  
from the surface waters t o  the deep  waters is restricted. Synthetic complexan~s 
due  to human negligence and increased Iwels of  humics resulting from pcolopi- 
cal disturbance of  recharge pathways should be covered by thc sccnario analpiz. 

CAUSES 

T h e  primary causes for complexing agents in a repository are alrcady mentioned 
above. T h e  more immediate causes a re  almost the samc as for "Oxidizing condi- 
tions" (4.1.1) with the addition o f  "Stray materials left" (5.3). 

EF?ECTS 

T h e  ellect o f  humics e t c  on  the macrochemistry is negligible (although the 
reverse is certainly not true). The only effects that need t o  b c  considcrcd a r e  
radionuclide solubility and sorption, most probably only for the trivalent state. 
(The effect o n  letravalent technetium is not well known, however.) 

REFERENCES 

Andcrsson, K. Complexation of actinides with phosphate and crprlnic cornplcx 
formers in d e e p  groundwaten. SKI T R  88:10, Swedish h'uclcar Powcr Inspcc- 
rorate, Stockholm 1988. 



4.2 .I Mechanical  fa i lure  of  r e p o s i t o q  
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CAUSES 

One  cause is the repository itself. 

PROCESS 

Mechanical rupture map occur due t o  sudden changcs in stress e.g. earthquakcs 
e tc  and due to  slow motions (creep) in the rockmass e.g. loading-unloadinc; and 
plate motions. The result is a fracture or  a fault. Lack of QA during excavation 
o f  the vault can also result in an instant rupture of the surrounding rocl:mass 
(improper rock inforcemcnt). 

A mcchanical rupturc of thc repositoq may altcr thc rock pcrmcahility in thc 
surrounding rockmass and altcr thc flow paths and flow distribution closc to thc 
repository and crcatc ncw pathways through thc repository. Displi~ccmcnts 
along fl;it lying fractures through deposition holcs could if thcy cscccd 1 crn in 
length result in a canistcr failure ( KBS-3).2.3.7 Faults m;iy causc mcct anical 
damagc Qn the buffer material (3.2.3). 

4.2.2.1 Excavat ionlbacMll ing eflect s o n  nearby rock 
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A potentially seriously complicating factor for flow in crystalline rock is that thc 
rock is deformable. Even small changes in the f r a c t ~ r c  opcning c a l m  largc 
changcs in permeability as thc permeability is proportional to  thc apcrturc 
cubed. The rock deforms according to thc rock s!ress field. Changcs in thc 
groundwater flow and changes in the temperature field will changc the activc 
stress acting on the  rock which in turn will change the  groundwater flow. Thus. 
the rock deformation, flow and heat transport are coupled processes. Thesc 
couplings may be of great importance for the perforrrancc of a wastc repository. 

The coupled thcrmo-l,ydro-mechanical effects may be important in many 
scales. For example, the  stress changes introduced by excavating the repository 
and the canister deposition holes combined with the heat from thc waste will af- 
fect the permeability close t o  the repository. Furthermore, it is yet an unresolved 
matter if these c hangcs may disturb the stability of the r e ~ s i t o r y  o r  cause morc 
regional faulting. 

The strong coupling betwccn flow and rock strw!dcformation havc bccn oh- 
s c m d  in many field experiments. Still existing hydiomc~hanical rncnicls arc basi- 
cally rcsearch tools expressing quantitative bei~aviors. A practical problem with 
couplcd hydro-mechanical models is that thcy arc so complex that only very sim- 



plilied examples can be studied. Furthermore, the underlying constitutive rela- 
tions for joint dcformation has not yct been validated. 

EVIDENCE 

T h e  skinzone development is observed on the tunnel scalc at e.g. Stripa (Gaic. 
1982) o r  SFR 86-07 (also URL). The  stress impact on  fracturc p~~rrncability has 
been verified in numerous laboratory experiments (c-g. Withcrspoon and othcrs 
at LBL). 

EFFECT - MODEL 

T h e  skinzone due  t o  excavation needs t o  be taken into account when rvaluating 
flow and transport measureme~lts in and close t o  the  excavated rcposltory. The  
stress redistribution occurring after backi3ling/resaturation (scc 3.2.1) may af- 
fect the flow distribution in the  rock and thus have implications on the hencfit of 
applying a deposition procedure where p t e n t i a l  canistcr holes with largc flow 
a re  avoided. The  result of  the skinzone (permeability change) may hc modcllcd 
with thc "standard" flowland migration models by appropriate chanccs of thc 
permeability. However, evaluation of  the  dcvcloprncnt of thc skinzonc. iT at all 
possiblc. require specially couplcd hydro-mechanical n~odcls  ( c . p  ROCYIAS 
Noorishad and Tsang. 1987). 

hiodeling the skinzone devclopmcr~t will hc vcrydifficult as thc (gcncr;~ll!. un- 
known) undisturbed rock stress distribution is necdcd as in l~ut .  Altcrni~~i\cl!.. 
rough estimates based o n  "ficld cxpcricncc" may bc  uscd. Skinronc dc\.clop- 
mcn t  and '  hydraulic conductivity rcdistrihutions a r c  hiisici~ll! ncilr-znnc 
phenomena and need n o  special attcntion in thc Iar ficld modelling cxccpl for 
eventual changcs in thc  sourcc tcrm. 

Scc also 4.2.7 Thcrmo-hydro-mechanical cffccts. 

REFERENCES 

Withcrspoon et. at. 
Gale  19S7 
sm 86-07 
Soorishad and Tsang (ROCMAS). LBL. 19S7. 
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?, 4.2.2.2 Hydraulic conductivity change - 
Excavation/backlilling effect ; 
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This E? ic treated in Excavation/backfilling effects o n  nearhy rock 4.2.2.i 
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' 4.2.23 Mechanical elTects - Excavalion/backlilling erects 
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This FEP is treated in Excavation backfilling cffccts on ncarby rock 4.2.2.1. 
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PROCESS 

Thc  tviltcr docs not flow ovcr the wholc fracturc pl;~nc. This f;lct is often notcil 
by "channeling". Hoivcvcr, within this tcrrn vastly dil'lircnt cvnccpts on hou 
flow occurs arc possible. 

Onc  concept of channcling is that cach fracturc planc consist of opcn anil 
closcd parts - for this thcre also is cspcrirncrtal evidcncc i.c. Ahclin ct.al. 
(1987). This concept might only bc vicwcd as an cxtcnsion of thc discrete f r x -  
turc approach. at least if the closcd part p r t i o n  is not too Iiirgc. Thcrc is littlc 
knowlcdgc on how the fracturc transrnissivlty is distributcd o n  the fracturc 
plnnc. It is clcar that thc flow distribution among thc diffcrcnt fractures will 
depend vcry much on thc shapc of the opcn parts. To cornplicatc matters furthcr 
this shnpc depcnds upon thc rock stress licld. In frlct. m t i ~ h  hitsic rcsc;~rch is 
necdcd to  detcrrninc a propcr w-ay to attack this prohlcrn. Dctai1c.d mapping 01' 
tunncl o r  shaft wal:s. thc usc of statis!icai approach to hflrilulic and fr~~cturc.  
data in borcholcs and traccr tesrs are sornc of the tools availi~blc to gct irnprcxcd 
knowlcdgc of the channeling effect. 

Anothcr concept of "chanr,sls" is "extrcrnc channcl~ng" whcrc thcrc only arc 
a Ccw paths whcre most of the watci flows in thc rock mass. Thcsc pi~ths arc 
cithcr caused by rcal physical conduits "wormholes" in thc rock rnitss o r  thc corn- 
bincd effect of a poorly percolating fracturc nctwork and thc hydraulic bound- 
ary conditions. 

The difference betwecn "wormholes" and a poorly percolating nctwork is that 
in the lattei case the position and amounts of the important paths may changc 
totally if the hydraulic boundary conditions are changcd. whcrcas in the former 
case the flow is always confined to thc "wormholes". The situation with a poorly 
percolating network woi~ld meke it extremely difficult to charactcrizc the flotv 
and transport properties of the rock. Experiments 2erformed on o n c  scalc then 
cannot be extrapolated to a larger scale. A p r l y  percolating fracture nctwork 
could for example result it' the transmissivity variance is largc combined with 
large fracture size variance and a relatively low frac:urc density. 

EFFECT - MODEL 

Channeling will increase groundwater velocities hut this is not the most irnpor- 
tant effect. More important is that thc fractdrc surfacc "pcr volurnc flowing 



watcr" available for sorption and matrix diffusion dccrcascs. (This cffect may 
~ l s o  enhance the flow of oxidants to thc dcpositiori bole). l 'he spccilic fracture 
surface available for sorptionlrnatrix dilllaion is inciudcd in thc "standard" 
migration rnodcls but a wcll undcrstood trcatnient of chsnncling is still lacking. 

In the near zone channeling will make thc flow ovcr some canister deposition 
holcs much larger than the average flow (aqd V.V. much smaller at  somc holcs). 
Channeling needs to  be considzred when evaluating thc tirnc distribution ior 
canistcr failure and the when evaluating the  source term (i.t:. only a pcrxntagc  
of the  canister holes will s c e  the  large flows). 

REFERENCES 

Abelin ct.al.. Stripa TR 37-21. 

I ,  

: 4.2.4 Thermal buoyancy 
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Both thc watcr d c n s i t ~  and thc viscbsity dcpcnd upon ~ h c  groundwi~tcr tcrnpcril- 
turc. A tcmpcraturc field will thus influcncc (hi. flow as it chi~ngcs thc rnobilit!. 
of  the watcr and as the dcnsity changes will crcatc buoyancy forccs. I n  rcvcrsc 
the  groundwater flow affccts the tcrnpcrrlturc ficld as thc flo\ring water will 
transport the  hcat through advcction. Howcvcr. hcnt is also transpnrtcd through 
coaduction in both the water and thc solid phnsc. In vcry low pcrrncnblc rncdi;~ 
heat con Juction is the dominant hcat transport mechanism. In gcncral. thc t e n -  
p e r a t u c  effects on  groundwater flow arc rclztivcly wcll undcrstood. Howcvcr. 
special at!cntion t o  the problcrn may bc rcquircd ir: relation to coupled thcrrno- 
bydro-mcchai~icai effects (scc 4.2.7). 

' R c  spent nuclear fuel develops a certain amount of residual hcat (scc Zlrzn- 
di SKB TR 83-22). This heat will initially rise thc !crnpcrnturc at the repository 
but will later decline as  thc  activity of  thc spent fucl dcclincs and the hcat is 
transported away (basically through conduction in thc  rock rnstris). The  tcrn- 
perature increase will produce an  upward driving forcc for the  f lo~r .  In c;~lcul;~- 
tions madc for  KBS-3 (Thunvik and B ~ a c s l c r  SKB TR 80-19) i~ was cnncludcd 
that this flow was important up t o  the first 10000ycars. A n;orc thorough invcs- 
tigation of the  temperature effects may still bc motivated. 

REFERENCES 

Thunvik R and C Braester, Hydrothermal conditions zround a radioactive wastc 
repository. S Y 3  TR 80-19, 1980. 

Tarandi T, calculated temperature field in and around a repository for spent 
nuclear fuel. SKB TR 83-22. 
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PROCESS 

Many of the FEPs listed in the scenario database affect (or may change) thc 
groundwater flow. The flow may be altered 

- locally around the repository due to  changes in thc barriers or the nearby rock. 
-. in the far t~e id  due  to changes in the rock, 
- globally changes due to changes in the groundwater rcchargc. 

LOCAL CHANGES 

The following FEPs are examplcs of processes that may cause groundwater flow 
changes in the nearby rock: 

3.1.1 Degradation of the bentonite 
3.1.5 Coagulation of ben!onitc 
3.2.1.1 Swelling of bentonite into tunncls and cracks 
3.2.2.2 Uncvcn swclling of hcntonitc 
3.2.3 I.lechanical failurc of  ouffcr~hackfill 
3.2.4 Erosion of kuffcr/backlill 
3.2.7 Swelling 01 corrosion products 
3.2.9 Flow through thc buffer backfill 
4.2.2 Therr.0-hydro-mechanical effects 

CIIAh'(;ES OF PROPERTIES IN THE FAR-FIELD ROCK 

The following FEPs arc examplcs of FEPs that may changc thc llow propcrticx 
of thc fi~r-iicld rock: 

(1.2.6 Faulting 
4.2.1 Mechanical rupture ol repositorj 
4.2.3 Extreme channel flow 
4.2.4 Thermal buoyancy 
4.2.8 Enhanced rock fracturing (Human induced actionx) 

Non-sealed repository 
Poorly constructed repository 
'Unsealed bore-holes andlor shafts 
Human induced actions on groundwater rechargc 
Underground test of nuclear devices 
Geothermal energy production 
Reuse of boreholes 
Sabotage 
Water producing well 
Resaturation 
Degradation of  holc and shaft seals 
Future boreholes and undetected past 
Earthquakc 
Uplift 
Permafrost 



5.42 Glaciation 
5.26 Surface sedi nent  erosion 
5.25 Stress changes on  conductivity 
6.13 Geothermally induced [low 

GLOBAL CHANGES IN THE GROUNDWATER RECIIAHCL: 

T h e  following FEPs are  examplcs of what could cause global chasgcs in tilc 
groundwater recharge: 

5.42 Glaciation 
5.31 Change in sea-level 
5.32 Desert and unsa tura t i~n  

In addition, earth tide can bc observed in some aquiiers, as  a periodic small 
variation o f  the  head ;Kith time. The  deformation o f  the  earth's crust with ttc 
tide is very small, but measurable. hr fractured rocks earth tides can lead to small 
modifications of the  fractu:e aperture, o r  perhaps t o  small periodic changes of 
rhe pressure in the  medium. It is not clear wethcr or  not these displacements a rc  
reversible; therefore, even if each cycle leads to a negligible displacemcrt. it 
must be shown that the very large number of  q c l c s  ( twicc a da!. ) docs not 
change the picture significantly, and that carth tidc: can bc ncglcctcd. 

In principle, t hc  boundaries of the flow donlain considcrcd for a ground\\.atcr 
flow calculation should be  placed where the flow over thcsc boundaries is 
known. In practice, this cannot be accornplishcd. Prescribing thc grounu\vatcr 
table at the top  surfacc is an  indirect means of calculating thc groundwater rc- 
charge which depends o n  e.g. the prccipitation. soil moisture, vcgcta~ion co\.cr, 
topography of  t he  top surface and the permeability of the uppcr laycrs (Bear. 
1979). Thc  relalion between the recharge and these quantities is cornplicat~d. 
but most of the local differences in recharge probably only results in flow at rela- 
tively shallow depth. In ordcr t o  estimate the groundwatzr supply to JCCJJC~ for- 
mations the method of  prescribing a watcr table probably is dcl'cndablc as thc 
controlling factor therc will be the effective hydraulic conductivity oi thc rock. 
Howevcr. it should he  remembered that the mcthod of  prescribing n watcr ti~blc 
isquestionable and the sensitivity of the flow at greater ocptlls to the lorn1 ijI ' t i~c 
prescribed head surface should be evaluated. 

T h e  external boundaries o f  a flow domain should be placed ni a "safc" dis- 
tance from the repository but contributions from regional t lou may rnakc this 
"safe" distance much longer than was assumed in KBS-3. In groundwatzr fl!nv 
the  influence distances are r e l a i d  !o conductivity. If the  region oi intsrcsl  iritcr- 
sects wlth (a) major horizontal feature(s) of high permeability these feat. 

EFFECT 

Groundwater flow models cxist but there remain unsolved conceptual model 
problcrns. The groundwater flow affects rhe stability of :he engineered barricrs 
and the transport of  eventually released nuciides. Present modeling can account 
for impact o f  groundwater flow. Howevcr, the cause for the change of  the 
groundwater flow may affect other  mechanisms of  importance for transport and 
stability of the barriers. 



4.2.6 Faulting 
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Faulting may occur duc  to sudden changes in the strcss situation c.g. carth- 
quakcs ctc and duc  to slow motions (crecp) in the rockmass c.g. orogcnic cvcnts. 
loading- unloading o f  an ice load. and plate motions. The  result is a fracturc o r  if 
movemcnt occurs a!ong thc fracturc a fault. 

EFFECT 

Faulting may alter the rock permeability in the rockmass and altcr o r  short-cir- 
cuit thc flow paths and flow distribution close :o the rcpository and crcatc ncw 
pathways through thc rcpository. New o r  regcneratcd faults ma!. cnhancc t hc 
ground\vntcr !low and thc stability of thc bxricrs and thc transport of cvcntui~l- 
ly rclcascd ra~ionuclidcs. (scc als:, 4.2.5. 4.2.1.) NCH faults rn;l!.. if thc! pass thc 
dcposi~ion holcs, causc mccnanical dnmagc on hackfill (3 1 .3 )  or c a n i ~ t c r  (2 .? .7 .  
4.3.1 ). 

It has also hcen shown that fractures duc to the iccloads ma! hc  a f k c ~ c d  ncl: 
always by displacements along thc fracture hut through a v;~ri;~tion of thc open- 
ing of the fracture (Noorishad). The  rcsult in that caac ~ . o u l d  kc ;I rncjdil'ic;~tic-;~ 
of thc pcrmcahility distribution in thc affcctcd rock rn;lss. 

4.2.7 Thermo-hydro-mechanical effects 
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A poteotialiy seriously complicating lactcr for flow in crystalline rock i\ th;it thc  
rocti is deformsblc. Evcn small changes in thc fracturc q c n i n p  causc largc 
changes in permeability as thc permeability is propor'ional t o  thc apcr:urc 
cubed. The  rock deforms according to  the r x k  stress field. Changcs in thc  
groundwater flow and changes in the tempcraturc field will chongc thc active 
stress acting on  the rock which in turn will change the groundwater flow. Thus. 
thc rock deformation, flow and heat transport are coupled piocesscs. Thcsc 
couplings may b e  of great importance for thc performance of a wastc rcpository. 

The  coupled thermo-hydro-mechanical effccrs may bc important in many 
scales. For example, the stress changes introduced by excavating the repository 
and the canister deposition holes combincd with the heat from the wastc will af- 
fect the permeabilityclosc to  the repository. Furthermore, it is yct an unrcsolvcd 
matter if these changes may disturb thc stability of thc repository o r  causc morc 
regional faulting. 

The  strong coupling between flow and rock stressldc~ormation hzvc bccn ob- 
served in many field experiments. Still existing 'nydrorncch~nic;ll modele arc basi- 
cally research tools expressing quantitative bzhrtviors. A practical prohlcm with 



coupled hydromechanical models is that they are so  complcx that only very sim- 
plified exan~plcs can be studied. Furtherrr. Ire. the underlying constitulivc rela- 
tions for joint deformat;on has not yet been val~datcd. 

Thc validation exercises currently underway are  relatcd to block expcrimenls 
with block sizes in the  order of a few meters. Large) scalc expcrirncnts arc 
planned but the validation of the large scalc effects are still in its inl'iancy. 

See also excavation backfilling effects on nearby rock (4.2.2.1) and thcr- 
mochcmical e:fects (4.1.7). 

REFERENCES 

Nmrir,had and Tsang (ROCMAS) Users guide. 
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43.8 E n h a n c e d  rock f r ac tu r ing  
3,. . . 
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Enhanced rock fracturing may be causcd by excavation of rcposilor). through 
blasting and strcss redistribution. (scc also skinzonc efrects and leading cfrccts 
o f  icc). 

EFFEC'f 
In thc ncar zone thc groundw;~tcr flou ma!~increasc(4.2.,5.5.1S). Thih i> also \.ali~l 
for the sllrfacc area open lo saiptionlmntrh dirfusion (4.1.4.4. I .5). 

4.2.9 Creep ing  o f  rock ntrrss 
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Crrepi r~g  o f  rock mass may occur in conncctior: with excavaticn duc  to strcss 
changcs. Thesechanges create cn  unstable situation in the rock mass closc to thc 
repositoq. However, this effect is probably of  minor importance. 

The ongoing plate motion induces crecp in the rock to a certain ex-tcnt. This 
creates rock stresses that are released through continuous or  discontinuous 
movements (by sudden stress releases e.g earthquakes). The  latter may bc thc 
enti effect of  c r e e p  Creepi:;g of rock mass is a continuously ongoing process. 
Creep should on11 :e related l o  already formed discontinuities. 

EFFECT 

Change of groundwdter flow ihrough fractures. If chacnclling exists s ! ~  ongo- 
ing movements can change position o f  channeling flou. It may also arrcct thc 
buffcr material mechanically (3.2.3,3.2.4.3.2.8,3.2.9) Crecp  may lead to 4.2.1. 



4.2.10 Chemical  effects of  r o c k  re inforceme 11 
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During excavation the rock around thc vault is reinforccd. 7 h - r ~  is onc  main 
reason for reinforcement, that is t o  establish a secure environmcnt during 
operation phase, which is in the short time perspective (5&200 ycars). In thc 
lcngtimc perspective one  does not rely on  rock inforcement. ;'hc qucstion is in- 
stead to minimize foreign matcrial which could endangcr thc function of thc bar- 
riers (rcckmass. bentonite etc.). By going through a QA procedure thc choice of 
material of inforcement is selected. 

EFFECT 

Lack of QA of material of inforcemcnt could in the long timc span lead to an un- 
suitahlc chemical environmcnt which might affect thc technical o r  naturitl bar- 
ricrs. T h e  chemical conscqucncc of thc iniorccmcnt matcrial is simiii~r to tilt 
conscqucncc of lcft stray matcrials (5.3). Thus 4.2.10 is lumpcd t o  5.3. 

5.1 S a l i n e  (or f resh)  g roundwa te r  i n t ru s ion  
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PROCLSS 

Salinc water is oftcn prcscnt at thc repository dcpths. Changc in groundu.;ttri 
salinity sill influence chcmical equilibria. and salinity gad icn t s  might hc of im- 
portancc for groundwatcr flow. 

CAUSES 

Salinc watcr can bc both of rcccnt marinc origin o r  it might occur ;IS ;I rcsult of 
releasc of salt from thc rock ilssll. Intrusion of salinc ua t c r  in significant 
amounts is only expected in connection with prolonged glaciations and thc suh- 
sequcnt subsidence. 

EFFECTS 

T h e  importance for geochemistry in cr).stallinc rock and cdnistcr corrosion is 
usually considered t o  bc neglig~ble. U p  to now the presencc of salinity gradicnts 
a t  o r  close t o  t he  repository has usually been neglected in flow calculations. This 
part of thc  problem is not a potential scenario but part of a modelling uncertain- 
tylapproximation. Hou,evcr, o n e  nright consider evcnts whcn salt (or  frcsh) 
water intrude in the repository area (espccially during thc rcsaturation phasc). 

It should also be considered thc casc of salinc groundwatcr with a sharp 
'boundary to fresh groundwatcr. According to  prescnt knowlcdgc (SKB) thcrc is 
a only a small groundwatcr flow over thc boundar). laycr. T h c  intermixing of 
Cuids is according t o  preliminary data not w r y  largc. 



REFERENCES 

Svensson. U., and Hemstrom. B.. Modelling o f  salinc ueetcr intr ~ s i o n .  

; 5 2  Non-sealed repository 
......... I .... <$ . . : . . . .  -: :... .... ...i.I-j:.: :. .. "> ....:... : . . . . . . . . . . . . . .  

Lumping 
Screcnlng ISOUTED SCENAJUO 

This belongs t o  man-made causes but lie: in the near (and thus fairly predictable 
future). n e  probability of a society that canno: afford (or lacks technology) to 
close the  repository in 2050 is by some not judged to bc s o  small. 

A non-closed repository cotlld be screened out on  thc "non planncd options" 
criterion. If to be included, which we recommend, it requires a spcriaII!~dcs~pned 
scenario. It  will shortcut n o s t  of the far ticld barriers and possibly also includc 
thermally driven groundwaler circulation in borct~olcs and sh,trts. ' ihc  consc- 
quenccs of  zuch a scenario may be  much re1uc:ant to thc dctailcd dcsign or  thc 
repository. 

3 p c n  o r  partially open boreholes and shafts will enhance d~sruption of thc 
mechanical barriers, increase thc proundwalcr flow and produce paths from thc 
repository with practically r.0 sorption o r  matrix diflusion. 

The evaluation of the scenario should be done  not only by comparison to thc 
closed r cp~s i t o ry  scenarios, but also with thc sccnnrio that the  fucl is Icft in in- 
termcdialc slorages. which probabilistical~y is close to this onc. at 1ci1st for part 
o f  the  spent fuel in question. 

REFERENCES 

KBS-3 p 2 1 :8. 

Lumping 
!Screening KEPT 

PROCESS 

During construction and operation there might be possibilities for leaving un- 
wanted material in the viciirity of the radioactive was:e. The  ma!crials can bc of 
many different kinds and can to some extent affcct man!. of the important 
longterm processes in t he  repository from canistcr corrosion t o  transport 
mechanisms of radionuclidcs. 
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6 5.4 Decontamination materials left 
I 

PROCESS 

The same process occurs as in 5.3. Since the decontamination mztcrials are spc- 
cially made to release radionuclides and make them transportabic this evcnt is 
worse than to  leave any other hind of material in the repository. 

: "* r n Y 1 ' I . A  4*Y" 

t 5.5 Chemical sabotage 
L. . . )*+.--(h-,ur - 

Lumping 5 3  
Screening KEPT 

PROCESS 

Intentional sabotapc aaions to impair thc harrier functions of thc rcposilon 
may hc planncd (and plawcd) during thc opcration stagc. Intcrni~l sccuri~g &L- 

tions must be takcn to prcvcnt this type of sahotagc. 

5.6 Co-storage of other waste 

Lumping 
Srmenlng OUT (NOS PLANNED) 

This sccnario should hc  screencd out bawd on thc "non planncd options" 
criterion. 

Anyone suggesting co-storage should have to p row thc no"-ncgativc impitct 
on  the source term. 

. ."~ A>. - . w e >  . X1 

Poorly designed repositoq t *XUIIYUI*.Vh> xr > 

Lumping 
Scmnlog OUT (ADhl) 

This bclongs to  thc group man-made causer in the near (and fairly prcdiclablc) 
future. However. thc design should bc known in thc safcty ana$sts. thc pss ih lc  
impact of poor design o r  consrruction on  barrier funclion rcprcscnted by more 



detailed FEPS on the list. Thus [his F E P  should no1 nccd 10 bc considered and 
is screened out o n  the ADM crirerion. 

Lumping 
Scrteniog OUT (ADhl) 

PROCESS 

A poor execution of (a  goad design of) a repository may cause enhanced 
degradation of the engineered barriers and unwanted alterstions in the nearby 
rock. 

SCREENING 

This FEP is too general to be of any valuc in sccnaric) dc*..cl!)pmcnt. In a \\;I\. i t  
includcs all aspects of unwanted chaiactcristics of thc cncinccrcd s!.>tcn that 
a rc  airc;~dy covered by other and more spccil'ic FEPs. 

5.9 Unsea led  boreholes  a n d l o r  shaf t s  

Lumping 
Screening KEPT 

PROCESS 

This is a variant of 5.2 non-c!osed repository. even if a non clqscd repository m;iy 
include more than unsealed boreholes and shafts. Unsealed borcho!cs and shafts 
affect the stability of  thc technical btrricrs, the transrort in thc nc;~rh!- rock and 
the transport in the  geosphcrc. 

Just unsealed boreholes should be treated separately. also as thcy arc  con- 
nected with the water producing well 5.41 and gcothcrmal encrg? production 
5.34. 

SCREEKIKG 

O n e  of the reasons f ~ r  nor lumping this FEP to 5.2 is that 5.9 l ecds  t o  b c  in- 
cluded in the  DESIGN BASIS, whercas 5.2 may be acccptcd lo lead to highcr 
source terms. This FEP may be used as a primary FEP  for all different u ~ l l  
problems. 



ion 

Lumping 
Screenlog OUT(ADSi) 

This FEP falls our of the scope of this analysis since it only deals with thc opcra- 
tional part of the time scale. 

As a comment this problem is discussed in KBS-3 where it is stated that "such 
mistakes are  avoided by thc use of a carefully planned and executed quality as- 
surance programme. It should be rather s i ~ l p l e  to execute, since the activities 
connected with the actual final disposal procedure are uncomplicated and easy 
to  oversee." 

The most severe consequence of an accident during t h t  operalional phase 
would be if the  accident leads to an inability to close the repository. The  
probability for such an event is judged to 'be extremely low. 

5.1 1 Degradation of hole- and shaft seals 

Lumping 5.9 
Scmcning E F T  

PROCESS i 

In this conlext degradation is a phjsical or  chcmical process leading to rcduccd 
o r  comp!ctcly lost sealing capacity of the buffer material. 

CAUSES 

Degradation of hole and shaft seitls is probably mainly assoclatcd with thc fol- 
lowing FEPs: Coagulation of bentonite (3.1.5). Sedimentation dl  bcnlonitc 
(3.1.6). Erosion (3.2.4). and Heat-induced conversion of inontmorillonitc 
(3.2.5). 

The causes and cffccts associated with each F i P  are discussed in thc ahovc 
ment ioncd subsections. 

EFFECT 
see unsealed boreholes and shafts 5.9. 
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t5.12 Near storage of o t h e r  waste 
. . . .  : ... ,. ..v... . . I.. .*: .. .. i'. . ' .. . . . .  . . .  .. . 

Lumping 
Screening OUT (PROB) 

PROCESS 

If other types of waste 5 placed in the vicinity o f a  final repositor) for HLW this 
might affect the chemical composition of the gro.~:~du.ater as well as the 
t r anspr t  mechanisms for radionu~lidcs. 

The probability for unintentional siting of repskories for other tpes of 
wastc in the absolute vicinity of the HLW reposi!or). must for geometrical 
reasons be negligible. Intentional siting of such a repository must also have an 
extremely low possibility since the adverse effects then would be known. The 
ove:all judgement is that this FEP could be neglected. 

5.13 Volcanism 

Lumping 
Screening OUT (PRdD) 

Is primaq cause for 6.1 1 Intruding dgkcs. which could bc lumpcd into \i)lcanisni 
5.13. However. probability of volcanism is v c q  low. 6.11 (and 5.13) may hc 
screened out on low probability ( C l )  in thc timc frame of intcrcst to consider. 

SCREENING 

Screen out. 

% 5.14 Resaturation 
1 . . 

Lumping 
Srrcening PROCESS SYSTEM 

During the resaturation (and se.~ling) of  the repsitory flow directions are dif- 
ferent and the hydraulic conductivity is different (see 4.2.2.1 and also due to par- 
tially seturated fractures). Furthermore, (or cspecia;ly) !he groundwater 
chemistry is very diflerent (oxidizing conditions etc.). The special problems (but 
also simplifications) associated with the resaturation p h s c  should bc noted. 



Lmping 42.6 
Scmolog  KEPT 

PROCESS 

Earthquakes occur in Swedcn. They are usuclly small. magnitude 0-4, but there 
are historic exaiiiples with earthquakes up  to  magnitude 6 ( 1904 Oslo grabcn). 
There are also indications ol even larger earthquakes occurring in connection 
with the last iccage due to  an uneven distribution of the overburden ( ice load). 
Magnitudes up t o  8 and even 9 has been mentioned. but this is under dispute. 

Earthquakes in Sweden are generally generated by the build rip of stresscs in 
the  rockmass, which are  suddenly released. T h e  mechanism behind this 
phenomena might be the ongoing plate movcments (5.19) with a ridge puri*.f~r 
due to the ongoing land uplift (creep ) af!er the last glaciation (5.16) o r  a com- 
bination of both. Thc strcss is released by a niwcmrnt along a prc2xisling fault 
o r  by a ncw fracture. 

EFFECT 

In the gcncral casc carthquakcs d o  not crcatc an!. suhsli~ntin! d;~ni;cgc cspccinl!!. 
if it is an underground opcning. Thcrc arc cxnmplcs of larzc carrhrlu;lhc\ nhirh 
had catastrophic impact on buildings on thc surfacc but which \rcrcli'l l c l t  chpc- 
cially much in mincs at dcpth (Japan.kuth  Arncrica). This can bc cxplaincd hy 
thc fact that the ground mo~ions  and intcrfcrcncc waves at ~ h c  surfi~cc arc trans- 
mittcd through buildings and amplified. At repository dcplh the  wavcs 
propagiltc thrsugh thc arca without bcing amplified ar,d without any damagc. 

In thc case with an earthqaaice activatcd fracture tonc passing through thc rc- 
p0sito.y thcre could bc movcments along thc fracture tonc. This movcmcnt 
might damage a canistcr if thc QA of canister emplaccmcnt is bad or  if lhc 
proccss of earthquake gcncration creatcs an cntirely new tonc hitting onc or a 
few canisters. The geometrical distribution of canister positions vcrsus linoun 
fracture wnes  are  important to  consider in this casc. (Considcrcd in U S - 3 )  

,. . .  . . . . . . . . . .  :.. :.: . 

15.16 Uplift a n d  subsidence i: 
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Lumping 
Scmoing KEPT 

PROCESS 

There is a continuous ongoing land uplift in Sweden. The maximum rate of uplift 
in northern Sweden is 9 mm per year, in Stockholm 5 mm and in Scania about 0 
mm. Geological studies show that the greatest uplift was shortly after the retrcat 
of the ice and has declir.ed since then. The maximum total cumulative land uplift 
since deglaciation is estimated at  about 850 m. The  remaining future uplift is es- 
timated to  lie between 20 m and 200 m. The ongoing land uplift is mainly due t o  
comprasion of !he roclunass undcr the ice load during the last glaciation. This is 



a similar movement that the  bedrock has undcrgone r epa t cd ly  in connection 
with previous ~laciat ions.  There  is also proof of several uplifts in thc earlicr his- 
tory during the  formation and denudation of the basement morc than 650 mil- 
lion years ago. In the last case the  mechanism has been associated with orogcnics 
and ongoing crustal movements rather than by glaciation periods. 

EFFECT 
It is under discussion wether disturbances in the statc of equilibrium of the crust 
due  to iceloading would affect the reposit05 a t  depth. In KBS 3 it was a:eucd 
that it would not affect the repository at  500 m depth, it is only o n e  more repcti- 
tion of crustal r-cvemenls that have already taken place before. There  is an on-  
going project. Stephansson e t  al, trying to model the impact of  the load of an 
icesheet. The resultswill soon be published. It is bclievcd that most o f  the movc- 
m e n o  will take place in the major fracture zones. in which the repository will not 
b e  built. 

7hc work by Noorishad at LBL and also the above mentioned ongoing work 
by Stephansson show that minor cracks will also be affccted by such rnovcments. 
not ncccssarily by displacement, but by a variation of their opcning. The  result 
could hc  a modification of  the permeability distribution ~n thc rock mil\\. 4c-  
cordins t o  dc  Marsily this process should possibly bc i~cluclccl in thc central 
sccnario since we havc no way of showicg that thc prcsc111 di>tr~bution of the 
fracturc opcning is the  most prohahlc onc  for the luiurc. 

Uplift is a pres&tly ongoing process. However. thc future dcvclopmcnt o l  uplift 
(and subsidence) is very dcpcndcnt o n  thc futurc c1im;ltic cvolut~on uhich a un- 
certzrin. Thus it is not practic:~l t o  includc uplift in thc  PROCESS SYSTE51) 

1 

5.1 7 Permafrost 

Lumping 
Scmning KEPT 

. PROCESS 

There  are lot o f  evidences that Swcdcn has gone through sevcral cyclcs of pcr- 
mafrost during the  quarternary period (last 2 m.y.) At present, in the Spitzbcrg 
area, the permafrost depth is 450 m, and in Siberia. depths exceeding 1500 m 
have been reported. Although these la:ter examples a re  possihly permafrost of 
older ages than the  last ice age. W ~ t h  toda>s present knowledge however it is not 
possible t o  exclude a deep  permafrost situation in Sweden. It is therefore neccs- 
sary to consider t he  potential o f  permafrost at repository depth as well as  on  the 
surface. 

As a gross generalization it is assumed that the limit of permafrost shows a 
strong relationship t o  the mean annual air temperature isothcrm of -1 to -2 
degreesc .  7he depth of frost penetration is affected by thc topography and thc 
thickness of  t h e  snow cover. T h e  geothermal gradicqt is in pcncral in Swcdcn 
today in ctystalline rock about 3 degrees C per 100 m with somc local variaticns. 
This is also a controlling factor, the lower limit t o  pcrmafrost approachcs an 



equilibrium depth. at which the temperature increase due to earth beat just olT- 
sets the amount by which the freezing p i n t  exceeds the mean surface tempcra- 
lure. 

EFFECT 

Possible potential effects of permafrost are for instance fracturing or  opcning or 
fractures because of water fre2zing; compression of backfill and opening of 
voids at melting; increasing water [low in the temperature gradient and potcntii~l 
rapid flow paths; accumulation (concentration) of gas and radionuclidcs b c l o ~  
thc  lower surface of the permafrost frozen rockmass giving rise to a pulse of 
radionuclides when melting occurs. 

5.18 Enhanced groundwater flow I. 
I: . . . . . . . . ;...ICXIX.:+..::.: . . . ..... !.:.:i. . :., : .. :.: ..........,....,. >:<.:Y.:.<.:...:,: ..... . ,,............. -. 

L u ~ p i i ~ g  
Screening OUT (ADPJ) 

Enhnnccd groundwa!cr flou k almost identical to  4.2.5 Changcs olgroundwater 
floiv. Thus 5.18 is screencd out o n  thc ADM critcrion. 

5.19 Effect of plate movements 

Lumping 
Scmning OUT ( ADhl) 

This is an ongoing process which is onc  of thc causes for 4.2.6. 4.2.8.4.2-9.5.15. 
5.16. T h e  heading as such (plate movcmcnu) is too gcncral to bc of any value in 
the analysis. Thus 5.19 is screened out  o n  the ADM criterion. 

Lumping 
Smening OUT (CONS) 

PROCESS 

Even if there would be a change ir. the magnetic field it is hard t o  find any 
process that would impact the structure and function 7f the repository barricn. 
T h e  working group has judged this FEP to  have earrnlely low consequences for 
the  repsiiory.  



f 5.21 F u t u r e  boreholcs a n d  undetected pas t  boreholes 

Lumping 5.9 
Scmning KEIT 

This FEP is similar to 5.9,5.11,5.34,5.36 and 5.41. 

Lumping 5.1 7 
Screening KEPT 

PROCESS 

Gascs lrom deepcr genlogical laycrs might accumulate in thc repository during 
pcrmafrost, especially during thc early phase when thc nc:lrby rock is s!ill kcpt 
at higher tcmperaturcs. 

CAUSES 

h'itrogcn and light hydrocarbons. notably mcthanc. arc known lo pcnctratc from 
decp gcolopical formations to thc surfacc. 

EFFECTS 

Gas accumulation will lead to enforccd outllow of graunduatcr from thc rc- 
positor).. This will take p!ace at a very slow rat:, and thc consequcncc must bc 
rcgardcd as negligible. The influencc of 3 pas cushion an  thc flou ficld might bc 
of somc importance, however. 

Clathrates are methane hydrates that occur as solirk in certain conditions of 
tcmpcrature and pressure and are also associated %it h pcrm;~frost. The! arc 
lound underground e.g. in the Spitzbergen. in sedirncnt arcils with mcth;~nc 
production and in .he seabed at greater dcpth. Thcir po:cntinl role can bc In- 
cluded within the general framework of gas production in thc repository. its cl -  
fect on migration, or  on explosion in connection with radiolytic gases. As a result 
of :he heating by the wdste, existing clathrates could produce methane. 

Note that their presence is extremely difficult to  detect since solid samplcs arc 
sublimated when brought to room temperature and pressure. However, cqstal- 
line rocks are not known to contain largc amounts of methane. However. far an 
intermediate 1eve.l repositor). r e thane  generation can be a problem and thc 
potential foma:ion of clathrates should be considered. n,ic issrrc needs to be 
carefully considered and documented, but probably not included in tile initial list 
of scenarios. 
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ydrostatic pressure on canister 
. . . .  . . 

Lumping 23.72 
Screening 

EFFEC'I' 

See hydrostatic pressure 2.3.7.2. 
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' .  5 3 4  Stress changes of conductivity f 
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Lumping OUT(ADh1) 
Screening 

This FEP  is treated in EXCAVATIOS,BAC);FILLISG EFFECTS O S  KEAR- 
BY ROCK 4.2.2.1 and in thcrmo-h!.dro-mcchanici~l cl'fcc~s 4.2.7. This FEP  15 

screcncd out on  the ADM criterion. 

5.25 Dissolution of fracture fillings/prccipilations 

Lumping 
Screening OUT(AD51) 

This FEP  is treatcd in 6.6 Weathering of flow paths. 

15.26 Erosion on surface/sediments ; 
............. . . .  1 . . . . . . . . . . . . . . . . . . .  -; ;--- ..,- -.:.:.. ... :;., . . . . . . . . . . . .  :: ....... : . : . .  . . .  

Lumping 5.46 
Screening PROCESS SYSlEh1 

PROCESS 

Erosion of surfacc sediments (and crystalline bcdrock) is a continuously ongoing 
process due  t o  weathering. Erosion is balanced by deposition of eroded scdi- 
ments a t  other localities. T h e  material is redistributed by e.g. water flow. D u c  t o  
frequent glaciation pcrious in Sweden the sediment cover IS rciativciy thin. 3s 
t h e  surfacc of t he  rock is eroded to the greatest extent during glaciation 
periads.( formation of eskcrs etc). Calculations (KBS-3) s h o ~ c d  thiit il? thc nor- 



mally type of  flat terrain that characterizes most of Swcdcn. thc cumulative 
erosi >n o f  the crystalline basemcnt causcd by thc glaciers has normally hccn 
limited to a few tens of  meters. In a hilly terrain thc crnsion .11ight bc dccpcr. 

EFFECT 

Affect groundwater recharge/discharge ar.d thus gw flow (i.e dffccts rclcasc) and 
geosphcre transport. However, thc impact on ( thc distribution) o l  thc ground- 
water recharge is minor relative to the general uncertainty ol thc (distributi,)n 
of) the  groundwater recharge. T h c  (sure) occurrcncc of scdiment crosion 
should be considered when estimating the rechargetdischargc uncertainty but 
may otherwise be screened 3ut. 

Groundwater rechargeldischarge should perhaps be entcrcd as a spccial 
phenomenon into which one,may lump 5.26.(this phen.). human induccd actior~s 
o n  g.w. recharge '(5.27). change in scalcvcl (5.31 ). rivcr rncandcring 6.9 ... 

5.27 Human induced actions on groundwater recharge 

Lumping 
Scvcning IiEPT 

PROCESS 

Exarnplcs o f  human induccd actions that directl!: will ciiusc i~ltcriitions on thc 
groundwater rechargc a re  changcs in agriculturc. changcs in vcg~ti~t i i rn.  acl ls  
(5.41 ). dams. polders o r  cities (7.1 1). Human action causing clircalc changes will 
indirectly affect the groundwater recharge. 

EVIDEKCE 

Somc ch~np?g  are  likely but it is open issuc whethcr thc import;ini oncs arc tikc- 
1s. 

EFFECT 

T h c  modelling consequence is easily taken carc of oncc the amount o f  thc 
changc is determincd (changc g.w. hcad o r  lorcc llus at sc:rnc bound;trics.) 
Evaluation o f  the  g.w consequence of the  human action may bc a dillcrcnt man- 
ner. 

See  also comment o n  erosion in surface sediments (5.26). 



Lumping 533 
Screening KEPT 

PROCESS 

There is a possibility that future generations might use relatively casy accessiblc 
underground facilities as dwellings. The  use of a repositorr, site would of c-ursc 
only come in question if the knowledge or the reposi:ory is Inst. If a futurc 
getteration has the ability to  excavate down t . ~  repository depth it is also 
probablc that they have the ability and knowledge to  measure and monitor 
radioactivity. 

. , 
5.29 Meteorite 

Lumping 
Screening OUT (PROB) 

In Doc UK report DOE/RW/85/036 "Modcling ~f time dcpcndcnt effects" nn 
pagc 13 it is stated: 

"A review of probable mrtcorite impact cratcrs in Europc H,IS madc and a 
total of 17 werc found - including probablc snd pnssihlc c.ccurrcnccs. Thc 
probability of a large scale impac: on the British mainland is >i;"orirna~Liy O.OM 
per inillion years (based o n  the ratio betwecn the land of Britain a:.d the arcn of 
Europe as a who!e). If the area in which a me .eori!e impact wou!3 h a w  in occur 
in ordcr to damage a repository is conserv;rt;vcly dcfincd as that of a circlc with 
a 150 km radius then thc probability ofsuch an impact ir. 3.031 pcr million years." 

SCREENING 

Thus the probability a?pear to bc less than 0.01 per millicn yc i~  > (screening 
cri:cria !) and metcorite impact may be scrccned out. 

Lumping 
Screening OUT (kESP! 

This FEP is much connected to 6.7 nuclear war and the intendcd intrusion 
events (5 5, 5.33, 5.34. 5.35, 5.37). I i  is obvious that an underground test of a 
nuclear device close t o  the repository may seriously disturb both the engincered 
and the geological barrier. However. the situation will only occur if thc futurc 
generation either 



i) knows how t o  construct nucleardevices but have lost the rtcords (7.9) on thc 
repository location 01 does not realize the potential radiologi~al risks in\*ol- 
vcd in testing the bomb a1 that location. 

ii) does not care that the ~eposi tory may be damaged. 

The  first situation is not very likely, the second situation may be discarded on 
the principle formulated in KBS-3 that "each gencration must take the rcspon- 
sibility for its own conscious actions". 

REFERENCES 

A W.&* 

531 Change in sealevel 

Lumping 
Screening KEPT 

PROCESS 

In the future the sea level will change both up  and down duc  to  glaciation and 
warmer pcriods (polar ice melting). How much . whcn and in what direction is 
not well known. The  terms transgression and regression are direct;!. coaplcd to  
this phcnomcna but they also include thcchangc in thickness and distribu~ion ol' 
scdimcnts and changes of facies. (5.26) 

IL has been estimated that during the last ice age :he sca Ic\.cl of  thc occans 
dropped about 120 m. The  exposed seabottom suffered extcnsivc erosion cspc- 
cially close lo the  ice rim during the inter glacial periods (warmer pcriods) due  
to  a warm period. Figures mentioned of the amount of sczlcvcl risc varlcs. S2 m 
has bcen mentioned. 

Processes that may causc sea level changes arc (5.16.5.42.6.S. 6.10). 

EFFECT 

Changes in sea level will affect groundwatcr flow (4.2.5) and possihilitics lor  
saline groundwater intrusion (5.1 ) and may enhancc groundwatcr flow (5. IS). 

MODEL 
Far field: Change in hydrological boundary conditions. 

Near zone: Eventual change in flow. 

Biosphere: Change in recipient. This is especially important if the repos'tory is 
situated close t o  the  sea, where it is foreseen major c h a n p s  in the rc ~ i p i c n t  
situation. 



Lumping 
Screening OUT (PROB) 

CAUSES 

(Human induced) climatic change 6.8. It seems hard t o  believe that the  c l ima :~  
will change so draslically even within a million year time scale. Perhaps 6.1 may 
b e  screened out o n  low probability. 

EFFECT - MODEL 
T h e  well (5.41) h m e s  more important. T h e  probability of very deep wells is 
large. 

Unsaturated flow needs special models (which are available but complicated 
t o  use. 

If the.rock becomes unsaturated most of the models and assumptions both 
regarding the  technica! barriers and the situation in the far field nccd to be al- 
tered. 

.. . 

1, mining 
. . . . . . . , . . .  . . . . . . . . . . 

Lumping 
Scmdng ISOUTED SCENARIO 

This phenomenon may be screened out on the KBS-3 principle "each gcncra- 
tion must take responsibility fcr its own conscious actions" and "in ordcr to  
rediscover the repository from the ground surface. for example by means of 
geophysical methods. such a future civilization  st havc access to  advanced 
technology. They should then also have the ability to detect and handlc thc 
radioactive malerials that are stored in the reposito ry..." 

REFEREKCES 
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Lumping 5.9 
Semoninp KEPT 

Geothermal production is an intrusion problem similar to thc well (5.41). ac~ivc 
pumping will affect flow paths severely. Geothermal energy sourccs in tbc "clas- 
sical" sense require volcanism (5.13). However. thc general geothcrmal gradient 
may be used. This is practiced in a few sites in Sweden today (Svcn lonasson 
Chalmers, pen. comm.) and may involve deep boreholes and rccircula~ing flous 
(also causing substantial alteration of groundwater chemistry). 

Geothermal energy production is lumped to 5.9 "Unsealed bore-holes and 
sh.tfti". The motivation for this 1umpi;lg is !hat !he geothermal energy produc- 
tion is one  (eventually serious) example of how ;he geosphere barrier may be 
short circuited. Unsealed boreholes 2nd shafts is pcrhaps the most serious cx- 
ample of a short circuited geospherc. 

535  O t h e r  futlt-e ~ r r e s  of crystalline rock 
> % 

Lunrping 
Screening OUT (PROB) 

Granitc may certainly be a useful raw natcrial in ihc fuiurc. E?'o\\c\cr.:.hv mint 
it at thc repcs;:ory depth and location? Thc (gcomctrical) prohahilit\ C01 thi\ 
must bc very small. 

Need not to  be further considered. 

<.' . . .... ?:.:.:+:....*.:.:**:*M.,.> ..-....... \...... ... :.. .. 

: 536 Reuse of bareholes 
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Lumping 5.9 
Scmoiog KEPT 

m e  boreholes (drilled in the preinvestigation c r  const:uction phascr s r  I;: 
postclosure monitoring (5.39)) are probably cheaper and less complicated to 
reopen than to drill new holes. 

This phenomenon needs perhaps to be considered so ihal the horcholcs are 
not placed at unfawrable kxaticjns. Special care may be motivated when design- 
ing a post-closure monitoring scheme. 

7 h e  evaluation of the consequence of using the boreholes is similar to evalua- 
tion of weils (5.41). All types of short circuitedgeospercs are lumped to 5.9 "Un- 
sealed boreholes and/or shafts". 
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i s 3 7  Archeological intrusion 
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Lumplng 533  
Scmcning KEPT 

Cannot be outrulcd especially after loss of records (or lost rea: ~lndcrbtanding o i  
records). Warning messages would probably only encourage an ambitious re- 
searcher! 

p :: ......... .:..---. ..... 

f 538 Explosions : 
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Lomping 
Srrccnlng ISOUTED SCENARIO 

This FEP concerns explosions couplcd to sahotngc. 
This FEP could he treatcd as an ISOLATED SCESARIO. 

539  Postclos~~re monitoring 

Lumping 
Smcning ISOUTED SCENARIO 

Postclosurc monitoring schemes must be dcsigncd with care. i\ monitoring \sell 
rcprcscnt a short path to the biosphcrc and may also hc uscd lor uatcr suppl!. 
Thus this phenomenon puts demands on mon~toring schcmcs but not ncccssrrri- 
ly on the repository desipn. Thc consequcncc o l  moni:oring wclls may bc 
analyzed as a special casc of 5.41 (watcr producing uclls). 

Also cables through the buffer/backfill to probcs closc to thc canistcr nccd to 
be evaluated. 

. _ .-. ._^^. ̂  ,.-. .+, ... _.. . . . .  ..>- . . . .  

: 5.40 Unsucctssful attempt of site improvement 
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kmpint  
S a n o b g  OUT (RESP) 

An cfrort intended for improving the site and/or the technical barriers (also post 
clmurc) may in fact wonen the ritualion. Hourver. i t  may bc justified to scrccn 
out this FEP b u d  on the principlr that each pcncration m u t  hc rcsponsiblc for 
iu o w  conscious actioru. 



A (many) water wcll(s) moy be drillcd in a fracturc zonc in thc vicinity of thc rc- 
pository. Watcr from this wcll may be uscd as drinking watcr fv: a small coin- 
munity, by cattle o r  u e d  b r  irrigation. Such wells are common in cr).sta:linc rock 
and it is difficult t o  assume that the location of  the repocltory always will bc 
ferriembercd. Drilling wells doc; not dcpend on  very advanced technology. 

CONSEQUENCE 

The  wcll will tc somc (or a largc) extent remove the iunctioll of  thc geological 
barrier. Evaluation of  the well may b e  performed with flow acd transport cal- 
culations. 

Thc  well is lumped t o  5.9 "Unscalcd bore holcs andlor shafts" as thc u-cll rcp- 
resent a spccial case of a short circuitcd (or partially "darnarcd") cco>phcrc. 

5.42 Glac i a l i on  

Lumping 
Scrrcl~ing KEYT 

PROCESS 

During thc  past carth history there ;rc many evidcnccs fo: repcatcd glaciation 
pcriods. Glacial and interglacial periods h a w  followcd cach othcr. h'umcrous 
hypotheses have been put f oward  in ordcr  to account fcr thc appcara;lcc of icc 
agcs in the geological past. It i: howcvcr ackr~owlcdgcd a. stated by Bjclm (1969) 
that thc ultimate cause of the Plcktoccne glacial and in:crglacial cyclcs a rc  thc 
hiilankovitch orbital forcing parameters. These involvc thc thrcc cyclcs of 
earth!sun geometry that controls the d~strihution of solar rddiation o n  carth. thc 
tilt (obliquity) of the ezrth's axis. thc eccentricity of thc carth's orbit around thc 
sun. and  the  precession o f  the equinoxes. Thcsc arc continuously ongoing 
proasses .  

The re  are no  reasons which exclude that these processes will not happcn also 
in the future, though human induced effccts like the  "greenhouse cflcct" might 
h a w  a n  impact o n  the rate  and o n  the starting point of thc next glaciation 
period. As a fact there a re  scientists arguing that we already h a ~ e  left the  "true" 
inter - glacial conditions behind a s  and thal we h a w  entered thc glacial part of 
such a cyc!c. Full glacial conditions may perhaps according t o  thca lie 40 000 - 
80 000 ycan  ahead  of  us o r  even longer. Today there is a pcncral conscx+us that 
within the nexr o n e  million Scan  Sweden will most probahly bc affectcd by o n c  
o r  morc new glaciation periods. 

COSSEQUENCE 

During full glacial conditions in a region likc Scindinavib tnc w i g h t  of  thc in- 
land icc shect (W m ice thickness) depresses thc earth's surfacc hy scvcrjl 



hundreds of metres, o r  perhaps even thausand metres. This affects rhe regional 
stress field, fracture zones. induces movements along old and perhaps new Trai-- 
t u r u .  Thc movemenrs might he associatcd with seismic evcnts or not. Thc above 
mentioned processes will also affect the groundwater flow at  dcpth and at thc 
surface. It may also cause extreme groundwater heads at h e  ice edge. change the 
position of the inflow ar.d o u t f l o ~  areas and cau.e sea level chanpcs. 

I ". : . . . i, .:.. w I... - .y-.<.....>...: "... , 

6. 

5.43 Methane intrusion , 
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Thc  potential sources might bc clathrates in comhination with permafrost or  
decp carth gascs in gcncral. This problcm is mainly covered in 5.22 (Accumula- 
tion of gases under permafrost). 

5.44 Solubility and precipitation 

Lumpiup 
Screening PROCESS SYSTEM 

PROCESS 

T hcsc processes should bc limited to radionuclidcs for description of the FEP In 
that casc they relatc to  thc two source terms: spent fucl and thc rcdos front. 

CAUSES 

It is possible lo iist a lot of factors that govcrn solubility. In our casc it can all hc  
reduced to  these two: aqueous phasc composition and tcmpcraturc. (Since. in 
fact. wc are in tera tcd  in thc concentration of a radionuclidc, sorption should 
also he added t o  the list. This is believed to  be accounted for by appropriatc 
modelling, however.) In turn the composition of the aqueous phasc is detcr- 
mined by groundwater chemistry in general, n.b. the gw chemistry and tempcra- 
ture that applies t o  a certain location (e.g. within the huller or at thc rcdox 
front) and time (i.e. the 'chemical history" at that location). 
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Lumping 
Scrrcning PROCESS SYSTEM 

DESCRIPTION 

Colloids are particles in the size range between 1 and 100 nm. Thcy might sorb 
o r  otherwise include radionuclidcs :n the groundwater sjstem. 

CAUSES 

Colloids are always present in deep groundwaters; measured concentrations are 
generally less than 1 mg~l. They are of both inorganic and organic origin. Possiblc 
sources of specific significance for a deep geological repository in crystalline 
rock are the presence of gradients in groundwater composition leading to 
precipitation (e.g. as a result of changes in redox potential and pH). and erosion 
(dispcrsion) of clay minerals. Undcr cxtremc external conditions (c.E. pli~cii~- 
tions. faulting) transicnts in colloid concentration might occur. 

EFFECTS 

Dcpcnding on comrosition znd phlsico-chcmical charactcristics (c.E. sizc dis- 
tribution, surfacc potential. etc.) colloids arc transp~rrcd morc or lcss with thc 
same vclocity as the groundwatcr. Reversible sorption of radionuclidcs on par- 
ticlcs in the larger size range is of less importance. and this probably also holds 
for colloids in the smallest size rzngc (thc formation of such colloids should bc 
revcrsiblc and sorption of them considerablc). "lrrevcrsihle" sorption on and 
transport with colloids in the intcrmcdiatc rangc might hc of somc importance 
for certain radionuclidcs. Ur~til this problcm has becn furthcr studied thcsc 
statements are to  be regarded as speculations, howmcr. 

Lumping 
Scmniog OUT (ADhl) 

This is a heading for a primary FEP and is tt.us screened out on the ADM 
criterion. 



Fracture zones are part of our conceptual model. It is not clear that possibly un- 
detected features are dealt with in the "standard" sensitivityluncertainty 
analysis. Undetected features can be analyzed by using the frequency of fracture 
zones from other sites. It is possible to evaluate the probability that there exist 
an undetected fracture zone at a given location using the expected frequency of 
fracture tones and the observation range of the performed measurements. 

gi 6 2  G a s  t ransport  I. 
'i. ............................. : ... ............;....:i . : . . . . . . . . . . .  

Lumping 
Screening PROCESS SYSTE31 

Thcrc may be different sources of gas production. It could be produced by the 
waste or  by materials left in the repositor).. Alternatively. earth gases may later 
intrudc. Perhaps the gases are solved in the groundwater but thcy may bc dis- 
sclved as the pressure decreases in the rising groundwater flow. Thc gases may 
be a fast tra.-sport mechanism. 

F a r  fieid hydrochemistry - acids, oxidants. ni t ra te  

Lumping 
Scretning PROCESS SYSTEhl 

DESCRIPTION 

The geochemistry might be changed by inflow of chemicals from the surface. 

CAUSES 

Extreme events, such as faulting. might lead to inflow of groundwater in the re- 
pository with other properties than the "natural" at these depths. Most probab- 
ly such events are of comparatively short duration. More serious cases of chemi- 
cal intrusion can occur due to human actions (see 7.8). 

EFFECTS 

See 4.1.1,4.1.2 and 4.1.9. 
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Dispersion ? 
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Lumplng 
Screening PROCESS SYSTEXI 

PROCESS 

More o r  less regardless of the level of detail used in the aescription of the flow 
field there will always remain velocity variat~ons that cannot be described ex- 
plicitly in an  advection tern. 'The spreading of radionuclides by means of dif- 
fusion and these unresolved velocity variations muld generally be denoted by 
the term dispersion. Dispersion is especially important in connection with radio- 
nuclide transport (KBS-3). Even a small fraction of early arriving nuclides will 
carry a considerable amount o f  radioactiwq as the time for radioactive decay has 
been very limited for these nuclides. 

Obviously, the actual definition of dispersion is directly related to thc used 
definition of the advcc!ion. In some instances it is possible to rclatc the dispcr- 
sion to a given statistical structure of the permeability field (see e.p. Gclhar and 
Axness. 1983 o r  Neuman el.al. 1987). However, the great uncerldin~y w i ~ h  
regard to the spatial structure of crystalline rocks also implies grcat uncertainty 
o n  the dispersion. 

For extreme rhanncling dispersion cannot be describcd as a Fickian process 
(see e.g. Rasmuson WRR 8, 1247. 1986) not even for onedimcnsiocal flow. It 
has becn suggested (in KBS-3) that channeling could be dcscrihed with a con- 
stant Peclet number implying that the dispenivity will increasc u ~ t h  trawl dis- 
tance. However, transport with extreme channeling is not bt all dispersive. it ib 

skewed to the fast flow paths. Using a constant Peclet numbcr is correct only for 
:he first two moments of a breakthroueh curve whereas highcr brdcr momcnts 
will differ. Again the portion of nuclides that will arrive in the very fast chx~ne l s  
will carry most o f  the radioactivity due to their limited time lor radioactivc decay. 

Dispersion in a two o r  th ree  dimensional flow field of a strongly 
heterogeneous spatial structure is even more complicated. In particular Tsang 
(1989) notes that it is impassible to m ~ k e  accurate predictions of tracer arr;vals 
a t  a given point in space and time. Multiple point or areal avcrages are nccdcd. 
However, the actual formulation of appropriate measuresof this kind is still a rc- 
search problem. 

SCREENING 

Dispersion is a process that needs to  be includcd in the PROCESS SYSTEM. 
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2: 6 5  Dilution 
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Lumping 
Smtn ing  PROCESS SYSTEhl 

In this context "dilution" refers to the dilution of radionuclides in the pround- 
water. In e.g. transport modelling there is sometimes a need to distiaguish bc- 
tween "dilution" and "dispersion". However in this work these concepts are  
regarded as synonyms (see also 6.4). 
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$6.6 Weathering of flow paths 
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Lumping 
&mtning PROCESS SI'STEhl 

PROCESS 

Ongoing chemical reactions between groundwatcr and rock- and fracture min- 
erals lead to more or  less continuous changes of the solid phases along the flow- 
paths from a repository. Thus. not only weathering of rock mincrals take place 
but also healing of existing and newly formed fractures. Thc latter process is 
thought to take on the order of 10 000 years. Spccial cases of wcatherinp arc 
when silicate minerals dissolve during the first initial stage of temperature in- 
crease in the repository. In principle, rather subtilc c h a n p s  of groundwatcr 
chemistry can dissolve minerals where already radionuclides have been sorhcd. 
therchy causing some sort of pulse release. Thc consequences will be small pro- 
vided r hat dissolution is preceded by mbtrix diffusion. 

CAUSES 

Natural and human induced perturbations of grounciwatcr chcmistr). and [em- 
peraturc. 

EFFECTS 

Increased groundwater flow and channelling. Release of sorbcd radionuclides. 
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Lumping 53 
Screening OUT 

You could argue, as did KRS-3, that the consequence of the war is graver than 
the damage on the repository but damage on the repository may persist much 
longer time than the other consequences of the nuclear war. However, nuclear 
war implies unintended actions (bomb explosions) against the repository. In- 
tended actions (e.g. sabotage with nuclear device) are more harmfu! and would 
create similar (but worse) type of damage. 

Effect similar t o  unclosed repository 5.2 Nuclear war increase probability for 
5.2. 

Lumping531 532 7.7 7 8  
Screening YEPT 

Lump info  human induced changes of surface water hydrology (7.7) and altered 
surface water chemistry by humans (7.6). 

River meanderin 

lamping 
Serrening OUT (CONS) 

There are examples in Swcden where major rivers have changed their position 
permanently and naturally, e.g. Klaralven. This process is in the more Zxtreme 
cases connected t o  glaciation pericds, but there are examples in historic time 
where the position is changed through pure river meandering. In the local scale 
it is a 3  ~~ziura!  process for an old river t o  meander and change its position. The 
effect OII the hydrology is I m l  and mainly near surface and may to  a certain 
degree be predicted (topography). In the future a possible sourc.: for change of 
river flow might be human induczd (7.7). 

CONSEOUENCE 

Meandering is probably of minor importance. 
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'6.10 N o i c e  a t ,.,: , 

This is a variation of ice agc (not a specific feature, event or process on the 
merged list). However, no  ice age puts special demands on how to trcat the bio- 
sphere not to  be confused with the base case scenario which assumes a steady 
biosphcre. 

Lumping 
Scmtning OUT (PROB) 

Could be lumped into Volcanism (5.13). However. probability of volcanism is 
very IOU. 6.1 1 (and 5.13) may bc screcncd out on low prohahilily. 

SCREEKlSG 

Screencd out on low probability. 

6.12 Undetected discontinuit ies 

Lumping 
Scmcning PROCESS SYSTEM 

See discussion on undetected fracture zone 6.1. 
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Lomphg 
Sarcning PROCESS SYSTEM 

There  can be natural geothermal flows due for example to  variations in thermal 
conductivity. Also thermally induced flows can be induced by heat output from 
the  repository. Simple estimates should be  made from these efrects. and com- 
pared with the anticipated natural head gradients for the various scenarios. It 
may then be pss ib le  to eliminate this phenomena using the conscqucncc 
criterion. 



Lumping 
Scmening OUT (CONS) 

At the KolmArden rieeting this phenomenon was screened out as "thc circct is 
probably of negligible impact on  repository and site characteristics. 
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7.1 Accumulation in sediments 
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Lnmplng 
Scmning OUT ('OTHER) 

This is only related to the BIOSPHERE. 

Lumping 
Scrrrning OUT (OTHER) 

This is only related to the BIOSPHERE. 

!:tion zone in the biosphere 
. .  . . 

Lumping 
Screening OUT (OTHER) 

This is only related to the BIOSPHERE. 



Lumping 
Screening OUT (OTHER) 

Chcrnical toxicity of the wastes may be an issue. However, this qucstion falls out-  
side the s w p e  of SKI/SIiB scenario project. 

?>Z .. . ' .. , . ... >:..::**?>..:,~~*.x:.~<qw*k::\..y <..,,< :,:.:.:.: > ,y.: :: .., : 

& 7 5  Isotopic dilution ii 
$ ,:.:...:, ,.: :.. ........--...a>H-.. ... ,...........,.. *.., ,2 ..,. ...A.;?.;.:.. ,..:.?:..:.:.:.':..">:.::.:,!,5:.' 

Lumping 
Screening PROCESS SYS- EM 

DESCR I PTlON 

In an asscssment of the behaviour of radionuclidcs thc prescncc ol'stablc and o r  
naturally occurring isotopes of thc samc elcments must be takcr. into account. 
For transport paths through the geosphcre and biosphere to man. mixing o r  dilu- 
tion of thc radioactive species from thc waste with species of the samc elerncfit 
from othcr sources will lead to a reduction of the radiolcgic.~! conscquenccs. Thc  
following viewpoints mainly concern the processes in the geosphcrc. 

T h e  presence o f  several isotopes of the sarnc element arc includcd in modcls 
that describe e.g. dissolution and precipitation reac!ions in t hc  ncnrficld. 
Howevcr. these effects are not limited to isotopc; o f  the s smc  elcmcnt. 
Coprecipitation of similar elemcnts is a wellknown phenomenon that might lcad 
t o  significant reduction of the release t o  the geosphere. Similar clcmcnts of this 
kind are the trivalent actinides and lanthanides 

Another important aspect is the naturally occurring dccay scries. For exarrplc. 
Swedish :ranitic bedrocks are often saturated with respcct to u r ~ n i u m  and 
thciium. This means that in calculation of thc outflow of radionuclides to thc 
biosphere there should be n o  contribution frorrr t t =  spent fuel t o  the dose con- 
sequences for these radionuclides above the natural backgroi.nd. 



Lumping 
Screening KEPT 

May alter groundwater recharge (e-g. see 6.6 and other  rclatcd phcnomcna). 

3 a m s  
Poldcrs 
Citrcs (7.1 1) 
Irrigation 
Overusc of  surface aquifers 

Most of  these changes may be covered within a general uncertainty of  ground- 
water rechargeldischargc. 

7.8 Allered  su r f ace  wa l e r  chemis t ry  b? h u m a n s  

Lumping 
Screening KEPT 

T h c  industry pollution could give risc to considcrablc changc in surl'acc w;ltcr 
chemistry by acidic rain. increased atmosphcrc carbon dioxide contcnt. complcx- 
ing agcnts in the  sur.facc waters etc. Thc  risk of such a scenario will prob:~t~ly bc 
neplecti~hl*:, provided thc bedrock proundwatcr flotr is undisturhcd. i.c. the 
groundi\atcr transport time is long and thc bcdrocl; buffering capacity car. hc 
takcn credit for. The  scenario should however bc kept on  the  Irst. although only 
combined with scenarios, containing groundv:ater fiow to thc repository t h r c ~ g h  
unscalcd boreholes o r  shafts. This combination could probably be outscrecncd 
at  a latcr stage. 

Loss of r eco rd  

Lumping 
Scmning PROCESS SYSTEM 

KBS-3 states ( p  21:7) "Knowledge of the final repository could conceivably have 
been lost a t  some point in time in the  future. cithcr as a result of  some 
catastrophic event such as a global war of extermication" (6.7) "or as  a consc- 
qucnce of  human life being rendcred impossible duri-ig a givcn era duc  to a nctv 
glaciation" (5.42) "If the  country is thereafter reppula tcd .  it is conccivablc thitt 
certain activities might violate the barriers of  thc final repository". 



Lumplng 
Scmning OUT (PROB) 

TNC 86: Chemical, physical and biological processes that ,akes place in sedi- 
m e n u  o r  sedimentary rock after formation but before eventual melamorphism 
o r  weathering. 

SCREENING 
Screened out as there s re  no sedimentary rocks at the repository. 

Lumping 7.8 5.46 527 
&recning KEPT 

A city on the site may change the groundwater rechargc;dischargc ( s t c  7.7). A 
city will also have a tunneling system which likely can reach depths of 100 m or 
morc. 

The nlosr probable direct consequence seems to  bc a lowering of thc watcr 
table, i.e. a decrease in recharge. A city might also b; situated within. or enclosc. 
the  recharge area. Lumping to  5.27 in the first place. 



Appendix 

B:2 LIST OF OUTSCREENED FEPs 

1.1.1 Criticality 

Lumping 
Smtning OUT (Cons) 

.. . ;.. :?:*.:.%..;...Y"C.,*~h.* . : 

: 122 HdOz explosions 
L) . ..x.> *-.*.*,.. .: \., . . . . 

Lumping 
Screening OUT (COSS) 

1.2.8 Redox potential 

Lumping 12.6 
Screening OUT(Adm) 

1.4 Sudden energ? release 

Lumplng 
Srmning OUT (CijSF, 

2 .  Coupled effects (electrophoresis) 

Lamping 
Screening OUT 

P' - .M w .~ . -, . 
j 2 3 2  Elcctro-chemical cracking 
L h --- x 

Lumping 
Scmtning OUT(ADh1) 



I - T  . 
i 3.1.8 Near field bulfer chemist9 .. -, - *m--**- . 

Lumplng 
Scmolng OUT (ADhl) 

f *--. 

3.1.9 Radiolysis 

Lumping 
!5crrrnlng OUT(ADS1) 

3.1 .I2 Perturbed buffer materia: chcrni,lp 
3 

Lumping 
Srrrrolng OUT (AUX1, 

'# 

11 

4.1 3 Colloids, compltxing agents 

- ... *- 

; 4 2 2 2  Hydraulic mnd;rclivitg change - Excavation/bocLfilling effecit - .... .- --.. .- . . 

r . . . . , . . . I. 

5.2.23 Mechanical eficts - Excavation;bacW~lling effects . . .. -. 



.. . * .  . : .  , . . .;r- .-.-- . . 
! 5.6 Co-storage of otller waste 

... .-: . - 
Lumping 
Scrccoicg OUT (NON PlA!!'KED) 

5.7 Poorly designed rcposilory 
L '-W- -'. ... 

Lumping 
Sartnlag OUT (ADII) 

. .... -*...w 

5.8 Poorly coostructrd reposilor? 

Lumping 
Screening OUT (AD\!) 

5.10 Accidents during operation 

5.12 Near storage of olher waste - - * .  

5.13 Volcanism 
A ---. . 

k m p i w  
Sawenlog OUT (PROB) 

I" -- . " .---- - 
5.1 8 Enhanced groundnarer flon - > 



Lumping 
Scrrtning OUT (ADM) 

F::.:.?. .: '.:.: .... .;+.:<., .<(<<,** Y_ ,.rU(*.ii...: ....... :...(:\; '2.:' .x;...:. ........... .)--;;.. . .  

5.20 Changes of the magnetic field L.: ,~w*A.,\-OY*sa.: <.,iiX ,..oI.,.....r\ . : .......... ..: . ....... 

Lumping 
Sacenlog OUT (CONS) 

.... . w:e-+>?:<: .: >;,>..>:--+:.w*.> ::a. ..,* :;,>.T? ..**.. :.;,k ..'.?,w.->:v.:~>~.:... : .;.::*;*>:...>:::..:.:::. :*:.. :. 

!.5.25  iss solution of fracture fillings/precipitations 
i. . . . . . . . . .  . . . . . . . .  ................. ... .... - ~ . .  : :,.. . . . . . . . . . .  . . . . . . . . . . . . .  ........... . . .  . . . .  

Lumping 
Scmnlng OUT(AL)hI) 

5.29 Meteorite - -> ., . 
Lumping 
Scnen~og OUT (PROB) 

530 Underground test of nuclear devices 
...... . . .  . .. . * ' * < w w  %. ..: -<.:.: C, .'. .:. 

Lumping 
Sanning OUT (RESP) 

...... $ -)"*,.: . .  ..: '%.M,.>W . . . .  :* '..>.(i.(Ti .. ? ..:. 

L52,.. Desert and unsaturation :' 
..... - <  .... :<...-..: .. -rr,.-r.i. 

Lumping 
Scmalng OUT (PROW 

f;;;..:I). "x.- I I ~ * V ~ ~ . Y ~ : : . . E E ) . . ) . , . : . P p P . ; . : l : . . :  

Other hrtun uses of crystalline rock ': 
............... . . . . . . . . . . .  , ...-..)FI1 m..w.*M.. . i : :  ,:; *..* :.. .,- 

Lumping 
Scrtmiog OUT (PROB) 



5.40 Unsuccessf~~l sttempt of site improve~ient 
* :..: :.. ..: .. . ::.::.::.:.:.:.. .................. : . . . . . . . . . . . . . . . . . . . . .  . . . .  

Lumping 
Screening OUT (RESP) 

Lumping 
Scmniog OUT (ADhf) 

Lumping 
Screening OUT ( C O W  

1 6.1 1 Intruding dykes 

Lumping 
Screening OUT (PROR) 

. . .  ........ :..... ...... . . . .  . . . . 

6.14 Teclonic activity -large scale 
........................ :.: . .,.:< . . . . . .  . . .  ................. ..::-' . ,  ::. 

Lumping 
Screening OUT (CONS) 

Lumping 
Screening OUT (OTHER) 

.... r:.x.:.x.-... :.:..x*.rar-CO1CO1~.~\..:*::i.X<~,..:.:.:' 

;: 7.2 Accumulalion in peat : 
e... .. ....... ;<, ;iO*~**~.i:~**:**.:...:..**..;:...:**Q.:<i~..i...:.i:i:<< . . . . . . .  

Lumping 
Screening OUT (OTHER) 



Intrusion into accumulati 
&um*a,*&...*-.:r... .<..... ........... , . . . .  , . .  

kmpiw 
Scmening OUT (OTHER) 

Lumping 
Scmning OUT (OTHER) 

Lumping 
Screening OUT (PROW 
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B:3 FEPs IN THE PROCESS SYSTEM 

Lumping 
Sunning PROCESS SYSTEM 

Lumping 12.6 
Scrtening PROCESS SI'STEhl 

1.1.4 Gas generation: He production 

Lumping 238 
Screening PROCESS SYSTEhl 

1.21 Radiolysis 

Lumplag 
Sertening PROCESS SI'STEhl 

p-.< .A. *% 'QQmoOp-wx , 

1 1.23 PbI reactions' 
kx~ao. ., . ---LAW 

Lumping 13 
Sunning PROCESS SYSTEM 

a.  :, \.. . . . . - ;- ..: .... :.:.:~.:<,~<..~~Q,y.>>~..~~. .:.:r:.c.:n.:... 

1 ~ 2 . 4  Car generation ! 
g ...,.,..; ::,:> ,. . . :.,.., :.: + . . y m w * x . . . > :  .*>-+ :; 

Lumping 
Screening PROCESS SYSTEhl 



Lumping 
Scmning PROCESS SYSTEAl 

* :<.: ..... ::.:.... . . .:::":.;.x.:-.:<*~~;:~*:~.:..:...~;;.~.>:+ .w.hv : , y * w . w ~ . : d : , .  

[ 1.2.6 Solubility within fuel matrix j 
~ Q i ~ l 1 . r .  . : . : ~ . . . i . ~ * ) " L : ~ . ; . ? . ~ g w ~ . . . : . : . >  ::,. .. :*:<.>PP:.. 

Lumping 
Sarcnlng PROCESS SYSTEM 

Lumping 
Screening PROCESS SYSTEhl 

Lumping 1.5 
Scrrening PROCESS SYSTEhl 

$13 
. . . . . . . .,. ,, . 

Damaged or deviating fuel 
. .... :>*,.~xX.&.:.:.:.: .... :.?,.;.:.:.,.:.:.:.:.:.:.>:.:.:.;.: ..,. ;,.:.:> ..: :: ...: I.:.? ...,.. . .. v.. .: ... . :. . . . 

Lumping 
Serrening PROCESS SYSTEhl 

*. ..< ,,..; .=,.: .,.,.,.7.... . :..;:.:.:.;:.:.*.>*&&>* . . .  E'iS Release of radionuclides from the failured.canister 
&<*y,,;<m<+;uP .:>,:w... .,..,,. .- (*~).,~.:.~.1*.,;iiii.i.:!.~,.:i.~.:.~~:.~..:.:..~ .. :.:..::.;:.:..:.:. .:.:.. . , . .: 

Lumplw 
h e n i n g  PROCESS SYSTEA1 

~ ~ < ~ ~ < . : . : < w ,  , *-- -.:* ~.,~.:~.:?:.:.>,>~...:...>,.?:.:>. :.::: .. 

f ~ l . 1  GI reactions (copper corrosion) :- 
* ,,,..,,.,,. . . . . . . . . : .,..,. > : . > : . ~ , ~ , . ~ ~ . - Q * . R . R . . ~ . : . ; < < \ . : ~ ~ ~ ~ ; ~ < ~ . : i i ~ W ' . 1 : . :  ..... ..................... ...,.... :..::.:.,.:: ..,, .. 

Lumping 
Scrrenlng PROCESS SYSTEnl 



p-::*:::.: ... :.:>>:.:.:.::!<*--,?*:.:.>.::. .................... .,,< "?%::.. : .... : ....,.,... : ,.:.: . . 

82.13 Internal corrosion due to waste : 
v.:.:..<:!.?:..' . . 

Lumping 
Smening PROCESS SYSTEhl 

$2.1.4 Role of the eventual channelingwithin the canister L <.=.> :.>:.:;:.::..:.?.:.:.:.s. 

Lumping 
Screening PROCESS SYSTEM 

Lumping 
Screening PROCESS SYSTEhl 

2.1.6.1 Repository induced PbICu electrochemical reaction! 

Lumping 
Screening PROCESS SYSTEhl 

.... . ..: : . . . .... ))&.:<. ..... :.*x.x.w. ...... ' ..: .. -. i.: ..:.:.: ..;.. . .... ., . . . . . ., . 

a1 reactions 

Lumping 
Scmening PROCESS SYSTEhl 

Lumping 
Smening PROCESS SY!jTEM 

$~YL:.~X.x..iC<.:.>:.: Y.,.:t-< ~ b > : > Y > y x ~ & i ~ ~ * . ~ * < . X  x~.., F..L,L :.:.>:.:. .: .,..... :.:. . .. 

12.1.8 Corrosive agents, Sulphides, oxygen etc 
&.+::.:.:::;.j .... :.. . ........ :.,i-:jj:<.:.:.,:,.&.i:i:: ,.... :...x...:.:..iiii.:.:..:.::r..; .::.:> .... :.;.:.:.:.:<.:.:.:.>;::::;:;... ,-,,. .: ::., >.:, ., ' .. , .. , , 

Lumping 
Screening PROCESS SYSTEM 



g w e ; * x  : . ' Y , : . : x . : . x P  

2.1.9 Racktill eflects on Cu corrosio 
... u..M*.::: :... q::...:.....: ~::*.;~***.w~~,*x::>:<:;.<.: ; >~~..~.~~$~.:*;*~ .:,>.. :<:? <.:.: ...:.:. : 

Lumping 
Screening PRWESS SYSTEM 

Lumping 
baing PROCESS SYSTEM 

............. '......& "\ <I*,+(.,+.?,: ........ ~,..~..:..:::'(.6 

ping of copper 
,.>:,:.:.:<.:wQ:.> ..... :,.:.:.:.:.:.:.>~<:.::::.: ... x.: : 

Lumping 
Screening PROCESS SYSTEhl 

Lumping 
Semniag PROCESS SYSTEhl 

23.8 lnternal pressure !l 
f <.:. :<.:.:.:.w.,. :.::.., .,.:. ? >~,x:.::~.<*,m>&<:*yA.:(.x:.;.:.;.:*.:<.> ::.::: 

Lumplng 
Sc.ctnlng PROCESS SYSTEM 

B3.1.1 Degn:.lation of the bentonite by chemical reacticns ,, 
&>: l : . i l . :C . : . ) ( .m;~  2~.i*i*i*,,,UNIl,UNIl. :<.~:xi.i**:(.:*.:...ii I>*I7. :.I:< .x.-*i)(. >.<.:.. .......li.i... . .:.:*. . .  . . 

Lumping 
Scrrcning PROCESS SYSTEM 

Saturation of sorption sites 2 
Lumping 
Screening PROCESS SYSTEM 



9'3.13 Effects of bentonite on groundwater chemistry 
..... ...... & ,..: ::. . . . . . . . . . . .  ::'. .* ..<. :.;: *: .::::-. ... ::.. - :  ....... : 

Lumping 
Scmning PROCESS SYSTEh1 

$3.1.4 Colloid generation - source i .  
&.*.. ..: . . . . . . . . . . . .  : . : . ~ ~ w m : . ~ . : . : . : : . : . ; .  .: ...: :.:.:.:.: .>::>; >,,.w,mw: .>=x. :.:.?.: ..: 

Lumping 
Scmaing PROCESS SYSTEPI 

Lumping 
Screening PROCESS SYSTEhl 

3.1.6 Sedimentation of bentonite 

Lumping 
Screening PROCESS S?'STEX1 

3.1.7 Reactions with cement pore water 
. . . . . . . . . . . . . . . . . . . .  . .  : . . .  : ; : : : .  .:.: . . . . . . . . . .  , 

Lumping 
Screeaiag PROCESS SYSTEh1 

Lumping 
Scrceniag PROCESS SYSTEh1 

F , : ( . : . : < ~ ~ l . : : l : l : O X ~ ? ~ ~ i ) r i i  ..ii i. 

;:3.1.1] Redox front i' 
y:.;.: .... :.. .... : .:.>:.:.::...>:..~>.:.:*;.:.;<.:.:.:....:.:...::. .... 

Lumping 
Screening PROCESS SYSTEhl 



fleets on bentonite 
, .s:<*. *<:::, <.: ...... :2: .:,.:::.:.: 

Lumping 
Sawniop PROCXSS SYSTEhl 

v..::: .... '' . : . . > : . . : . . : . : . : ~  

i3.2.1.1 Swelling of bentonite into tunnels and cracks 
&.: <,<*: ;.x.*.<,: .>>?. ;*. ........................ ,..>: <.:.. :.; ::.. . :.::<.:*:..:.>: v... :..: ....... ::.., .. , 

Lumping 
Scmning PROCESS SYSTEM 

Lumping 
Scmcning PROCESS SYSTEkI 

: :. . .:.... ;.:.;<.~~.I:;.,~,,X..XX~~,~'.:. .:.> : :  . ., , :.. , , 

e buffer material 

Lumping 
Scmainp PROCESS SYSTEM 

Lumping 
Sunn ing  PROCESS SYSTEhl 

; . . .  : : : : . : : :  . :.::.:: + +  .......................... :::.:. . .: 

3.2 7 Swelling of co k:.,:*:*:.: +*.<:. ..:.: < < m ~ , , . ~ . ~ > , .  

Lumping 
Scmoiog  PROCESS SYSTEM 

Lumping 32.6 
Scrrrniag PROCESS SYSTEhl 



Lumping 
Scmning PROCESS SYSTEM 

Lumplng 
Screening PRCCESS nSTEhl  

p:.>:.'.:':!% ..:.:.. . ~ : : : . ~ : : : > R : . ~ ~ . : > . .  : 

1'4.1.4 Sorption 'i 
. . .  ..........:. . . . ... . . .. . . .. . .. . . 

Lumping 
Screening PROCESS SYSTEhl 

4.1.5 Matrix diffusion 

Lumping 
Screening PROCESS SYSTEhl 

4.1.6 Heconcentration 

Lumping 
Screening PROCESS SI'STEM 

Lumping 
Scrcenlng PROCESS SYSTEhl 

Lumping 
Screening PROCESS SYSTEhl 



. ::: ,<<.>>> ;:-- . . . . . . .  .,,.. < .::.::.:.: ..:.:<.. 

- 4.1.9 "omplexing agents 8 l;*llj2%x%.,::::i.i*_?~:~ 'is., ** w+&>:.:w, *. .;>7:.. 

Lumping 
Srmning PROCESS SYSTEM 

p..: ,v,. %;:.:.:.: ........ .:: <.: ... :.?,,.,.:.>:*,~*,:,, .:.::.,,7,;,:* :.:>..>:. :?.:.:.*% 

k422.1 Excavation/backli~lling effects on nearby rock 
*:**x>.: .. > ; . : i ; L L p h : ; . : * ; * O I * . : i . : i  ;:<<+ .... :.:: . .> .... >.. *i....>.: .:.:.:(...., ........ : 

Lumping 
Smcning PROCESS SYSTEM 

Lumping 
Screening PROCESS SYST Ehl 

4.2.4 Thermal buoyancy 

Lumping 
Scmening PROCESS SYSTEhl 

Lumping 
Screening PROCESS SYSTEM 

~x",~.~*+:.:..: :.... :.: .:<. ::-.x*?- ..m,>x+ 9?.;<.:<.ww... ..'i.'.. ........................... ..................... : ... 

643.7 Thermo-hydro-mechamical effects E:.:,: ,>*>: .%.>> :,; ... : x . > p . . ;  +,x.w :.: .YAY. ............................. ... : 1.. : ..:. . 

Lumping 
h n i n g  PROCESS SYSTEM 

14.2.8 ~nhanced rock fracturing ' 
.,y<*<.:m,> .?.. : . : ~ ; ~ ~ < w < < w , * ~ . x . : + x : : . .  

Lumplag 
Screening PROCESS SYSTEM 



........... t:C*:"..:.:. . . . .  : .-*U"*"....';I.: ..*..... . - :  

4.2.9 Creeping )frock mass 
*:...k.; : , . .:,.:r . - . . 

Lumping 
Scrctolog PROCESS SI'STEhl 

. .... :.. : : . . . . : . . . . . . .  ......... . . . . . . . . . . .  r c  .F -. .: ...v 

[ 5.1 Saline (or fresh) groundwater intrusion 
h :. -.\ .... ,... :. ).:: .,.. . ..\: . . . .  . . 

Lumping 
Scrctolog PROCESS SYSTEM 

I? .-r - 6  > 

5.14 Resaturation 
< " 

Lumplng 
Scrccnlng PROCESS SYSTEM 

5.26 Erosion on surfacelsediments 

Lumplng 5.46 
Smtolog PROCESS SYSTEM 

5.44 Solubility and precipitation 

Lumplng 
Scmnlng PROCESS SI'STEhl 

f 5-45 Colloid generation and transport 
L, " Y*nl*,." k" *^^- .)ex, < .. 

Lumplng 
Smcoiog PROCESS SYSTEhl 

h m p i a ~  
Scmnlng PROCESS !SY~mhl  



t ,- . 
63 Far field hydroche~ iistry - acids, oxidants. nilrale - . " 

Lumping 
Scnrnlag PROCESS SYSTEM 

t o m  ping 
Srrnmiog PROCESS SYSfEhl  

w e  .-. 
6.5 Dilution 

, ,. 

Lumplng 
Scmnlng PROCESS SYSTEV 

6.6 Weathering ot flow pa1h5 

. - ..-. 

6.12 Undetected discontinuities 
. . -  ,. . 

Lumping 
h n l n ~  PROCLSS S Y m S I  

. ".---.- 
. 6.13 Geothennally induced flow 
i .. - .  .- .. 

k m p l w  
Srrrming PROCESS SYSTEM 

r. - 
1 J Isotopic dilution : 

-.---..---. . 

Lamping 
Scrnaiag PROCESS SI'.STE.fl 

. 



r - *  -*-*. \... a"-. 
f 7.9 Loss of records ' .- *. - 

k=plng 
Smcmiog PROCESS SY!SIZII 
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B:4 LIST OF FEPs LUMPED TO FEPs OUTSIDERS 

j: 2.5.1 Random canister defects - quality control j; 
k .  .. :,.*<.:.v .."...-..ww<..*.-* .:. ' .>?. :.>;.>: .:<.>.y;,.x *:u:+m.:.:.: .>: :-.:.:. .:.::.<.,:.; .... .... : .. : .:.:::... 

Lumping 
Serrcoing KEPT 

Lumping from 
2.3.3 S t r a s  corrosion cracking 
23.4 Loss of ductility 
2.3.5 Radiation effects on  canister 
2.3.6 Cracking along welds 
2.4 Voids in the lead filling 
2.5.2 Common cause canister defccts - quality c o n ~ r o l  
3.2.8 Preferential pathways in the buffer~bnckrill 

3.2.3 Mechanical failure of buKertbacW~ll 

Lumping frrm 
3.2.8 Prefcrcntial pathwals in the buffcrhnckfill 

32.8 Preferential pathways in the buKerIbackfill 

Lumping 23.1 3 2 3  3 2 1  32.11 
Scrrcaiag KEPT 

Lumping from 
3.2.9 Flow through buffcr,%ackfill 
3.2.12 Gas transport in bentonite 

. .  ..'..., .' . ..* . .-+.w**+:*L. **rXMr*.v ,..-. :. ..: :. 

p2.11 BacW~ll material deficiencies 
,. ..+. . . -,-...*--.-.. *..,. .., .w.*,* .......,.... .. .:. . ..: 

Lumping from 
3.2.1.2 Uneven swclling of bentonitc 
3.2.2 Movement of canister in buffcrlbacklill 
3.2.8 Preferential pathways in the buffcr,'biicklill 



3"" """ O I ~ W Y - r r r "  . 
4 2 . 1  z a l  failure of rqosit ory ' 
6 . * . v ~  ,. > --hfi-mzmw.o.o * &, 

Lumping from 
2.3.7.1 External stress 
3.2.3 Mechanical failure of buffcr/backfill 

Lumping 
Scmolng KEIT 

Lumping from 
4.2.1 Mechanical failure of repository 
5.15 Earthquakes 

Lumping 
Scmning ISOLATED SCENARIO 

Lumping from 
6.7 Nuclear war 

Lumping from 
4.2.10 Chemical effects of rock reinforcement 
5.4 Decontamination materials left 
5.5 Chemical sabotage 

[--. :-:<* .: .: :..: >--- -.**.,ww.: .. ::... . . 

5.9 
A. .x <... m<.. 

Unsealed boreholes and/or shafts ij 
. . .<.w.:*<..~<.>;., 

Lumping from 
5.1 1 Degradation of hole- and shaft seals 
5.21 Future boreholes and undetected past boreholes 
5.34 Geothermal energy production 
5.36 Reuse of boreholes 
5.4 1 Water producing well 



p! .,.: : . . ,.: , .. ... >>:***>>,:<.:.:..>A,>: .... : ,. 

$5.17 Permafrost $ 
& ,......* ..,. .... .. ..... : . : .,.... . .. >.*>i~.*.$~w.*,>:.:~ 

Iamping 
Screening KEPT 

Lumping from 
5.22 Accumulation of gases under permafrost 

., :. :.. . - d:d.:w).. : , , Q % * * * Z y l : w < ' * , ~ ~  .... &<.:...:.~<>~iWw,....,; ,,,. :. ..: .,.>,; .:: 

lation of gases under permafrost : 
: + : . : ~ ~ ~ ~ ~ < . > : . : . x + ~ ~ . : * ~ . ~ ~ w ~ . ~ : . . <  ... :.x<.,.;<~..>>:...::.::x ,..,., . : ,,, 

Lumphg 5.17 
Screening KEPT 

Lumping from 
5.43 Methane intrusion 

Lumping 
Screening KEPT 

Lumping from 
7.1 1 City on the site 

Lumping 
Screening KEPT 

Lumping from 
6.8 Human induced climate changc 

Lumping 
Screening ISOUTED SCENARIO 

Lumping from 
5.28 Underground dwellings 
5 3 7  Archeolvgical in'rusion 



..;: .,..-,>*>.-,: ...... 

: 5.42 Glaciation 
. . . . .  . . . .  .>*:;.: & . .  ..:. ;,;;:,!A,, -...-..- :: &.&as.. h.<" ... a .... . . .  

Lumping 
Smcning KEPT 

Lumping from 
610 No ice age 

*.i'i' =.:...... ....... ."; ......... ,. . 

p.7 Human i"duced chan 
C * . : . > X . l i : ( . : . ; : : . : . : . ~ . ! . i ~ ~ l O ~ & * * X ~ ~  

Lumping 
Weening REPT 

Lumping from 
6.8 Human induced climate change 

-*M*h,)* :' .))Tx. :,.I*>>ww*E(.:.x<* : I:: ... :...: . : . ,.,.. :.:.;.:. ..: :. .................... 

ered surface water chernistly by humans 

Lumping 
Screening KEPT 

Lumping from 
6.8 Human induced climate changc 
7.7 1 City on the site 
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