Title 40 CFR Part 191
Subparts B and C
Compliance Recertification
Application
for the
Waste Isolation Pilot Plant

Appendix PA

United States Department of Energy
Waste Isolation Pilot Plant

Carlsbad Field Office
Carlsbad, New Mexico



Appendix PA



Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004 | Back to CRA Index |

1 Table of Contents
2 PA-1.0 INTRODUCTION......e.uueuueeeeeeeeseesernserssrssssssssssssssssssssssssssasssssssssasssssssassasssssssassas 1]
3 |PA-2.0 CONCEPTUAL STRUCTURE OF THE PERFORMANCE ASSESSMENT ............ 3|
4 PA-2.1  Regulatory REGUIFEMIENLS .........ueeeeesueevssuressssressssessssnossssssssssrssssssssssssssssaes 3
5 PA-2.2  ENI: Probabilistic Characterization of Different FUTUTES .......couuueeeeesenne. 6
6 PA-2.3  EN2: EStimation Of ReleASES ........uuueeeeeueevsvvivsuriossvresserossnerssssssossssssssnsees 8
7 PA-2.4  EN3: Probabilistic Characterization of Parameter Uncertainty.............. 10
8 |PA-3. 0 PROBABILISTIC CHARACTERIZATION OF FUTURES ...........coueeeeeuerorvuesosunes 13 |
9 PA-3.1  Probability SPACE.........ueeeeeeseueeriosssuerioosssanrisssssassisssssssssssssssssssssssssssssssssssssans 13
10 PA-3.2  DFilliNG INIFUSION au.cueeeeneeeeosnersssvnsssssrsssssssssssssssssssssssssssssssssssssssssssssssssanss 13
11 PA-3.3  Penetration of Excavated/Nonexcavated Area ......ceeueeeeeoseunvseosssnnsoosnns 15
12 PA-3.4  DFillING LOCAION..cc..uuueenaaevosenerosnessssaesssssssssssssssssssssssssssssssssssssssssssssssssssss 16
13 PA-3.5  Penetration of PreSSUrized BYiNe ........uueeeeoonneescossnnniossssanresssssnsssssssssssssaes 16
14 PA-3.6  PlUZZING PAIEI ca..eneeennavnnneriosnnnssarssssssssssssssssssssssssssssssssssssssssssssssssssanss 16
15 PA-3.7  ACHVILY LVl ....unuunnaannannneinnnennencnvensnernsensnnsssesssissssssssssssssssssssssssssssssesssss 16
16 PA-3.8  MiRING TiME..u.uecnueeeonneeennvencsrenessnsnsssasissssssssssssssssssssssssssssssssssssssssssssssssssnsss 18
17 PA-3.9  Scenarios and Scenario Probabilifies ..............uuecuuenneennennencnensneennennnn 18
18 PA-3.10 Historical Review of CCDF CONSIPUCHON ....a.eneeeeesuneesssaveossvsssssssssssssssnnns 20
19 |PA-4. 0 ESTIMATION OF RELEASES.........uuuonnenneinnnenseinniesneenssessssssssesssessssssssesssssnne 22 |
20 PA-4.1  ReSults for SPeCific FULUTES ....uueeeeseeesssuresssarosssercssssssssssrosssssssssssssssssssanss 22
21 PA-4.2  Two-Phase Flow: BRAGFLOQ ...............uuenuencnnennennvensnercnesssensssensnns 24
22 PA-4.2.1 Mathematical DeSCrIPIION .....ueceeeeresverossueroseserossssssssasssssasesnns 24
23 PA-4.2.2  INitial CONAILIONS.....uuuenneeeecnnnerennerisnnencsneicsneecssnnecssssscsasecnns 40
24 PA-4.2.3  Creep Closure of RepOSIIOTY ......ueeeeueressuercssuercssserssssssssssssosanns 42
25 PA-4.2.4  Fracturing of Marker Beds and Disturbed Rock Zone.......... 43
26 PA-4.2.5  GAS GENEIALION....uueenneeenneecrnersrnenreensrinsaessnesssesssessasssssesssassss 44
27 PA-4.2.6 Capillary Action in the WaSTe .......ueeeeesvuesessvnssssanssssssssssassssnns 50
28 PA-4.2.7  Shaft TreQtment........eueeeneersneensueesueesannssaesssecsssesssssssaesssasssses 51
29 PA-4.2.8  Option D Panel CLOSUFES......uueceeeevevseressersssssssssssssssssssssssssanns 53
30 PA-4.2.8.1 Panel Closure CONCrete......unueeeeueeessueresenenenee 54
31 PA-4.2.8.2  Panel Closure Abutment with Marker Beds.....54
32 PA-4.2.8.3  Disturbed Rock Zone Above the Panel
33 [ (77 54
34 PA-4.2.8.4 Empty Drift and Explosion Wall Materials ......55
35 PA-4.2.9  Borehole Model ................uuunuuenuecneenuensuensnensssensannssnesssesssens 55
36 PA-4.2.10 Numerical SOIUIION .........c.euuueeneeevonneeicsneicssuescssnercssssncssasecsans 56
37 PA-4.2.11 Gas and Brine Flow across Specified Boundaries................. 59
38 PA-4.2.12 Additional INfOrMALION .........e.cueeeeoneeevonnneiessuencssnercssseecssanecsans 60
39 PA-4.3  Radionuclide Transport in the Salado: NUTS...........cceeuerevcueroscuerossuesosnns 60
40 PA-4.3.1 Mathematical DeSCYIPIION ..a...ceeeneeveoseuneiossssanressssosssssssssssosans 60
41 PA-4.3.2  Calculation of Maximum Concentration
42 S (BFy0Xy Miy El) coerrrnseersnnssessnssssssssnssssssssnssssssssnsssssssss 63
43 PA-4.3.3 Radionuclides Transported ..............eueeeeuerossuerossuvrossavsossansosnns 66
DOE/WIPP 2004-3231 i March 2004

Appendix PA



O N KW~

Pt
W= O\

W NN NN /=== ==
SOOI WN P WN—=OOVOJN N B

W W W
W N =

W W
(LT N

[98)
(@)

AR DPA, DWW
DN b W= OO X0

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

PA-4.4

PA-4.5

PA-4.6

PA-4.7

PA-4.8

March 2004
Appendix PA

PA-4.3.4  Numerical SOIULION ........auueeeeenneereossnneriossssaniiosssnsrosssssssassssnans 68
PA-4.3.5  Additional INfOrMALION .........e.eneeevoneeerosnerossneicssnniossasscssassosans 71
Radionuclide Transport in the Salado: PANEL...........cooouueveeossnveoosanns 71
PA-4.4.1 Mathematical DeSCrIPHION .....ueeeeeeresverosenerossrerosssersssssssssasessnns 72
PA-4.4.2  Numerical SOIULION ........auueeeeeuneeriossnerioisssaniiosssnssosssssssassssnans 73
PA-4.4.3 Implementation in Performance ASSeSSMENt ........ueeueeereeennnes 74
PA-4.4.4  Additional INfOYMALION ........ceeeneereosenneveoossnsiscsssnssossssssssssssnnns 74
Cuttings and Cavings to Surface: CUTTINGS S .......ucoeveuerervuercssuercsnnes 74
PA-4.5.1  CUHINZS «euueeveonnnveriosssarieosssnssosssssssessssssssssssssssssssssssssssssssssssssnsss 74
PA-4.5.2  CAVINGS..uuuuaeivrvuriirrerissssrossssnssssrossssrsssssnsssssssssssssssssssssssssssssssssns 75
PA-4.5.2.1 Laminar Flow Model................uueeeeeeeuereosssunnnn 78
PA-4.5.2.2  Turbulent Flow Model..................ucuueeeruensuecn. 79
PA-4.5.2.3  Calculation of Rf......uueecuencucncencnencnncnnncnnnne, 81
PA-4.5.3  Additional INfOrMALION ............cueeeeneeercneeicsueicssnercssanecssaescsnns 82
Spallings to Surface: DRSPALL and CUTTINGS _S.......coueeevvuevcsruvscsuanes 82
PA-4.6.1 Summary of ASSUMPLIONS....ueeeeererossserosserosssesossssssssssssssasssssanes 83
PA-4.6.2  Conceptu@l Model............uueeeeoenerosnerossunsosssnsssssssssssssssassssnns 83
PA-4.6.2.1 Wellbore Flow Model.............uuuueeeosssuereosssnnnnees 85
PA-4.6.2.2  Repository Flow Model.................eueeeneeesennnnene. 90
PA-4.6.2.3  Wellbore to Repository Coupling ...............uu.... 92
PA-4.6.3  Numerical Model.............uuuuuuennneenuensneenuensnensansssanssancssseenns 97
PA-4.6.3.1 Numerical Method — Wellbore ...............ueuu..... 97
PA-4.6.3.2 Numerical Method — Repository..............ceeeee.. 99
PA-4.6.3.3 Numerical Method — Wellbore to

Repository COUPIING .........eeueeeeeneeoeneroscnerosnne 101
PA-4.6.4  IMPLCHICHIATION cav.eenaevennerossrerossrerossserosssssssssssossssssssssssssssssses 101
PA-4.6.5 Additional INfOrMALION .........e.eeeeevonneevosnerossuerossansossansosanens 103
Direct Brine Release to Surface: BRAGFLQ ............cuuuueeeeeseuaervosssnnnnene 103
PA-4.7.1 Overview of Conceptual Model...............uueueeoeneeosneeosnnnen. 103
PA-4.7.2  Linkage to Two-Phase Flow Calculation ...................ueeeeee... 104
PA-4.7.3  Conceptual Representation for Flow Rate rDBR(t) ........... 106
PA-4.7.4  Determination of Productivity Index Jyy .........cccucuvusecncncnes 108

PA-4.7.5 Determination of Waste Panel Pressure p,, (t) and Direct
BFiNE ReElOASE . auu.uneeneeiiosananionissueriosssssssicsssassosssssssssssssssssssans 109
PA-4.7.6  Boundary Value Pressure piyf...ccscusecssescssssecssuscscasencaes 112
PA-4.7.7 Boundary Value Pressure PiyEq .cccoeeeesseeesseresssencsssnecsssnscnns 119
PA-4.7.7.1 Solution for Open Borehole ...............ueceeune... 119
PA-4.7.7.2  Solution for Sand-Filled Borehole.................. 122
PA-4.7.8 End of Direct Brine Release...........uuueeeeeoeuneereossunvscssssanssosans 123
PA.-4.7.9  NUMEFICAl SOIULION «..eeeeeeeeeeeeeeeeearnneeeeeeeeeeesssssnaseeeeeccessssssnnne 124
PA-4.7.10 Additional INfOrMALION ........ceeeuaeevooonnnessossssneressssnrsssssasssssans 126
Brine Flow in Culebra: MODFLOW.........ueioeecsuenseensannsssecsanssnnesee 126
PA-4.8.1 Mathematical DeSCHIPLION a....cueeueeeeesenevrossssseresssssassessssssssssaes 126
PA-4.8.2  IMPIEMERLALION c..au.nnnnennneneroenerornerosnerossssisssssssssssssasssssssenes 127
PA-4.8.3 Computational Grids and Boundary Value Conditions....... 130
ii DOE/WIPP 2004-3231



O N KW~

— e e et
NN B W= OO

17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

PA-4.8.4  Numerical SOIULION ...........euueenaneennnneecnneecsnnereseeecsseeecssnnecnns 130
PA-4.8.5 Additional INfOrMALION .........e.eeeeeeoneeevoseerossuenossnnsossansosanens 133
PA-4.9  Radionuclide Transport in Culebra: SECOTP2D.............uuccoeeveeeereenns 133
PA-4.9.1 Mathematical DeSCrIPHION .....ueceeeveresveroseneroseserosssssossasssssssns 133
PA-4.9.1.1 Advective Transport in Fractures.................... 134
PA-4.9.1.2  Diffusive Transport in the Matrix................... 136
PA-4.9.1.3 Coupling Between Fracture and Matrix
EQUATIONS ..cunannnnaennnnennnnennsnnrinsnnsssnnsssnssosssenes 137
PA-4.9.1.4  Source Term.......uueuuueecveesuercsuesssanssuessenesnens 138
PA-4.9.1.5 Cumulative Releases.........ueeeuerereensueeseeennne 138
PA-4.9.2  Numerical SOIULION ...........ucuueennecneenuercuensensvensercssesssnnenne 138
PA-4.9.2.1 Discretization of Fracture Domain.................. 139
PA-4.9.2.2  Discretization of Matrix EQUation .................. 141
PA-4.9.2.3  Fracture-Matrix COUPling..............eeeeeuererenene. 142
PA-4.9.2.4 Cumulative ReleasSes ..eeeeeeeeeeeeeeeeeeeeeannnee. 142
PA-4.9.3  Additional INfOrMALION .........e.eneeeronneevosueiossuerossansossasscsanens 142
PA-5.0 PROBABILISTIC CHARACTERIZATION OF SUBJECTIVE
UNCERTAINTY ...uccovuviisuicsniisuiissnisssicsanisssssssnsssssssssssssssssnsssssssssssssssssassssssssssssasssssssnss 143
PA-5.1  Probability SPACE.......uueeeeeeueerivsssunriossssanrisssssassessssssssssssssssssssssssssssssssssssans 143
PA-5.2  Variables Included For Subjective UNCertaingy ..........ceeeeseueroreueroscnesenes 143
PA-5.3 Variable DiStriDUTIONS.......ueeeeueeeecvveeisueecssnnecssneesssesssssessssssessssecssssscssssenes 144
PA-5.4  COTPOLALIONS c.uuanaennnaennnennneenrnennanirnenrnnnrnenssnensesssnssssesssssssssssssssssessssessssssns 144
PA-5.5  Separation of Stochastic and Subjective UNCertainty............eeeeeeesveeecsenns 144
IPA-6. 0 COMPUTATIONAL PROCEDURES ........uucuuueeuuenueenuensnrensuessecsssesssessssessssessessees 155
PA-6.1  SAMPING PrOCEOAUIES ae.ceeeueeeeosuneerovsssunriossssansiossssssiosssssssssssssssssssssssssssssnns 155
PA-6.2  Sample Size for Incorporation of Subjective Uncertainty............ceeeeen. 156
PA-6.3  Statistical Confidence on Mean CCDEF...............coouereverercsserossesossansosnns 156
PA-6.4  Generation Of LHSS ......ueeeuervneensueennensnennsuenssensssesssessssesssessssessssssssssns 157
PA-6.5  Generation of Individual FUTUTES .......uuueeeeueveosuerossuerossnnrossnnsossassssssnssnns 158
PA-6.6  CORSIrUCHON Of CCODFS .aunnuunneennnenneennensnennnenssnesssenssnsssassssessssesssssssssssns 160
PA-6.7  Mechanistic CAlCUIALIONS ........ueeueeneeesueennenseeisuenseicssesssensssesssssssansssassnns 161
PA-6.7.1 BRAGFLO CalCUlQIIONS .....uuueeueennneeonnoncnnneecssnerossnnrossnenenes 162
PA-6.7.2  NUTS CalcUlQtions...........uueeueeenueesueesuensesssuessensssessnessanenee 163
PA-6.7.3 PANEL CalCUIALIONS «u..cuuueenneeeonnnerosnerossnercssnercsssescssssscsssens 164
PA-6.7.4 CUTTINGS S CAICUIALIONS «..eneneronnnesosneesosansssrarsssasssssesones 164
PA-6.7.5 BRAGFLO Calculations for Direct Brine Release
VOIUMES..cuunnennaenneinninnecinvennricninnsecssesssessesssscsssessssesssnnns 166
PA-6.7.6 MODFLOW Calculations 166
PA-6.7.7 SECOTP2D CalCUlATiONS ....uueeeueuevessuesossuesossavssssassossssssssssssns 167
PA-6.8  Computation Of RelEASES .....uuuuuueeueenvensuvenuensnensuensannssaenssnesssesssssssaesans 167
PA-6.8.1 UndiSturbed ReleaASES .......eoeeueroseuerossuesossvnrosssnssssasssssasssssasses 167
PA-6.8.2  Direct ReleaSes.....uuueeeeeueeessueeosseressnerossnnresssenossssnosssssssssesns 167
PA-6.8.3 Construction of Cuttings and Cavings Releases .................. 168
PA-6.8.4 Determining Initial Conditions for Direct and Transport
RELOASES .uunnennaennnennnennneinnennercnvenneccsennnsicsessssessesssssssesnne 168
DOE/WIPP 2004-3231 il March 2004

Appendix PA




O N KW~

e
N == O O

13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

41
42
43
44

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

PA-6.8.4.1 Determining Repository and Panel

CORAILIONS .unuennneennnenneecnenireeieensnensaesssaesssessnne 168
PA-6.8.4.2  Determining Distance from Previous

TRIPUSIONS acnneennnecneennencrnensneecsnensnnecsansssecsssennns 169

PA-6.8.5 Construction of Direct Brine Releases .........eeeeeneeveoscnnnnen 171

PA-6.8.6 Construction of Spallings Releases.............ueeeeeueveesueeeosnnnne. 171

PA-6.8.7 Radionuclide Transport Through the Culebra..................... 172

PA-6.8.8 CCDFEF CONSIIUCHON..u.uuuenneeenveesrvenaensrnecsaessaesssnssssecssnsssassses 173

PA-6.9  SenSitivity ARALYSIS....eueeesseveossanisssarisssssssssassssssssssssssssssssssssssssssssssssssssssssses 174
PA-6.9.1  SCAUCYPIOLS..uuuueeneeeroneeiesrarinssarssssarsssssissssrssssssssssssssssssssssssses 176

PA-6.9.2  RegresSion ARGLYSIS...eeeeeossensosssneosssnesssssosssasssssesesssassssssseses 176

PA-6.9.3  Stepwise Regression ANALYSIS.....aceeeeeessueeessavesssnsessssesssssesones 177
|PA- 7.0 RESULTS FOR THE UNDISTURBED REPOSITORY. ..............ccuuuuueenueeenuennunnnne 179 |
PA-7.1  SALAAO FIOW...uuunnuonnnaonuenneiirnensrarcnensrnnnsenssesnssesssscsssesssssssssssssssssesssssssssssns 179
PA-7.1.1  Pressure in the RePOSILOTY.....ceeeeeesoosssseriessssssssosssassssssssssscns 179

PA-7.1.2  Brine Saturation in the Waste...........eeeeeveensuecsseecsanssnnnnne 182

PA-7.1.3  Brine Flow Out of the RepoSitory ........eeceesvevvecscssnsscsssnnnens 186

PA-7.2  Radionuclide TransSpOrt..........eeeeecoeeeeossuviossuvnssssesssssnsssssssssssssssssssssssssans 189
PA-7.2.1 Transport to the Culebra 189

PA-7.2.2  Transport to the Land Withdrawal Boundary...................... 190
|PA-8. 0 RESULTS FOR A DISTURBED REPOSITORY .........uuuuuuuennneeanninneicnessnessneenens 191 |
PA-8.1  DFilliNG SCEONAFIOS «uveneeeeeneeiosuresssvrosssrsssnrssssssssssssssssssssssssssssssssssssssssssans 191
PA-8.2  MiNiNG SCOMATIOS cuveeeuevevsrurosssaresserossasisssasssssssesssssssssssssssssssssssssssssssasssssas 192
PA-8.3  SALAAO FIOW...ucnnuonnnuonaenneiinenreiirnensreennensseecssessssesssesssssssssssssssssesssssssssssns 192
PA-8.3.1  Pressure in the RePOSILOTY.....ceeeeeeseossssersosssssssscsssssssssssssssces 192

PA-8.3.2  BFine SAtUFALION c....uneeenneeennevcrnenneenreecnersninsanesssessssssssesssecens 197

PA-8.3.3  Brine Flow Out of the RepoSItOry .....ueceeeevesuerosravssssansssanenns 204

PA-8.4  Radionuclide Transport............eeeicoossuereeosesansicsssnssosssssssssssssssssssssssssssses 207
PA-8.4.1 Radionuclide SOUTce TerM.........uueeneenneevsnnenneeseecsaensaennne 207

PA-8.4.2  Transport through Marker Beds and Shafft.......................... 210

PA-8.4.3  Transport to the Culebra 210

PA-8.4.4  Transport through the Culebra...........aeeeeneennneennnensneecnnnnne 215
PA-8.4.4.1 Partial Mining ReSUILS........ueeeeeueeeeeeressraressnenes 216

PA-8.4.4.2  Full Mining ReSUILS .........uueeeeueevcneeeosneecsnnne 216

PA-8.4.4.3 Additional INfOrmation............eeeeeeeuevesenerosnene 216

PA-8.5  Direct RelOASES ......uuuuuueeouuaeecneeensuveessuveessuencssasncsssesssssssssssosssssssssssssssssans 217
PA-8.5.1 Cuttings and Cavings VOIUMES .........eceeeeresvuervsvueiossansossansonns 217

PA-8.5.2  SPAIl VOIUMES «..cuuueenneeeonneeiounrnssnniiisnninssunncssnseessssncsssescsssscses 219

PA-8.5.3 Direct Brine Release VOIUMES ............uueueenneennenneecnnensnnnne 223

PA-8.5.4  Additional INfOrMALION ..........eeueeenneeronnnencseerossnercssanecssaneen 228

| PA-9.0 NORMALIZED RELEASES.......uueinnneenneensneinnenssecssseesessssesssessssssssssssassssesssses 232
PA-9.1 TOLAL REICASES...uuueeenneeenneencnerisnerissnnressnsressssissssssssssssossssssssssssssssssssssssnns 232
PA-9.2  Cuttings and Cavings Normalized ReleASes........ueuevesueroseuerossuerossaesonns 237
PA-9.3  Spallings Normalized ReleaSes........euuonnueenneeeneeenencneensueeseensanecsaenssnens 240
March 2004 iv DOE/WIPP 2004-3231

Appendix PA



—

I

)]

(o)

|

o0

O

10
11

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

PA-9.4  Normalized Direct Brine RelCASES.....eennneeeeeeeeeeeeeesssrsssneeeeeeccesssssssans 244
PA-9.5  Transport Normalized ReleASes........uuuoneevneennneesreensuersuensnenssnecsaensannnns 244
PA-9.6  Sensitivity Analysis for Total Normalized ReleaSes........coueseoeevesennronens 249
REFERENCES e 252|
[ATTACHMENT MASS |
[ATTACHMENT PAR ]
UTTACHMENT PORSURF. i
|ATTACHMENT SCR e |
|ATTACHMENT SOTERM. il
UTTACHMENT TFIELD ....uueeeeeeeeeeeeeecesesereressssssssssssssssssesssssssesssssssenssssssssssssssssssssssssses i |
DOE/WIPP 2004-3231 v March 2004

Appendix PA



—

09N Uk~ W

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Figure PA-1.
Figure PA-2.
Figure PA-3.

Figure PA-4.
Figure PA-5.
Figure PA-6.
Figure PA-7.

Figure PA-8.
Figure PA-9.

Figure PA-10.
Figure PA-11.
Figure PA-12.
Figure PA-13.
Figure PA-14.
Figure PA-15.
Figure PA-16.
Figure PA-17.
Figure PA-18.
Figure PA-19.
Figure PA-20.
Figure PA-21.
Figure PA-22.

Figure PA-23.
Figure PA-24.

Figure PA-25.
Figure PA-26.

Figure PA-27.
Figure PA-28.

Figure PA-29.

Figure PA-30.

March 2004
Appendix PA

List of Figures

Construction of the CCDF Specified in 40 CFR Part 191, Subpart B. .......... 9
Computational Models Used in the CRA-2004 PA............ccouueeeeosevunereossannenes 9
Distribution of CCDFs Resulting from Possible Values for
Xy € Xgyjerresressesassuesunsansunssussussssssessessesassssssassassssssessessessessssssssasssessessessesasssasnes 11
Distribution of Exceedance Probabilities Due to Subjective
T 711 11
Example CCDF Distribution From CRA-2004 PA. .......ccovuueeeeosssuerecsssnnnes 12
Location of Berm Used in Passive Marker SYSteHi..........eeceeeeeessevesssersssenenes 14
Cumulative Distribution Function (CDF) for Time Between Drilling
TRIPUSIONS. «ovonneeennercrnensneenrensnicsannsnesssesssissssssssssssessssesssnsssassssasssssssssssssssssassns 15
Computational Grid Used in BRAGFLO in the CRA-2004 PA.................... 27
Definition of Element Depth in BRAGFLO Grid in the CRA-2004
PA. 28
Identification of Individual Cells in BRAGFLO Grid in the CRA-
2004 PA. 30
Schematic View of the Simplified Shaft Model................ueueeeeeuereseneresenenene 52
Schematic Side View of Option D Panel CIOSUTE. .......uuuueeeeoseueerosssnesessssnnnns 53
Representation of Option D Panel Closures in the BRAGFLO Grid. .......... 53
Detail of Rotary Drill String Adjacent to DrYill Bif...........eccoeeeuneeeoessnnereosennnns 77
Schematic Diagram of the Flow Geometry Prior to Repository
POREITALION. .cnuaennnaeecnnnencnnencnnencseeeisnnscssescsseessssessssssssssssesssssesssssssssssssssessns 84
Schematic Diagram of the Flow Geometry After Repository
POREITALION. .cnuaennnneennnneninneicnnencseeicsnnnisseicssesssssesssssessssseessssssssssssssssssssssesses 84
Effective Wellbore Flow Geometry Before Bit Penetration. ...............ceuee.. 85
Effective Wellbore Flow Geometry After Bit Penetration. .............euueeeeesennnss 86
Finite Difference Zoning for WellDore. ...........ueeeeeeeeevosvevossurnossunssssnnssssansssnns 97
DBR LOZICAL MESH....unneunaaenonnavininneiosavnsssansssssssssassssssssssssssssssssssssssssssssssssss 104
Assignment of Initial Conditions for DBR Calculation at Each
TRIPUSION TUMO..cucnuenneenneennennneccnnenreecnensneicssessssessessssesssessssssssessssssssssssssns 105
Borehole Representation Used for Poettmann-Carpenter
1 ] 71 1 RN 113
Areas of Potash Mining in the McNutt Potash Zone. ..............ccuueeverunevennne. 129
Modeling Domain for Groundwater Flow (MODFLOW) and
Transport (SECOTP2D) in the Culebra. ............euueeeaneevenneeneneecssnerescnenenes 131
Boundary Conditions Used for Simulations of Brine Flow in the
CULEDT A cnnnaaennnnnennnnnennnennineresneicsnrncsssrisssseissssssssssssssssssssssesssssssssssssssssssssnes 132
Finite Difference Grid Showing Cell Index Numbering Convention
USed DY MODFLOW......uuuuueevueinrenuensnenssnnssesssesssssssssssssssssassssessssssssessssssses 133
Parallel Plate Dual Porosity Conceptualization. ...........eeeeeseueresesesssssessssaenes 134
Schematic of Finite Volume Staggered Mesh Showing Internal and
GROSE COllSnnnannnannaennannnniinnennvennensrneisecssicsseissesssecssessssssssssssesssssssssssssnns 140
Illustration of Stretched Grid Used for Discretization of Matrix
DOMUAIN c..anaannannaennenneenreninreineicsenssecsssesssessssessssssssesssssssssssssssssessssssssesssssans 141
Correlation Between ANHCOMP and ANHPRM................uueeeeueeescuercnnne 153

vi DOE/WIPP 2004-3231



01N Ui W~

AP, DR D WOLWLWLWLWWUWWUWWERNNNNDPDNDNDPDNNNDND =R =
NP WL, O OXIANNDE WD, OOV NDEE WP, O ORI NRAWND—O o

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Figure PA-31.
Figure PA-32.
Figure PA-33.
Figure PA-34.
Figure PA-35.
Figure PA-36.
Figure PA-37.
Figure PA-38.

Figure PA-39.
Figure PA-40.

Figure PA-41.
Figure PA-42.

Figure PA-43.
Figure PA-44.

Figure PA-45.
Figure PA-46.

Figure PA-47.

Correlation Between HALCOMP and HALPRM. 153
Correlation between BPCOMP and BPPRM. .............cuueveueenuecceecsnercnnnnns 154
The Determination of the Type Of INIrUSION.........eeeeueeeeoscnveeeosssaniesssssaseeas 170
Processing of Input Data t0 Produce CCDFES..........eeueeeveuerosenercscnercscnenes 175
Pressure in the Excavated Areas, Replicate R1, Scenario S1. .................... 180
Mean and 90t Percentile Values for Pressure in Excavated Areas,

Replicate R1, SCENATIO Sl.....uunueeeoseronsurosserosserssssrossessssssssssssssssssssssssss 181
Primary Correlations of Pressure in the Waste Panel with Uncertain
Parameters, Replicate R1, SCENATIO Sl...uuueeoeeuerevserossereseerossesosssesssnnses 181
Comparison of Pressure in the Waste Panel Between All Replicates,
Y7 1 Y N 182
Brine Saturation in the Excavated Areas, Replicate R1, Scenario S1........ 183
Mean and 90" Percentile Values for Brine Saturation in Excavated

Areas, Replicate R1, SCENATIO S1. .....uueuueeeovsuevieosssnnsiossssansessssssssssssssssossons 184
Primary Correlations of Brine Saturation in the Waste Panel with

Uncertain Parameters, Replicate R1, Scenario S1. ...........ueweecueressuveossannonns 185
Comparison of Brine Saturation in the Waste Panel Between

Replicates, SCENATIO S1...nnuuenneeeosuvensruressrerssssarsssssnsssssssssssssssssssssssssssssses 185
Brine Flow Away from the Repository, Replicate R1, Scenario S1............. 186
Brine Flow Away from the Repository Via All Marker Beds,

Replicate R1, SCENATIO S1..nuuunuenneenuensueensuensnensunnsnesssesssesssecsssessssssssens 187
Brine Outflow Up the Shaft, Replicate R1, Scenario S1. ...........ueeeeeueresenese. 187
Brine Flow Via All MBs Across The LWBs, Replicate R1, Scenario

Y RN 188

Primary Correlations of Total Cumulative Brine Flow Away from
the Repository Through All MBs with Uncertain Parameters,

Replicate R1, SCENATIO S1..nuuuneenneenuensneenruensrnensuensnesssenssessseesssessssssssens 189
Figure PA-48.  Comparison of Brine Flow Away from the Repository between

Replicates, SCENAFIO S1......uuuneenneenuensneensaernsuenssensssenssnesssesssnesssessssessssses 190
Figure PA-49.  Pressure in the Waste Panel for All Scenarios, Replicate R1. .................... 193
Figure PA-50.  Pressure in Various Regions, Replicate R1, Scenarios S2 And S5............. 195
Figure PA-51.  Mean Pressure in the Waste Panel for All Scenarios, Replicate R1........... 196
Figure PA-52.  Mean And 90 Percentile Values For Pressure In The Excavated

Regions Of The Repository, Replicate R1, Scenario S2. ............ueeeeeueeeeenese. 196
Figure PA-53.  Primary Correlations For Pressure In The Waste Panel With

Uncertain Parameters, Replicate R1, Scenario S2. ............ueeueeervuevcrvuenenns 197
Figure PA-54.  Primary Correlations For Pressure In The Waste Panel With

Uncertain Parameters, Replicate R1, Scenario S35. ...........uueeeueeevcueresvuenennns 198
Figure PA-55.  Statistics For Pressure in the Waste Panel For All Replicates,

SCONATIO S2.uuuennuenneinvennenireenrenininseicssesseississssesssesssessssssssssssessssssssssssssens 198
Figure PA-56.  Brine Saturation in the Waste Panel for All Scenarios, Replicate R1........ 199
Figure PA-57.  Mean Values for Brine Saturation in the Waste Panel for All

8cenarios, Replicre R1. ...........eeeaeevooeneevvosisnnnsessssunsissssssssssssssssssssssssssssnssns 200
Figure PA-58.  Brine Saturation in Excavated Areas, Replicate R1, Scenarios S2

N Y T 201
DOE/WIPP 2004-3231 vii March 2004

Appendix PA



O N W~

AP, PR DD OWOLWLWWLWWUWUWWWINNDDNPNPDNNPDNNDNODND === =
N WL, OOVXINNDE WP, OOV NIA,WNO—RL OOV WND—~ONOo

N
(@)

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Figure PA-59.
Figure PA-60.
Figure PA-61.
Figure PA-62.
Figure PA-63.
Figure PA-64.
Figure PA-65.
Figure PA-66.
Figure PA-67.
Figure PA-68.
Figure PA-69.
Figure PA-70.
Figure PA-71.
Figure PA-72.
Figure PA-73.
Figure PA-74.
Figure PA-75.

Figure PA-76.

Figure PA-77.
Figure PA-78.

Figure PA-79.
Figure PA-80.
Figure PA-81.

Figure PA-82.

Figure PA-83.

March 2004
Appendix PA

Statistics For Brine Saturation in Excavated Areas, Replicate R1,

SCONATIO S2.uuuunnuenneinvenneninrinreinnenneicsenssisssisssesssessssesssessssssssessssessssssssssss 202
Primary Correlations for Brine Saturation in the Waste Panel with
Uncertain Parameters, Replicate R1, Scenario S2. ............weeeuerereuevervuenonns 203
Primary Correlations of Brine Saturation in the Waste Panel with

Uncertain Parameters, Replicate R1, Scenario S35. ...........uueeueeevcuevervuenennn. 203
Statistics for Brine Saturation in the Waste Panel For All Replicates,
SCONATIO S2.uuuunnuennneinvennerirniireinninseicssessnessissssisssesssesssssssssssssssssssssssssssans 204
Total Cumulative Brine Outflow and Brine Flow Up the Borehole in
All Scenarios, Replicate R1. ..........ueeeeeoeenerosuerossuenossnesosssnsssssssssssssssssssnes 205
Primary Correlations for Cumulative Brine Flow Up the Borehole

with Uncertain Parameters, Replicate R1, Scenario S2. ..............ueeeeuevennne. 208
Statistics for Cumulative Brine Outflow in All Replicates, Scenario

21 ettt sse s s b e s s s e b e s b s b e s a s s b e s bR e b e s b e b e s b b e ss 208
Total Mobilized Concentrations in Salado Brine. ...............cueeeeeenneecnnenen. 209
Total Mobilized Concentrations in Castile BYine. .........ucuuueeeueeesueecseensnncenee 209
Cumulative Normalized Release Up the Borehole, Replicate R1,

SCONATIO S2.uuuunnuenneinviinerirrinreiinenreicssessnesssissssesssessssessssssssssssessssssssssssasens 211
Cumulative Normalized Release Up the Borehole, Replicate R1,

SCONATIO S3.cunuevneiineiirrenreiirinsriinsninnneinssessesessisssesssesssesssesssssssssssssssssssssssans 211
Cumulative Normalized Release Up the Borehole, Replicate R1,

SCONATIO S.nuuvnnennnennvennerirrinreinnenneinssisssnenssisssesssesssesssssssssssssssssssssssssssss 212
Cumulative Normalized Release Up the Borehole, Replicate R1,

SCONATIO S5.unuunnnuinnniinvinneiireinreinnenneictenseessisssesssesssessssssssssssessssssssssssssns 212
Cumulative Normalized Release Up the Borehole, Replicate R1,

Y e T 1 N Y | TN 213
Mean Values for Cumulative Normalized Release Up the Borehole
Jor All Replicates, SCENATIO S3. ...uuueunueeeuensueeiruensunensuensnnensaenssnessaesssecsssessnes 213
Mean Values for Cumulative Normalized Release Up Borehole for

All Replicates, Scenario S6. 214
Comparison of Total Release to Culebra with Flow Up Borehole,

Replicate 1 SCenArio S3. ......nueeecvuevcsueiissuescsssrscsssesssssesssssssssssssssssssssssses 214
Comparison of Total Release to Culebra with Flow Up Borehole,

Replicate 1 SCenArio S3. .......nueeecsueevcsueicssaercsssnscsssescsssessssssssssssssssssssssses 215
Total Volume Removed by Cuttings and Cavings, Replicate R1................. 218
Statistics for Volumes Removed by Cuttings and Cavings, All
REPIICALES.uueeneaeeonnaeivcnavinsrarinsarenseresssressassssssssssssssssssssssssssssssssssnsssssssssssasses 218
Sensitivity of Mean Cuttings and Cavings Volume to Waste Shear

Y 7 7 1 219
Spall Volume for a Single Intrusion (Ranked by Increasing Volume

in the 14.8 MPa SCENATIO). ..uuueeeeeeeeeeeeerrrrsseneeeeeeecssssossasssssesesssssssasssssssssssssans 220
Sensitivity of Spall Volume for a Single Intrusion to Particle

Diameter, 14.8 MPGO SCONAFIO......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeessssssssessssesssssssssssees 220
Sensitivity of Spall Volume for a Single Intrusion to

Waste Permeability | Waste Porosity , 14.8 MPa Scenario. .............coceueeeen. 221
Total Volume Removed by Spallings, Replicate R1.................ueeeueeeneencnnenne. 222

viii DOE/WIPP 2004-3231



O N KW~

BB B PSP DD OWLWLWLWLWLWLWUWUWUWWINNDNPNDNNPENNDNDNDFEEFE R === =
AN WD, OOV INNDEDE LWL, OOOOINNPAE WO, OOV WD~ OO

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Figure PA-84.  Statistics for Total Spall Volume, All Replicates. ..........uueeeeecuueevevssveveosennnns 222
Figure PA-85.  Sensitivity of Mean Total Spall Volume, Replicate R1...................ueeeuueee.. 223
Figure PA-86a. DBRs for Initial Intrusions into Lower Panel (Scenario S1),

Replicate R1 225
Figure PA-86b. DBRs for Subsequent Intrusions into Lower Panel After an E1

Intrusion at 350 Years (Scenario S2), Replicate R1. ..............ceeueeeenevennnne. 225
Figure PA-86c. DBRs for Subsequent Intrusions into Lower Panel After an E1

Intrusion at 1,000 Years (Scenario S3), Replicate R1. ................cceeueeerenen. 226
Figure PA-86d. DBRs for Subsequent Intrusions into Lower Panel After an E2

Intrusion at 350 Years (Scenario S4), Replicate R1. ..............eeueeeenevennnne. 226
Figure PA-86e. DBRs for Subsequent Intrusions into Lower Panel After an E2

Intrusion at 1,000 Years (Scenario S5), Replicate R1. ................cccueueeeuenen. 227
Figure PA-87.  Sensitivity of DBR Volumes to Pressure, Replicate R1, Scenario S2,

LOWEE PAREL....anannnannaennneennnenneennennnneisenssenssnisssesssessssesssssssssssssssssessssssssaes 227
Figure PA-88.  Sensitivity of DBR Volumes to Pressure and Mobile Brine

Saturation, Replicate R1, Scenario S2, Lower Panel. .................ccceueeeeunen. 229
Figure PA-89.  Sensitivity of DBR Volumes to Borehole Permeability, Replicate R1,

SCENAIIO 82y LOWEE PANEL.....enennnneeeeeeeeeeeeeeeeeereeeeeeeneeeeeseseseesessessssssssssssssssnes 229
Figure PA-90.  Total DBRs Volumes, Replicate Rl............ccouerovvveressuesossnesosssnssssassssassssnns 230
Figure PA-91.  Statistics for Total DBR Volumes, All Replicates. ............cuueeeeueeeesuvessnenenee 231
Figure PA-92.  Total Normalized Releases, RepliCAte Rl..........ueueeesuerossuesossensosasessasossnns 233
Figure PA-93.  Total Normalized Releases, Replicate R2.................ueoeueevesuuvvosueesssansssnenenes 233
Figure PA-94.  Total Normalized Releases, RepliCAte R3..........coeuerevvuerossuerossunssssasesssesosnns 234
Figure PA-95.  Mean and Quantiles CCDFs for Total Normalized Releases, All

REPIICALES.auueveeonenaereosennriosssnnrissssnsssssssssssssssssssesssssssssssssssssssssssssesssssssssssnanss 234
Figure PA-96.  Confidence Interval on Overall Mean CCDF for Total Normalized

RELEASES. ..uuennnannaennennnaennenneiinrenirnicnencsesneissnssssessessssessssssssssesssssssssssasans 235
Figure PA-97.  Mean CCDFs for Components of Total Normalized Releases,

REPLICALE R1...uuuennnannnnaennnnernnnennsneicssanssssssssssssssssssssssssssssssssssssssssssssssssssssssss 235
Figure PA-98.  Mean CCDFs for Components of Total Normalized Releases,

REPLICALE R2.....u.cuuueonnnevonvernnnvinsnersssannsssssssssssssssssssssssssssssssssssssssssssssssssssses 236
Figure PA-99.  Mean CCDFs for Components of Total Normalized Releases,

ReEPLICALE R3...ouuennanevnnnnernsveinsaninssanissssnsssssssssssssssssssssssssssssssssssssssssssssssssssnsses 236
Figure PA-100. Cuttings and Cavings Releases, Replicate R1...............cuueeeueenueesuensunecsnnnne 238
Figure PA-101. Cuttings and Cavings Releases, Replicate R2...............uueeeeuereverereseeressvenenes 238
Figure PA-102. Cuttings and Cavings Releases, Replicate R3............uueeueeeuensueenruecsanecannes 239
Figure PA-103. Mean and Quantile CCDFs for Cuttings and Cavings Releases, All

REPIICALES.cucnnnennnaennnnencnnneicnaricnneicsneinssesissesssssressssnssssssssssssesssssessssssansees 239
Figure PA-104. Confidence Interval on Overall Mean CCDF for Cuttings and

CAVINGS RELOASES. cunuenneeneennneenneennrrnreinsneensaenssnessaensnesssesssnessassssassssesssssssaees 240
Figure PA-105. Uncertainty in Cuttings and Cavings Releases Due to Waste Shear

Strengthy All RePliCATEs....uuueeneennenneenneenreensuennnensneesnenssnessaesssnesssesssssesaenes 241
Figure PA-106. Spallings Releases, Replicate R1. ...........coueevvsueevoserosssanossssssssssssssssssssassses 241
Figure PA-107. Spallings Releases, Replicate R2. ..............ueeeuueveneenueenrvensuenssuensnenssenssnecsannes 242
Figure PA-108. Spallings Releases, Replicate R3. ...........eecoeueevosrueiossarsssssnsssssssssasssssssssssassses 242
Figure PA-109. Mean and Quantile CCDFs for Spallings Releases, All Replicates............ 243
DOE/WIPP 2004-3231 iX March 2004

Appendix PA



O N KW~

—
DN B~ W — O\

16

17
18
19
20
21
22
23
24

25

26
27

28
29
30
31

32

33
34

35
36
37

38
39
40
41

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Figure PA-110.
Figure PA-111.
Figure PA-112.
Figure PA-113.
Figure PA-114.
Figure PA-115.
Figure PA-116.
Figure PA-117.
Figure PA-118.
Figure PA-119.

Figure PA-120.

Figure PA-121.

Table PA-1.

Table PA-2.
Table PA-3.

Table PA-4.
Table PA-5.
Table PA-6.

Table PA-7.

Table PA-8.
Table PA-9.

Table PA-10.

Table PA-11.

Table PA-12.
Table PA-13.
Table PA-14.

Table PA-15.
Table PA-16.

Table PA-17.
Table PA-18.

Table PA-19.

March 2004
Appendix PA

Confidence Interval on Overall Mean CCDF for Spallings Releases. ....... 243
DBRS, RePlICALE R1.......uuuueonnuenonnerosveiossurnosssnsssssssssssossssssssssssssssssssssssnssss 245
DBRS, RePIICAIE R2.....uuuouuuuueevennnneriosssnsrossssssrissssssssssssssssssssssssssssssssssssnssss 245
DBRS, RepliCALE R3.........uuueeeuueivsueicssneiossunnosssrsssssssssssssssssssssssossssssssssssssssss 246
Mean and Quantile CCDFs for DBRs, All Replicates. ..........cooeeuueeeeosnnnss 246
Confidence Interval on Overall Mean CCDF for DBRs. ............ccoeueveenene. 247
SENSTHIVILY Of DBRS...cuuuuevvvoeuneerinsssunriossssanssssssssscsssssssssssssssssssssssssssssssssssssssass 248
Transport Releases Through the Culebra, Replicate R1..................c.uuu...... 248
Transport Releases Through the Culebra, Replicate R3..............ueeeeeeunenee. 249
Uncertainty in Mean Total Releases Due to Waste Shear Strength,
Al REPIICALES. cucueanaesvosnnnnviossvenieosesanssossssssrissssssssssssssssssssssssssssssssssssssssssssssans 250
Comparison of Mean Total Releases to Mean Cuttings and Cavings
Releases, Replicate R1. .......eeeeneeevosennesossssansissssassessssssssssssssssssssssssasssssass 251
Comparison of Mean Total Releases Minus Mean Cuttings Releases
to Spall Releases, Replicate Rl.............eeeueeevooonenvoosssnnressssnnssssssssssssssssssens 251
List of Tables
Release Limits for the Containment Requirements (EPA 1985,
APPENAIX Ay TADIE 1) c.uueunennaonnnaennnnnnninernnsnnnsssnersssnsisssssrossssssssssssssssssssssssssssses 5
Parameter Values Used in Representation of Two Phase Flow.................... 31
Models for Relative Permeability and Capillary Pressure for Two-
Phase Flow 36
Initial Conditions in the Rustler FOrMALION ..........uceneennneeeneensneeenensreeiseecnnns 41
Permeabilities for Drilling Intrusions Through the Repository .................. 56
Boundary Value Conditions for pg and pp......ee.eeeenncnncnenensenseneniencencnncnncnn. 57
Auxiliary Dirichlet Conditions for pp nd Sge.....ecueuveuversensensensencenieninncncnnes 57
Calculated Values for Dissolved SOIUBILILY ........eueeeeuerevsuereseneroscerossnnrossaesones 64
Uncertainty Factors for Dissolved SOIUBIlity............ueeueeeneeeeunenueecrneesuensnnenne 64
Scale Factor SFy,,, (Br,Ox,El ) Used in Definition of
S Hum (BEyOX, Mi, E) counuerrnnnvrrncessnssssnsssssnssssssnssssssssssssmssssssmssssssnssssssnes 65

Scale Factor SFy;;. (Ox, Mi, El ) and Upper Bound
UB i (Ox,Mi, El) (mol/l) Used in Definition of

S pic (BFyOXy Mi, El) ooovmaerrmerrnssssnssssnsssssnsssssnssssssmsssssnssssssmssssssmssssssnss 65
Combination of Radionuclides for TranSport............eeeeessuercseerorevercsssenones 67
Initial and Boundary Conditions for Cy, (x, y,t) and Cg (x, y,t) ............. 68
Uncertain Parameters in the DRSPALL Calcul@tions..................ueeeenee.. 102
Initial Porosity in the DBR CalCUlATION........u.cueueeoneneronnnerossnerossnesossnesossnnses 107
Boundary Conditions for pp and S, s in DBR Calculations ........................ 111
Variables Representing Subjective Uncertainty in the CRA-2004 PA........ 145
Differences in Uncertain Parameters in the CCA PA and CRA-2004
) o2 N 150
Example Correlations in Replicate Rl ...............uueeoouevovsuerossercsserosssesossnenes 158
X DOE/WIPP 2004-3231



0 9N Nk W~

e e T e N )
W= O\

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Table PA-20. Algorithm to Generate a Single Future Xy from Sgpenenenuennerueenennene 159
Table PA-21. BRAGFLO Scenarios in the CRA-2004 PA .............uuuuuueeeuennueessnensercnenns 162
Table PA-22. NUTS Release Calculations in the CRA-2004 PA.............cuueuueeereeesueeennenne 163
Table PA-23. CUTTINGS _S Scenarios in the CRA-2004 PA ............ueucueenueecuensuercnenns 165
Table PA-24. MODFLOW Scenarios in the CRA-2004 PA ..........uuueueeeuensneeneenseecanns 166
Table PA-25. SECOTP2D Scenarios in the CRA-2004 PA ...............uuueeeuueeueecuensuessnnnns 167
Table PA-26. Volume of Brine Outflow by Various Potential Pathways .............cceeueeeene. 188
Table PA-27. Releases of 234U at LWB in Partial Mining CONditions .............eevveveeenns 216
Table PA-28. Releases of 234U at LWB in Full-Mining CONAitions ..........uceeeererereerennns 217
Table PA-29. Stepwise Regression Analysis for Mean Total DBR Volume...................... 230
Table PA-30. Stepwise Regression Analysis for Mean Total DBRS ............uueeeeveuneeeesenanns 247
Table PA-31. Stepwise Regression Analysis for Mean Total Normalized Release........... 249
DOE/WIPP 2004-3231 xi March 2004

Appendix PA



Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

AMG
CDF
CCDF
CFR
CH-TRU
DBR
DOE
DDZ
DRZ
EPA
FEP
LHS
IMG
LWB
MB
PA
PAVT
PCS
PDF
PDE
PRCC
RH-TRU
SMC
SOR
TRU
VD
wIPP

March 2004
Appendix PA

ACRONYMS AND ABBREVIATIONS

algebraic multi-grid solver

cumulative distribution function
complementary cumulative distribution function
Code of Federal Regulations
contact-handled transuranic (waste)

direct brine release

United States Department of Energy
drilling damaged zone

disturbed rock zone

United States Environmental Protection Agency
feature, event, or process

Latin Hypercube Sample

Link- algebraic multi-grid solver

Land Withdrawal Boundary

Marker Bed

performance assessment

Performance Assessment Verification Test
panel closure system

probability density function

partial differential equations

partial rank correlation coefficient
remote-handled transuranic (waste)
Salado Mass Concrete

successive over-relaxation

transuranic (waste)

Total Variation Diminishing

Waste Isolation Pilot Plan

Xii DOE/WIPP 2004-3231



[V, IS US I \S) —_

(e BEN o)\

11
12
13
14
15

16
17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32
33
34
35

36
37
38
39
40
41
42

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

PA-1.0 INTRODUCTION

This appendix presents the mathematical models used to evaluate performance of the Waste
Isolation Pilot Plant (WIPP) and the results of these models for the CRA-2004 Performance
Assessment (PA). This appendix supplements information presented in Chapter 6 of this
application.

This appendix is organized as follows. Section PA-2.0 describes the overall conceptual
structure of the CRA-2004 PA. As described in Section 6.1, the WIPP PA is designed to
answer the requirements of Title 40 Code of Federal Regulations (CFR) Part 191, and thus
involves three basic entities: (1) A probabilistic characterization of different futures that could
occur at the WIPP site over the next 10,000 years, (2) Models for the physical processes that
take place at the WIPP site and for the estimation of potential radionuclide releases that may
be associated with these processes, and (3) A probabilistic characterization of the uncertainty
in the models and parameters that underlie the WIPP PA. Section PA-2.0 is supplemented by
Attachment SCR, which documents the results of the screening process for features, events,
and processes (FEPs) that are retained in the conceptual models of repository performance.

Section PA-3.0 describes the probabilistic characterization of different futures. This
characterization plays an important role in the construction of the complementary cumulative
distribution function (CCDF) specified in 40 CFR § 191.13. Regulatory guidance and
extensive review of the WIPP site resulted in identification of exploratory drilling for natural
resources and the mining of potash as the only significant disruptions at the WIPP site with
the potential to affect radionuclide releases to the accessible environment (Section 6.2.5).
Section PA-3.0 summarizes the stochastic variables that represent future drilling and mining
events in the PA.

Section PA-4.0 presents the mathematical models for the physical processes that take place at
the WIPP and for the estimation of potential radionuclide releases. The mathematical models
implement the conceptual models described in Section 6.4, and permit the construction of the
CCDF specified in 40 CFR § 191.13. Models presented in Section PA-4.0 include: two-phase
(i.e., gas and brine) flow in the vicinity of the repository; radionuclide transport in the Salado;
releases to the surface at the time of a drilling intrusion due to cuttings, cavings, spallings,
and direct releases of brine; brine flow in the Culebra Dolomite Formation; and radionuclide
transport in the Culebra Dolomite. Section PA-4.0 is supplemented by Attachments MASS,
TFIELD, and PORSURF. Attachment MASS discusses the modeling assumptions used in the
WIPP PA. Attachment TFIELD discusses the generation of the transmissivity fields used to
model fluid flow in the Culebra. Attachment PORSURF presents results of modeling the
effects of excavated region closure, waste consolidation, and gas generation in the repository.

Section PA-5.0 discusses the probabilistic characterization of parameter uncertainty, and
summarizes the uncertain variables incorporated into the 2004 PA, the distributions assigned
to these variables, and the correlations between variables. Section PA-5.0 is supplemented by
Attachments PAR and SOTERM. Attachment PAR catalogs the full set of parameters used in
the CRA-2004 PA. Attachment SOTERM describes the actinide source term for the WIPP
performance calculations, including calculation of the mobile concentrations of actinides that
may be released from the repository in brine.
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Section PA-6.0 summarizes the computational procedures used in the CRA-2004 PA,
including: sampling techniques (i.e., random and Latin hypercube sampling); sample size;
statistical confidence for mean CCDF; generation of Latin hypercube samples (LHSs);
generation of individual futures; construction of CCDFs; calculations performed with the
models discussed in Section PA-4.0; construction of releases for each future; and the
sensitivity analysis techniques in use.

Section PA-7.0 presents the results of the PA for an undisturbed repository. Releases from the
undisturbed repository are determined by radionuclide transport in brine flowing from the
repository to the land withdrawal boundary (LWB) through the marker beds (MBs) or shafts
(Section 6.3.1. Releases in the undisturbed scenario are used to demonstrate compliance with
the individual and groundwater protection requirements in 40 CFR Part 191 (Chapter 8).

Section PA-8.0 presents PA results for a disturbed repository. As discussed in Section 6.2.3,
the only future events and processes in the analysis of disturbed performance are those
associated with mining and deep drilling. Release mechanisms include direct releases at the
time of the intrusion via cuttings, cavings, spallings, and direct release of brine; and
radionuclide transport up abandoned boreholes to the Culebra and thence to the land
withdrawal boundary. Section PA-8.0 presents results for the most significant output
variables from the PA models, accompanied by sensitivity analyses to determine which
subjectively uncertain parameters are most influential in the uncertainty of PA results.

Section PA-9.0 presents the set of CCDF's resulting from the CRA-2004 PA. This material
supplements Section 6.5, which demonstrates compliance with the containment requirements
of 40 CFR § 191.13. Section PA.9.0 includes sensitivity analyses that identify which uncertain
parameters are most significant in the calculation of releases.

This appendix follows the approach used by Helton et al. (1998) to document the
mathematical models used in the CCA PA and the results of that analysis. Much of the
content of this appendix derives from Helton et al. (1998); these authors’ contributions are
gratefully acknowledged.
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PA-2.0 CONCEPTUAL STRUCTURE OF THE PERFORMANCE ASSESSMENT

The conceptual structure of the CRA-2004 PA is unchanged from the CCA PA. Section 6.1
provides a general, less technical overview of the PA conceptual structure. This section of
Appendix PA presents the conceptual basis for the CRA-2004 PA in a more formal manner. A

corresponding presentation for the CCA PA is provided in Helton et al. (1998).

PA-2.1 Regulatory Requirements

The conceptual structure of the CRA-2004 PA derives from the regulatory requirements

imposed on this facility. The primary regulation determining this structure is the

Environmental Protection Agency’s (EPA’s) standard for the geologic disposal of radioactive
waste, Environmental Radiation Protection Standards for the Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR Part 191)
(EPA 1985, 1993), which is divided into three subparts. Subpart A applies to a disposal facility
prior to decommissioning and limits the annual radiation doses members of the public can be
exposed to from waste management and storage operations. Subpart B applies after
decommissioning and sets probabilistic limits on cumulative releases of radionuclides to the
accessible environment for 10,000 years (40 CFR § 191.13) and assurance requirements to
provide confidence that 40 CFR Section 191.13 will be met (40 CFR Section 191.14). Subpart
B also sets limits on radiation doses to members of the public in the accessible environment
for 10,000 years of undisturbed performance (40 CFR § 191.15). Subpart C limits radioactive
contamination of groundwater for 10,000 years after disposal (40 CFR § 191.24). The
Department of Energy (DOE) must demonstrate a reasonable expectation that the WIPP will

continue to comply with the requirements of Subparts B and C of 40 CFR Part 191.

The following is the central requirement in 40 CFR Part 191, Subpart B, and the primary
determinant of the conceptual structure of the CRA-2004 PA ( p. 38086, EPA 1985):

§ 191.13 Containment requirements:

(a) Disposal systems for spent nuclear fuel or high-level or transuranic radioactive wastes

shall be designed to provide a reasonable expectation, based upon performance

assessments, that cumulative releases of radionuclides to the accessible environment for

10,000 years after disposal from all significant processes and events that may affect the

disposal system shall:

(1) Have a likelihood of less than one chance in 10 of exceeding the quantities
calculated according to Table 1 (Appendix A); and

(2) Have a likelihood of less than one chance in 1,000 of exceeding ten times the
quantities calculated according to Table 1 (Appendix A).

(b) Performance assessments need not provide complete assurance that the requirements of

191.13(a) will be met. Because of the long time period involved and the nature of the
events and processes of interest, there will inevitably be substantial uncertainties in

projecting disposal system performance. Proof of the future performance of a disposal

system is not to be had in the ordinary sense of the word in situations that deal with much
shorter time frames. Instead, what is required is a reasonable expectation, on the basis of

the record before the implementing agency, that compliance with 191.13(a) will be
achieved.
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Section 191.13(a) refers to “quantities calculated according to Table 1 (Appendix A),” which
means a normalized radionuclide release to the accessible environment based on the type of
waste being disposed of, the initial waste inventory, and the size of release that may occur
(EPA 1985, Appendix A). Table 1 of Appendix A specifies allowable releases (i.e., release
limits) for individual radionuclides and is reproduced as Table PA-1 of this appendix. The
WIPP is a repository to transuranic (TRU) waste, which is defined as “waste containing more
than 100 nanocuries of alpha-emitting transuranic isotopes, with half-lives greater than
twenty years, per gram of waste” (p. 38084, EPA 1985). The normalized release R for
transuranic waste is defined by

(0;)
R=Y | £ |(1x106 Ci/C)
) M

where Q; is the cumulative release of radionuclide i to the accessible environment during the
10,000-year period following closure of the repository (curies), L; is the release limit for

radionuclide i given in Table PA-1 (curies), and C is the amount of TRU waste emplaced in
the repository (curies). In the CRA-2004 PA, C = 2.48 x 106 curies (Appendix TRU WASTE,
Section TRU WASTE-2.3.1). Further, accessible environment means (1) the atmosphere, (2)
land surfaces, (3) surface waters, (4) oceans, and (5) all of the lithosphere that is beyond the
controlled area; and controlled area means (1) a surface location, to be identified by passive
institutional controls, that encompasses no more than 100 square kilometers and extends
horizontally no more than five kilometers in any direction from the outer boundary of the
original location of the radioactive wastes in a disposal system and (2) the subsurface
underlying such a surface location (40 CFR § 191.13).

To help clarify the intent of 40 CFR Part 191, the EPA promulgated 40 CFR Part 194,
Criteria for the Certification and Re-Certification of the Waste Isolation Pilot Plant’s
Compliance With the 40 CFR Part 191 Disposal Regulations. There, the following
elaboration on the intent of 40 CFR § 191.13 set out.

§ 194.34 Results of performance assessments.

(a) The results of performance assessments shall be assembled into “complementary,
cumulative distributions functions” (CCDFs) that represent the probability of exceeding
various levels of cumulative release caused by all significant processes and events.

(b) Probability distributions for uncertain disposal system parameter values used in
performance assessments shall be developed and documented in any compliance
application.

(c) Computational techniques, which draw random samples from across the entire range of
the probability distributions developed pursuant to paragraph (b) of this section, shall be
used in generating CCDFs and shall be documented in any compliance application.

(d) The number of CCDFs generated shall be large enough such that, at cumulative

releases of 1 and 10, the maximum CCDF generated exceeds the 99th percentile of the
population of CCDF's with at least a 0.95 probability.

March 2004 4 DOE/WIPP 2004-3231
Appendix PA



(@) WV, NN w

O 0

10
11

12
13
14

15
16

Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

Table PA-1. Release Limits for the Containment Requirements (EPA 1985, Appendix A,

Table 1)
. . Release Limit L; per 1000 MT. HM! or
Radionuclide
other unit of waste?
Americium (Am)-241 or —243 100
Carbon 14 100
Cesium-135 or -137 1,000
lodine-129 100
Neptunium-237 100
Plutonium (Pu)-238, -239, -240, or -242 100
Radium-226 100
Strontium-90 1,000
Technetium-99 10,000
Thorium (Th)-230 or -232 10
Tin-126 1,000
Uranium (U)-233, -234, -235, -236, or -238 100
Any other alpha-emitting radionuclide with a half-life 100
greater than 20 years
Any other radionuclide with a half-life greater than 20 1,000
years that does not emit alpha particles

' Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of heavy metal (MWd/MTHM)

and 40,000 MWd/MTHM

An amount of transuranic wastes containing one million curies of alpha-emitting transuranic radionuclides with half-lives

greater than 20 years

(e) Any compliance application shall display the full range of CCDF's generated.

(f) Any compliance application shall provide information which demonstrates that there is
at least a 95 percent level of statistical confidence that the mean of the population of
CCDFs meets the containment requirements of § 191.13 of this chapter.

Three basic entities (EN1, EN2, EN3) underlie the results required by Sections 191.13 and
§ 194.34 and ultimately determine the conceptual and computational structure of the CRA-

2004 PA:

ENI - a probabilistic characterization of the likelihood of different futures
occurring at the WIPP site over the next 10,000 years,

EN2 - aprocedure for estimating the radionuclide releases to the accessible
environment associated with each of the possible futures that could occur at
the WIPP site over the next 10,000 years,

EN3 - a probabilistic characterization of the uncertainty in the parameters used in

the definition of EN1 and EN2.
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The preceding entities arise from an attempt to answer three questions about the WIPP:
Q1 - What events could occur at the WIPP site over the next 10,000 years?

Q2 - How likely are the different futures that could take place at the WIPP site
over the next 10,000 years?

03 - What are the consequences of the different occurrences that could take place
at the WIPP site over the next 10,000 years?

and one question about the PA:

Q4 - How much confidence can be placed in answers to these questions?

In the WIPP PA, ENI provides answers to Q1 and Q2, EN2 provides an answer to Q3, and
ENS3 provides an answer to Q4. Together, ENI and EN2 give rise to the CCDF specified in
Section 191.13(a), and EN3 corresponds to the distributions specified by Section 194.34(b).
The nature of EN1, EN2 and EN3, the role that they play in the CRA-2004 PA, and the
method for constructing CCDFs are elaborated on in the next three sections.

PA-2.2 ENI: Probabilistic Characterization of Different Futures

The entity ENI results from the scenario development process for the WIPP outlined in
Section 6.3. The ENI entity provides a probabilistic characterization of the likelihood of
different futures that could occur at the WIPP site over the 10,000-year period specified in 40

CFR Part 191. Formally, ENI1 is defined by a probability space (X st st Pst ), with the
sample space X given by Equation (2).

Xy = {X st : Xg s a possible 10,000-year sequence of occurrences at the WIPP} 2)

The subscript st refers to stochastic (i.e., aleatory) uncertainty and is used because
(X stoSts Pst) is providing a probabilistic characterization of occurrences that may take place

in the future (Helton 1997). Incorporation of stochastic uncertainty is fundamental to the
DOE’s methodology for performance assessment Section 6.1.2. It is this stochastic
uncertainty that gives rise to the distribution of releases evident in a CCDF.

A probability space (X S, p) consists of three components: a set X that contains everything

that could occur for the particular “universe” under consideration, a suitably restricted set S
of subsets of X and a function p defined for elements of S that actually defines probability
(Feller 1971). In the terminology of probability theory, X is the sample space, the elements of
X are elementary events, the subsets of X contained in S are events, and p is a probability
measure. In most applied problems, the function p defined on S is replaced by a probability
density function (PDF) d (e.g., dy in Figure PA-1).

In the CCA PA, the scenario development process for the WIPP identified exploratory drilling
for natural resources as the only disruption with sufficient likelihood and consequence for
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inclusion in the definition of EN1 (CCA Appendix SCR [DOE 1996]). Reexamination of the
FEPs and the scenario development process for the CRA-2004 PA did not change this
conclusion (Section 6.2.6). In addition, 40 CFR Part 194 specifies that the occurrence of
mining within the land withdrawal boundary must be included in the PA. As a result, the
elements Xy of Xy are vectors of the form

Xstzltlaejaljabja P]a a]9t25325129b29 pZ’aZ’---a tnaenslnabna pnaanatmin] ) (3)

15t intrusion 2nd jntrusion nth intrusion

where n is the number of drilling intrusions, t; is the time (year) of the ith ;... . . I; designates
the location of the i'h intrusion, e; designates the penetration of an excavated or nonexcavated
area by the i'" intrusion, b; designates whether or not the ith intrusion penetrates pressurized
brine in the Castile Formation, p; designates the plugging procedure used with the ith
intrusion (i.e., continuous plug, two discrete plugs, three discrete plugs), a; designates the type

of waste penetrated by the it intrusion (i.e., no waste, contact-handled (CH-TRU) waste,
remote-handled (RH-TRU) waste), and t,,;, is the time at which potash mining occurs within

the land withdrawal boundary.

In the development of (X st2Ssts Dt ), the probabilistic characterization of n, t;, I; and e; is
based on the assumption that drilling intrusions will occur randomly in time and space (i.e.,
Sfollow a Poisson process), the probabilistic characterization of b; derives from assessed
properties of brine pockets, the probabilistic characterization of a; derives from the properties
of the waste emplaced in the WIPP, and the probabilistic characterization of p; derives from

current drilling practices in the sedimentary basin (i.e., the Delaware Basin) in which the
WIPP is located. A vector notation is used for a; because it is possible for a given drilling

intrusion to penetrate several different types of waste. Further, the probabilistic
characterization for t,,;, follows from the guidance in 40 CFR Part 194 that the occurrence of

potash mining within the land withdrawal boundary should be assumed to occur randomly in
time (i.e., follow a Poisson process with a rate constant of ,, = 10~ yr=1), with all

commercially viable potash reserves within the land withdrawal boundary being extracted at
time t,,;,.

With respect to the three fundamental questions discussed about, Xy, provides an answer to
01, while Sy and pg, provide an answer to Q2. In practice, Q2 will be answered by specifying
distributions forn, t;, e;, l;, b;, p;, a;, and t,,;, , which in turn lead to definitions for Sy and
Pst- The CCDF in 40 CFR Part 191 will be obtained by evaluating an integral involving

(X stoSsts pst) (Figure PA-1). The definition of (X stoSsts pst) is discussed in more detail in
Section PA-3.0.
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PA-2.3 EN2: Estimation of Releases

The entity EN2 is the outcome of the model development process for the WIPP and provides a
way to estimate radionuclide releases to the accessible environment for the different futures
(i.e., elements Xy of X, that could occur at the WIPP. Estimation of environmental releases
corresponds to evaluation of the function fin Figure PA-1. Release mechanisms associated
with finclude direct transport of material to the surface at the time of a drilling intrusion (i.e.,
cuttings, spallings, brine flow) and release subsequent to a drilling intrusion due to brine flow
up a borehole with a degraded plug (i.e., groundwater transport).

The function f'in Figure PA-1 is evaluated by a series of computational models shown in
Figure PA-2. These computational models implement the conceptual models representing the
repository system as described in Section 6.4, and the mathematical models for physical
processes that are presented in Section PA-4.0. Most of the computational models involve the
numerical solution of partial differential equations used to represent processes such as
material deformation, fluid flow and radionuclide transport.

The models in Figure PA-2 are too complex to permit a closed form evaluation of the integral
in Figure PA-1 that defines the CCDF specified in 40 CFR Part 191. Rather, a Monte Carlo
procedure is used in the CRA-2004 PA. Specifically, elements Xy ;,i=1, 2, ..., nS are
randomly sampled from Xy, in consistency with the definition of (X st2Ssts Pst ) . Then, the
integral in Figure PA-1, and hence the associated CCDF, is approximated by

nS

prob(Rel > R)= [ 8g[ f(X)]d(Xet) Vse = Y. Sg| £(Xs1,i) |15, )
St i=1

where Op [f(xst)} =1 iff(xst) >R and o [f(xst)] =0 if f(xst)S R (Helton and
Shiver 1996). However, the models in Figure PA-2 are also too computationally intensive to
permit their evaluation for every element Xy ; of X in Equation (4). Due to this constraint,
the models in Figure PA-2 are evaluated for representative elements of X, and the results of
these evaluations are used to construct values of f for the large number of Xy ; (e.g., nS =
10,000) in Equation (4). The representative elements are the scenarios E0, E1, E2, and EIE?2

defined in Section PA-3.9; the procedure for constructing a CCDF from these scenarios is
described in Section PA-6.0.
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Figure PA-1. Construction of the CCDF Specified in 40 CFR Part 191, Subpart B.
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Figure PA-2. Computational Models Used in the CRA-2004 PA.
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PA-2.4 EN3: Probabilistic Characterization of Parameter Uncertainty

The entity EN3 is the outcome of the data development effort for the WIPP (summarized in
Chapter 2) and provides a probabilistic characterization of the uncertainty in the parameters
that underlie the CRA-2004 PA. When viewed formally, EN3 is defined by a probability space

(X susSsus Psu ), with the sample space Xy, given by Equation (5).

X, = {X su - Xy 1S a possible vector of parameter values for the WIPP PA models} (5)

su

The subscript su refers to subjective (i.e., epistemic) uncertainty and is used because
(X susSsus psu) is providing a probabilistic characterization of the possible inputs to the

WIPP PA (Helton 1997). In practice, some elements of X, could affect the definition of
(X st st pst) (e.g., the rate constant A used to define the Poisson process for drilling

intrusions) and other elements could relate to the models in Figure PA-2 that determine the
Junction fin Figure PA-1 (e.g., radionuclide solubilities in Castile brine). Incorporation of
subjective uncertainty is fundamental to the DOE’s methodology for PA (Section 6.1.2).

If the value for X, was precisely known, the CCDF in Figure PA-1 could be determined with

certainty and compared with the boundary line specified in 40 CFR Part 191. However, given

the complexity of the WIPP site and the 10,000-year time period under consideration, X, can

never be known with certainty. Rather, uncertainty in X, as characterized by
(Xgu>Ssus Psy ) will lead to a distribution of CCDFs (Figure PA-3), with a different CCDF

su°
resulting for each possible value that X, can take on. The proximity of this distribution to

the boundary line in Figure PA-1 provides an indication of the confidence with which 40 CFR
Part 191 will be met.

The distribution of CCDFs in Figure PA-3 can be summarized by distributions of exceedance
probabilities conditional on individual release values (Figure PA-4). For a given release value
R, this distribution is defined by a double integral over X, and Xy, (Helton 1996, 1997). In

practice, this integral is too complex to permit a closed-form evaluation. Instead, the WIPP
PA uses Latin hypercube sampling (McKay et al. 1979) to evaluate the integral over S, and,

as indicated in Equation (4), simple random sampling to evaluate the integral over X

Specifically, a LHS Xg, ;, k=1, 2, ..., nLHS, is generated from S, in consistency with the
definition of (X susSsus psu) and a random sample X ;,i=1, 2, ..., nS, is generated from
X,z in consistency with the definition of (X stoSsts Pst ) . The probability prob( p=< P|R) is

approximated by
nLHS nS

prob(p<P|R) = 1= Y 6p| Y x| f(XeuiXsui) |/ nS |/ nLHS (6)
k=1 i=1
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Figure PA-3. Distribution of CCDFs Resulting from Possible Values for x, € X
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Figure PA-4. Distribution of Exceedance Probabilities Due to Subjective Uncertainty.
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The result of the preceding calculation is typically displayed by plotting percentile values (e.g.,
Py 1, Py s, Py gin Figure PA-4) and also mean values for exceedance probabilities above the

corresponding release values (i.e., R) and then connecting these points to form continuous
curves (Figure PA-5). The proximity of these curves to the indicated boundary line provides
an indication of the confidence with which 40 CFR Part 191 will be met.

With respect to the previously indicated questions, (X susSsus psu) and results derived from
(X Sous psu) (e.g., the distributions in Figure PA-3 and Figure PA-5) provide an answer to

su?’

Q4. The definition of (X susSsus psu) is discussed in more detail in Section PA-5.0.

1

10 E T |||||||| TT ||||||I T |||||||| T |||||||| T |||||||I T |||||||I T |||||||| T |||||I.:I.
C | EPA Containment J
B | Requirements T
B : [§191.13(a)] 1
|
10° L | :
N | 5
A L I ]
) L | 4
% 1 |

Q@ 100 E L———+ =
[0] E | 3
1'e r | ]
Y— | | i

° |
2 i I i
= .2 L | _
o 10 E =
@ F | 3
Q n I .
e f I
o i l |

|
10° L [—
i I i
10'4 il | : \‘h“ ERETIT AR RRTT

108 10%  10* 10 102 10" 10® 10" 102

Normalized Release (EPA units), R
Figure PA-5. Example CCDF Distribution From CRA-2004 PA.
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PA-3.0 PROBABILISTIC CHARACTERIZATION OF FUTURES

This section describes how stochastic uncertainty is implemented in PA. Screening analyses
of possible future events concluded that the only significant events with potential to affect
radionuclide releases to the accessible environment are drilling and mining within the land
withdrawal boundary (Section 6.2.6). Consequently, modeling the future states of the
repository focuses on representing the occurrences and effects of these two events.

PA-3.1 Probability Space

The first entity that underlies the CRA-2004 PA is a probabilistic characterization of the
likelihood of different futures occurring at the WIPP site over the next 10,000 years. As

discussed in Section PA-2.2, this entity is defined by a probability space (X st st Pyt ) that

characterizes stochastic uncertainty. The individual elements X of X are vectors of the
form shown in Equation (3). Sections PA-3.2 through PA-3.8 describe the individual
components t;, e;, l;, b;, p;, a;, and t,,;, of X , and their associated probability distributions.
These components and their associated distributions give rise to the probability space

(X stoSts Pst) Jor stochastic uncertainty. The concept of a scenario as a subset of the sample
space X, for stochastic uncertainty is discussed in Section PA-3.9. Further, the procedure
used to sample the individual elements Xy ; of Xy indicated in Equation (4) is described in

Section PA-6.5.
PA-3.2  Drilling Intrusion

As described in Section 6.3.2, drilling intrusions in the CRA-2004 PA are assumed to occur
randomly in time and space (i.e., follow a Poisson process). Specifically, the drilling rate
considered within the area marked by a berm as part of the system for passive institutional
controls (Figure PA-6) is 5.25 x 10-3 intrusions per km -2 yr -1 (Section 6.4.12.2). Active
institutional controls are assumed to prevent any drilling intrusions for the first 100 years
after the decommissioning of the WIPP (Section 7.1). Unlike in the CCA PA, passive
institutional controls are not assumed to reduce the drilling rate after decommissioning
(Section 7.3).

For the computational implementation of the CRA-2004 PA, it is convenient to represent the
Poisson process for drilling intrusions by its corresponding rate term A, (t) Jor intrusions into

the area marked by the berm. Specifically,

0 0<t<100yr
alt)= 2 2704 -3 -1 )
(0.6285 km~<)(52.5 km=~<10~4 yr)=3.3x107 yr-1 100<t<10,000yr
where 0.6285 km? is the area of the berm Attachment PAR, Table PAR-45 and t is elapsed
time since decommissioning of the WIPP.
DOE/WIPP 2004-3231 13 March 2004
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N o= Panel Closures (40 m Long) 0 100 200 (meters)
— — Quter Perimeter of Berm Used in Passive Marker System
e Discretized locations for drilling intrusions (i = 1,2,3,...,144)

Figure PA-6. Location of Berm Used in Passive Marker System.

The function A, (t) defines the part of the probability space (X st 8t pst) in Section PA-2.2

that corresponds to t;. In the computational implementation of the analysis, A, (t) is used to

define the distribution of time between drilling intrusions (Figure PA-7). As a reminder, the
occurrence of one event in a Poisson process has no effect on the occurrence of the next event.
Thus, the cumulative distributions in Figure PA-7 can be used to define the time from one
drilling event to the next (Section PA-6.5). Due to the 10,000-year regulatory period specified
in 40 CFR § 191.13, t; is assumed to be bounded above by 10,000 years in the definition of X

Further, t; is bounded below by 100 years as defined in Equation (7).

The function A, (t) also determines the probability prob(nBH =n |[a,b]) that a future will

have exactly n drilling intrusions in the time interval [a, b] (Helton 1993), where

prob(nBH = n|[a,b]) = {[ j: A (t)dtjn /n!} exp (—j: ld(t)dtj. (8)
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CDF: 1 — exp (-At)

A =0.003273 yr'

Probability of Value <t
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0 2000 4000 6000 8000 10000

Year

Figure PA-7. Cumulative Distribution Function (CDF) for Time Between Drilling Intrusions.

Further, the probability prob(nBH > n‘[a,b]) that a future will have greater than or equal to

n drilling intrusions in the time interval [a, b] is given by

1

_ n—1
probBH =nllaD = N b nBH = m|[a,b]) n>0 ”

m=0

S
Il
S

PA-3.3  Penetration of Excavated/Nonexcavated Area

The variable e; is a designator for whether or not the i'" drilling intrusion penetrates an
excavated, waste-filled area of the repository (i.e., e; = 0, 1 implies penetration of
nonexcavated, excavated area, respectively). The corresponding probabilities pE and pE for
e;=0ande;=1 are

PpE;=0.1273 km?2 /0.6285 km?2 = 0.203 (10)
pEy=1-pE;=0.797, (11)
where 0.1273 km? and 0.6285 km? are the excavated area of the repository filled with waste

and the area of the berm, respectively (Attachment PAR, Table PAR-45). The probabilities
PEj and pE| define the part of ( XS I’st) in Section PA.2.2 associated with e;.
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PA-3.4  Drilling Location

Locations of drilling intrusions through the excavated, waste-filled area of the repository are
discretized to the 144 locations in Figure PA-6. Assuming that a drilling intrusion occurs
within the excavated area, it is assumed to be equally likely to occur at each of these 144
locations. Thus, the (conditional) probability pL; that drilling intrusion i will occur at location

Lj,j =1,2, ..., 144, in Figure PA-6 is

pLj=1/144=6.94x1073. (12)

The probabilities pL; define the part of (X st st pst) in Section PA.2.2 associated with l;.

PA-3.5 Penetration of Pressurized Brine

The conceptual models for the Castile Formation include the possibility that pressurized brine
reservoirs underlie the repository (Section 6.4.8). The variable b; is a designator for whether
or not the ith drilling intrusion penetrates pressurized brine, where b; = 0 signifies
nonpenetration and b; = 1 signifies penetration of pressurized brine. In the CCA PA, the
probabilities pB, and pBj for b; = 0 and b; = 1 were 0.92 and 0.08, respectively (see CCA
Section 6.4.12.6). In the CRA-2004 PA, the probability pB; is sampled from a uniform
distribution ranging from 0.01 to 0.60 (Section 6.4.12.6; see also PBRINE in Table PA-17).
The probabilities pBy and pB define the part of (X stoSsts pst) in Section PA-2.2 that

corresponds to b;.

PA-3.6  Plugging Pattern

As presented in Section 6.4.7.2, three borehole plugging patterns are considered in the 2004
PA: (1) py, a full concrete plug through Salado Formation to the Bell Canyon Formation, (2)

P2, atwo plug configuration with concrete plugs at Rustler/Salado interface and Castile/Bell
Canyon interface, and (3) p3, a three plug configuration with concrete plugs at the
Rustler/Salado, Salado/Castile and Castile/Bell Canyon interfaces. The probability that a
given drilling intrusion will be sealed with plugging pattern pj, j = 1, 2, 3, is given by pPL;,
where pPL; = 0.015, pPL, = 0.696 and pPL ; = 0.289 (Section 6.4.12.7). The probabilities

PPL; define the part of (X stoSsts pst) in Section PA-2.2 that corresponds to p;.

PA-3.7  Activity Level

The waste intended for disposal at the WIPP is represented by 779 distinct waste streams with
693 of these waste streams designated as CH-TRU waste and 86 designated as RH-TRU waste.
For the CRA-2004 PA, the 86 separate RH-TRU waste streams are represented by a single,
combined RH-TRU waste stream. The activity levels for the waste streams are given in
Attachment PAR, Table PAR-50. Each waste container emplaced in the repository contains
waste from a single CH-TRU waste stream. Waste packaged in 55-gallon drums is stacked
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three drums high within the repository. Although waste in other packages (e.g., standard
waste boxes, 10 drum overpacks, etc.) may not be stacked three high, the CRA-2004 PA
assumes that each drilling intrusion into CH-TRU waste might intersect three different waste
streams. In contrast, all RH-TRU waste is represented by a single waste stream, and so each
drilling intrusion through RH-TRU waste is assumed to intersect this single waste stream.
Attachment MASS (Section MASS.21) examines the sensitivity of PA results to the assumption
that three waste streams are intersected by each drilling intrusion into CH-TRU waste.

The vector a; characterizes the type of waste penetrated by the i'" drilling intrusion.

Specifically,
a = 0ife;=0 (13)
(i.e., if the ith drilling intrusion does not penetrate an excavated area
of the repository);
a; = life;=1and RH-TRU is penetrated; (14)
and
a; = [iCH;;, CH;, iCH3) if e; = 1 and CH-TRU is penetrated , (15)

where iCH;, iCH;y and iCH;; are integer designators for the CH-TRU waste streams
intersected by the i'" drilling intrusion (i.e., each of iCH;;, iCH;, and iCH;;3 is an integer
between 1 and 693).

Whether the ith intrusion penetrates a nonexcavated or excavated area is determined by the
probabilities pEy and pE; discussed in Section PA-3.4. The type of waste penetrated is

determined by the probabilities pCH and pRH. The excavated area used for disposal of CH-
TRU waste is 1.115 x 105 m? and the area used for disposal of RH-TRU waste is 1.576 x 104
m? (Attachment PAR, Table PAR-43), for a total disposal area of aEX = aCH + aRH = 1.273 x
105 m2. Given that the ith intrusion penetrates an excavated area, the probabilities pCH and
PRH of penetrating CH- and RH-TRU waste are given by

PCH =aCH | aEX =(1.115x105 m2)/(1.273x105 m?)=0.876 (16)
pCH =aCH | aEX = (1.576 x 104 m?2 )/ (1.273><105 m2) =0.124. (17)

As indicated in this section, the probabilistic characterization of a; in (X stoSsts pst) depends
on a number of individual probabilities. Specifically, pE, and pE; determine whether a

nonexcavated or excavated area is penetrated (Section PA-3.4); pCH and pRH determine
whether CH- or RH-TRU waste is encountered given penetration of an excavated area; and
the individual waste stream probabilities in Attachment PAR, Table PAR-50 determine the
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specific waste streams iCH;; , iCH;, , and iCH;3 encountered given a penetration of CH-TRU
waste.

PA-3.8 Mining Time

As presented in Section 6.2.5.2, full mining of known potash reserves within the land
withdrawal boundary is assumed to occur at time t,,;,. The occurrence of mining within the

land withdrawal boundary in the absence of institutional controls is specified as following a
Poisson process with a rate of A, =1 x 10~4 yr=1. However, this rate can be reduced by active

and passive institutional controls. Specifically, active institutional controls are assumed to
result in no possibility of mining for the first 100 years after decommissioning of the WIPP
(Section 7.1.4). In the CCA PA, passive institutional controls were assumed to reduce the base
mining rate by two orders of magnitude between 100 and 700 years after decommissioning
(CCA Section 7.3.4). In the CRA-2004 PA, passive institutional controls do not affect the

mining rate (Section 7.3.4). Thus, the mining rate A,,(1) is:
A (£)=0yr-1 for 0 <t <100 yrs (18)
A (£)=1x10~4 yr-1 for 100 <t < 10,000 yrs (19)

where t is elapsed time since decommissioning of the WIPP. The function A,,(t) defines the
part of (X stoSsts pst) that corresponds to t,,;,.

In the computational implementation of the analysis, 1,, (t) is used to define the distribution
of time to mining. The use of 1, (t) to characterize t,,;, is analogous to the use of 1 to

characterize the t; except that only one mining event is assumed to occur (i.e., Xy contains
only one value for t,,;,) in consistency with guidance given in 40 CFR Part 194 that mining

within the land withdrawal boundary should be assumed to remove all economically viable
potash reserves. Due to the 10,000-year regulatory period specified in 40 CFR § 191.13, t,,;,

is assumed to be bounded above by 10,000 years in the definition of X

PA-3.9 Scenarios and Scenario Probabilities

A scenario is a subset S of the sample space X, for stochastic uncertainty. More specifically, a

scenario is an element S of the set Sg; in the probability space (X st st Pst) Jor stochastic

uncertainty, and the probability of S is given by p (S) Thus, a scenario is what is called an

event in the usual terminology of probability theory.

Given the complexity of the elements Xy of Xy (see Equation (3)), many different scenarios

can be defined. The computational complexity of the function fin Figure PA-1 limits
evaluation to only a few scenarios. As presented in Section 6.3, the CRA-2004 PA considers
four fundamental scenarios:
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E0 = {xgy :Xgy involves no drilling intrusion through an excavated area of the

repository (i.e., n = 0 or e; = 0 in Equation (3) fori=1, 2, ..., n > 0)};

El = {xg :Xg involves one drilling intrusion through an excavated area of the

repository with this intrusion penetrating pressurized brine in the Castile
Formation (i.e., n > 0 in Equation (3) and there exists exactly one integer i
such that1 <i <n,e;=1,b;=1, andej=0forj Zziand 1 <j <n));

E2 = {Xxg :Xg involves one drilling intrusion through an excavated area of the

repository, with this intrusion not penetrating pressurized brine in the Castile
Formation (i.e., n > 0 in Equation (3) and there exists exactly one integer i
such that 1 <i <n,e;=1, b; =10, andej=0forj Zziand 1 <j <n));

EIE2 = {Xx :Xg involves two drilling intrusions through excavated areas of the

repository, with the first intrusion not penetrating pressurized brine and the
second intrusion penetrating pressurized brine (i.e., n 22 in Equation (3) and
there exist two integers i, j such that 1 <i <j <n, e;=1, b; =0,

ej=1, bj=1, and ey, = 0 for k =i, jand 1 <k <n)}.

The definitions of the preceding four scenarios are quite simple. In general, scenarios can be
defined on the basis of any possible characterization of the properties of the individual
elements of X, which can lead to very complex scenario definitions.

The scenarios EO, E1, E2, and EI1E?2 are elements of Sy, and their probabilities are formally
represented by p, (E0) » Dst (EI), Dyt (EZ), and pg, (EIEZ) , with these probabilities
deriving from the probability distributions assigned to the individual elements of Xy . For

example, assume that pB | takes on its mean value of 0.305 (see Section PA-3.5), the
probabilities of the first three scenarios can be calculated exactly:

Pyt (E0)=exp [— j: PEA, (1) dtj =1.3x10-3 (20)

exp (—j: PEj2g (t)dt) } | pB, |=2.6x103 (1)

pst(El)—m:pEﬂd(t)dtjl/n

exp[—j: pEl/ld(t)dtﬂ[pBa]zaox10—3, (22)

pate2)=| ([0 persatoa

where [a,b]=[100, 10,000 yrs|, pE; = 0.203 (see Section PA-3.4), A, (t) is defined in
Equation (7), and the probabilities in Equation (21) and Equation (22) are based on the
relationship in Equation (8).
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The expressions defining pg, (E0), py(E1), and py (E2) are relatively simple because the

scenarios EO0, E1, and E2 are relatively simple. The scenario E1E2 is more complex and, as a
result, p, (E 1E 2) is also more complex. Closed-form formulas for the probabilities of quite

complex scenarios can be derived but they are very complicated and involve large numbers of
iterated integrals (Helton 1993). Thus, p, can be defined in concept but does not have a

simple form that can be easily displayed.

The fundamental scenarios E0, E1, E2, and E1E2 have infinitely many elements because the
drilling intrusions and mining events can occur throughout the regulatory period. However,
scenarios involving drilling intrusions that occur at specific times will have a probability of
zero. For example, the scenario

S={Xg:Xgy=[t;=350yr, e;=1,1;, by =1, p; =2, ay, t,;, |} (23)

where e, a; and t,,;, are arbitrary, contains infinitely many futures (i.e., infinitely many X
meet the criteria to belong to S due to the infinite number of values that l;, a;, and t,,;, can
assume) and also has a probability of zero (i.e., pg (S) =0) because t is restricted to a single

value. Sets that contain single elements of X are also scenarios, but such scenarios will

typically have a probability of zero; the only single element scenario that has a nonzero
probability contains the future that has no drilling intrusions and no mining.

Releases from the repository are calculated (i.e. the function fin Figure PA-1 is evaluated) for
a small number of elements belonging to each of the four fundamental scenarios (Sections
PA-6.7 and PA-6.8). Releases for an arbitrary element X, of X, are estimated from the

results of the fundamental scenarios (Section PA-6.8); these releases are used to construct
CCDFs by Equation (4).

PA-3.10 Historical Review of CCDF Construction

The 1991 and 1992 WIPP PAs used an approach to the construction of the CCDF specified in
40 CFR § 191.13 based on the exhaustive division of X into a collection of mutually exclusive
scenarios S sti? i=1,2, ..., nS (Helton and Iuzzolino 1993). A probability pg (S st,i) and a

normalized release R; were then calculated for each scenario S ; and used to construct the

st,i
CCDF specified in 40 CFR § 191.13. Due to the complexity of the elements Xy of X (see

Equation (3)), this approach was not used in the CCA PA. In particular, the decomposition of
Xy into a suitable and defensible collection of scenarios S st,i’ i=1,2,...,nS, is quite

difficult. Further, once these scenarios are defined, it is necessary to calculate their

probabilities p, (Sst’,- ), which is also not easy. Although the calculation of the probabilities

Pyt (S st, ,-) is difficult, the development of an appropriate and acceptable decomposition of Xy
into the scenarios Sy ; posed a great challenge. Accordingly, the CCA PA used the Monte
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Carlo approach to CCDF construction indicated in Equation (4), thus avoiding the difficulties
associated with decomposing X, into a collection of mutually exclusive scenarios and then

calculating the probabilities of these scenarios. The CRA-2004 PA uses the same approach as
used in the CCA PA.
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PA-4.0 ESTIMATION OF RELEASES

This section describes how releases to the accessible environment are estimated for a
particular future in the CRA-2004 PA.

PA-4.1  Results for Specific Futures

The function f (X st) (Figure PA-1) estimates the radionuclide releases to the accessible

environment associated with each of the possible futures X, that could occur at the WIPP

site over the next 10,000 years. In practice, f'is quite complex and is constructed by the models
implemented in computer programs used to simulate important processes and releases at the
WIPP. In the context of these models, f has the form

f(xst) = fC(Xst)+fSP [Xst’fB(xst)}+fDBR I:Xst’fB (Xst)]
+fMB [Xst’fB (Xst)}+ fDL [xst’fB (Xst)}+ fS I:Xst’fB (Xst)]’ (24)
+fst [Xst,09fMF (Xst)s fvp | Xors fB (Xst)]:|

where

X ~ particular future under consideration,

Xg 0 ~ Jfutureinvolving no drilling intrusions but a mining event at the same time

Lpin S In X,

fc (X st) ~ cuttings and cavings release to accessible environment for X, calculated
with CUTTINGS S,

fB (X st) ~ two-phase flow in and around the repository calculated for Xy with

BRAGFLO; in practice, fp (X st) is a vector containing a large amount of

information, including pressure and brine saturation in various geologic
members,

fsp [Xst »fB (X st )] ~ spallings release to accessible environment for X, calculated with the

spallings model contained in CUTTINGS _S; this calculation requires
repository conditions calculated by fg (xst) as input,

SDBR [X st B (xst )] ~ direct brine release to accessible environment for X, also calculated

with BRAGFLO; this calculation requires repository conditions calculated by
fB (Xst) as input,
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fyus [X st B (X st )] ~ release through anhydrite marker beds to accessible environment for
X calculated with NUTS; this calculation requires flows in and around the

repository calculated by fp (x st) as input,

oL [X st B (X st )] ~ release through Dewey Lake Red Beds to accessible environment for
X calculated with NUTS; this calculation requires flows in and around the

repository calculated by fp (x st) as input,

fs [X s JB (X st )] ~ release to land surface due to brine flow up a plugged borehole for X,

calculated with NUTS or PANEL; this calculation requires flows in and
around the repository calculated by fg (X st) as input,

Sur (xst,0) ~ flow field in the Culebra calculated for Xy o with MODFLOW,

Inp [X st B (X st)} ~ release to Culebra for Xy calculated with NUTS or PANEL as

appropriate; this calculation requires flows in and around the repository
calculated by fp (x st) as input, and

fsT [Xst,o s mF (Xst’o ) »Inp [Xst »fB (Xst )ﬂ ~ groundwater transport release through
Culebra to accessible environment calculated with SECOTP2D. This
calculation requires MODFLOW results (i.e., fyr (X st,0 ) ) and NUTS or

PANEL results (i.e., fyp [Xsta fB (X st)] as input; Xy g is used as an

argument to fgr because drilling intrusions are assumed to cause no
perturbations to the flow field in the Culebra.

The remainder of this section describes the mathematical structure of the mechanistic models
that underlie the component functions of fin Equation (24).

The Monte Carlo CCDF construction procedure, implemented in the code CCDFGF (WIPP
PA 2003a), uses a sample of size nS = 10,000 in the CRA-2004 PA. The individual programs
that estimate releases do not run fast enough to allow this number of evaluations of f. As a
result, a two-step procedure is being used to evaluate f'in the calculation of the integral in
Equation (4). First, f and its component functions are evaluated with the procedures (i.e.,
models) described in this section for a group of preselected futures. Second, values of

f (Xst,i) Jor the randomly selected futures X ; used in the numerical evaluation of the
integral in Equation (4) are then constructed from results obtained in the first step. These

constructions are described in Sections PA-6.7 and PA-6.8, and produce the evaluations of f
that are actually used in Equation (4).
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For notational simplicity, the functions on the right hand side of Equation (24) will typically
be written with only X, as an argument (e.g., f¢p (X st) will be used instead of

fsp [X sto B (X st )] ). However, the underlying dependency on the other arguments will still

be present.

The major topics considered in this chapter are two-phase flow in the vicinity of the repository
as modeled by BRAGFLO (i.e., fp) (Section PA-4.2), radionuclide transport in the vicinity of

the repository as modeled by NUTS (i.e., fyip, fp1, fs fnp) (Section PA-4.3), radionuclide
transport in the vicinity of the repository as modeled by PANEL (i.e., fg, fnp) (Section PA-4.4),
cuttings and cavings releases to the surface as modeled by CUTTINGS_S (i.e., f¢) (Section

PA-4.5), spallings releases to the surface as modeled by DRSPALL and CUTTINGS_S (i.e.,
fsp) (Section PA-4.6), direct brine releases to the surface as modeled by BRAGFLO (i.e.,

fper) (Section PA-4.7), brine flow in the Culebra as modeled by MODFLOW (i.e., fy/r)

(Section PA-4.8), and radionuclide transport in the Culebra as modeled by SECOTP2D (i.e.,
fs) (Section PA-4.9).

PA-4.2 Two-Phase Flow: BRAGFLO

Quantification of the effects of gas and brine flow on radionuclide transport from the
repository requires use of a two-phase (brine and gas) flow code. For the CRA-2004 PA, the
DOE uses the two-phase flow code BRAGFLO to simulate gas and brine flow in and around
the repository (WIPP PA 2003b). Additionally, the BRAGFLO code incorporates the effects of
disposal room consolidation and closure, gas generation, and rock fracturing in response to
gas pressure. This section describes the mathematical models on which BRAGFLO is based,
the representation of the repository in the model, and the numerical techniques employed in
the solution.

PA-4.2.1  Mathematical Description

Two-phase flow in the vicinity of the repository is represented by the following system of two
conservation equations, two constraint equations, and three equations of state:

Gas Conservation

ap K, k 0\ PpeSs
V. M(Vpg +pgth) + g,y + Gy = au, (25a)
Hg ot
Brine Conservation
(24 K.k 6 ¢prb
V'[M(Vpb +pbth)}+aqwb +aqrb = au, (25b)
Hp ot
Saturation Constraint
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Se+S8p=1, (25¢)
Capillary Pressure Constraint
Pc=pPg—Py=f(Sh); (25d)
Gas Density

Pg (determined by Redlich-Kwong-Soave equation of state; see Equation (46)), (25e)

Brine Density
Pb = Po €XP [ﬂb (op —Pbo)]’ and (25)
Formation Porosity
Pp = Pg exp [ﬂf (op —Pbo)] ) (25g)
where
g = acceleration due to gravity (m/s?)
h = vertical distance from a reference location (m)
K; = permeability tensor (m?) for fluid l (1= g ~ gas, | = b ~ brine)
k,; = relative permeability (dimensionless) to fluid |
pc = capillary pressure (Pa)
p; = pressure of fluid | (Pa)
q, = rate of production (or consumption, if negative) of fluid | due to
chemical reaction (kg/m?3 s)
4,y = rate of injection (or removal, if negative) of fluid I (kg/m3 s)
S; = saturation of fluid | (dimensionless)
t = time (s)
a = geometry factor (m)
oy = density of fluid I (kg/m3)
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Ly = viscosity of fluid | (Pa s)
@ = porosity (dimensionless)
@y = reference (i.e., initial) porosity (dimensionless)
Ppo = reference (i.e., initial) brine pressure (Pa), constant in Equation (25f)
and spatially variable in Equation (25g)
Py = reference (i.e., initial) brine density (kg/m3)
By = pore compressibility (Pal)
By = brine compressibility (Pal).

The conservation equations are valid in one (i.e., V =[0/ox]), two (i.e., V =[0/0x,0/0y]) and
three (i.e., V = [8/ ox,0/dy,0/ 8z] ) dimensions. In the CRA-2004 PA, the preceding system of

equations is used to model two-phase fluid flow within the two-dimensional region shown in
Figure PA-8. The details of this system are now discussed.

The aterm in Equation (25a) and Equation (25b) is a dimension-dependent geometry factor
and is specified by

o area normal to flow direction in one-dimensional flow

(i.e., AyAz; units = m?),

thickness normal to flow plane in two-dimensional flow

(i.e., Az; units = m),

1 in three-dimensional flow (dimensionless). (26)

The CRA-2004 PA uses a two-dimensional geometry for computation of two-phase flow in the
vicinity of the repository, and as a result, a is the thickness of the modeled region (i.e., Az)
normal to the flow plane (Figure PA-8). Due to the use of the two-dimensional grid in Figure
PA-8, ais spatially dependent, with the values used for a defined in the column labeled “Az .”
Specifically, o increases with distance away from the repository edge in both directions to
incorporate the increasing pore volume through which fluid flow occurs. The method used in
the CRA-2004 PA, called rectangular flaring, is illustrated in Figure PA-9 and ensures that
the total volume surrounding the repository is conserved in the numerical grid. The equations

and method used to determine o for the grid shown in Figure PA-8 are described in detail by
Stein (2002a).
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Figure PA-8. Computational Grid Used in BRAGFLO in the CRA-2004 PA.

March 2004
Appendix PA



Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application 2004

¢ 46,63 km >
Repository
~N
N
2 o
v
~
3
4 ||
3
— 65
2
66
67
Y (West)
Col 1
X (North)
Col 68

Figure PA-9. Definition of Element Depth in BRAGFLO Grid in the CRA-2004 PA.
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