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ABSTRACT

Before disposing of transuranic radioactive waste in the Waste Isolation

Pilot Plant (WIPP), the United States Department of Energy (DOE) must

evaluate compliance with applicable long-term regulations of the United

States Environmental Protection Agency (EPA). Sandia National Laboratories

is conducting iterative performance assessments (PAs) of the WIPP for the DOE

to provide interim guidance while preparing for a final compliance

evaluation. This volume of the 1992 PA contains results of uncertainty and

sensitivity analyses with respect to the EPA's Environmental Protection

Standards for ManaEement and Disposal of Spent Nuclear Fuel, High-Level and

Transuranic Radioactive Wastes (40 CFR 191, Subpart B). Additional

information about the 1992 PA is provided in other volumes. Volume 1

contains an overview of WIPP PA and results of a preliminary comparison with

4.0 CFR 191, Subpart B. Volume 2 describes the technical basis for the PA,

including descriptions of the linked computational models used in the Monte

Carlo analyses. Volume 3 contains values for input parameters used in

consequence and probability modeling. Volume 5 contains _ncertainty and

sensitivity analyses of gas and brine migration for undisturbed performance.

Finally, guidance derived from the entire 1992 PA is presented in Volume 6.

Results of the 1992 uncertainty and sensitivity analyses indicate that,

conditional on the mode!iDg assumptions, the choice of parameters selected

for sampling, and the assigned parameter-value distributions, the most

important parameters for which uncertainty has the potential to affect

compliance with 40 CFR 191B are" drilling intensity, intrusion borehole

permeability, halite and anhydrite permeabilities, radionuclide solubilities

and distribution coefficients, fracture spacing in the Culebra Dolomite

Member of the Rustle[" Formation, porosity of the Culebra, and spatial

variability of Culebra trailsmissivity. Performance with respect to 40 CFR

191B is insensitive to uncertainty in other parameters; however, additional

data are needed to confirm that reality lies within the assigned
distributions.
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PREFACE

The Preliminary Performance Assessment for _.he Waste Isolation Pilot

Plant, December 1992 is currently planned to consist of six volumes. The

titles of the volumes are listed below. All analyses reported in the 1992

Preliminary Performance Assessment, including those described in this volume,

are based on computer modeling of disposal-system performance that was

completed in November ].992.

This report is the fourth in a series of annual reports that document

ongoing assessments of the predicted long-term performance of the Waste

Isolation Pilot Plant (WIPP); this documentation will continue during the WIPP

Test Phase. However, the Test Phase schedule and projected budget may change;

if so, the content of the 1992 Preliminary Performance Assessment report and

its production schedule may also change.

Volume I: Third Comparison with 40 CFR 191, Subpart B

Volume 2: Technical Basis

Volume 3: Model Parameters

Volume 4: Uncertainty and Sensitivity Analyses for 40 CFR 191, Subpart B

Volume 5: Uncertainty and Sensitivity Analyses of Gas and Brine Migration
for Undisturbed Performance

Volume 6: Guidance to the WIPP Project from the December 1992 Performance
Assessment

ix
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1 1. INTRODUCTION
2

3

4 The Waste Isolation Pilot Plant (WIPP) is planned as a research and

5 development facility to demonstrate the safe disposal of transuranic

6 (TRU) wastes generated by defense programs of the United States

7 Department of Energy (DOE). Before disposing of waste in the WIPP, the

8 DOE must evaluate compliance with applicable long-term regulations of

9 the United States Environmental Protection Agency (EPA), including 40

10 CFR 191, Subpart B (Environmental Radiation Protection Standards for the

11 Management and Disposal of Spent Nuclear Fuel , High- Leve.l and

12 Transuranic Radioactive Wastes) (EPA, 1985) and 40 CFR 268.6 (Petitions

13 to Allow Land Disposal of a Waste Prohibited Under Subpart C of Part

14 268) (EPA, 1986), which is the regulation implementing the Resource

15 Conservation and Recovery Act (RCRA) that states the conditions for

16 disposal of specified hazardous wastes. Performance assessment (PA)

17 will form the basis for evaluations of compliance with these

18 regulations.

19

20 The WIPP Performance Assessment Departmellt of Sandia National

21 Laboratories (SNL) is period-ruing iterative preliminary PAs to provide

22 guidance to the WIPP Project while preparing for final compliance

23 evaluation. This volume is part of a multi-volume report documenting

24 the third preliminary performance assessment for the WIPP, completed in

25 December 1992. Preparation for preliminary performance assessments

26 began with the December 1989 Draft Forecast. of the Final Report for the

27 Comparison to 40 CFR Part 19], Subpart B for the Waste Isolation Pilot

28 Plant (Bertram-Howery et al. , 1989) and Performance Assessment

29 Methodology Demonstrat:ion: Methodology Development for Evaluating

30 Compliance with EPA _0 CFR 191, Subpart B, for the Waste Isolation Pilot

31 Plant (Marietta et al., 1989). The 1990 report (Bertram-Howery et al.,

32 1990) and two supporting volumes (Rechard et al. , 1990; Helton et al.,

33 1991) presented preliminary results of evaluations that addressed only

34 the long- term performance criteria for disposal specified in the

35 radioactive-waste disposal standards (40 GFR 191, Subpart B, EPA, 1985).

36 The 1991 version of the report (WIPP PA Division, 1991a, 1991b, 1991c;

37 Helton et at., 1992) presented preliminary evaluations for comparison

38 with the regulatory requirements of 40 CFR 191, Subpart B. Results of

39 the 1992 performance assessment are not suitable for final compliance

40 evaluations because portions of the modeling system and data base are

41 incomplete, and the level of confidence in the defensibility of the

42 performance estimates has not been established. Results are, however,

43 suitable for providing interim guidance to the WIPP Project as it moves

44 toward final compliance evaluations.
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Chapter 1: Introduction

1 Previous volumes of the December 1992 Preliminary Performance

2 Assessment have provided an overview of the performance assessment and

3 results of a preliminary comparison with Subpart B of 40 CFR 191 (Volume

4 I), a descrlption of the technical basis for probability and consequence

5 modeling (Volume 2), and the data base of parameter values used in

6 modeling (Volume 3). This volume contains the results of uncertainty

7 and sensitivity analyses performed with respect to 40 CFR 191B. These

8 analyses provide quantitative and qualitative insights on the

9 relationships between uncertainty in the models and data used in the

10 performance assessment and the resultant uncertainty in the results of

11 the performance assessment. Additional uncertainty and sensitivity

12 analyses of gas and brine migration for undisturbed conditions relevant

13 to compliance evaluations for 40 CFR 268.6 are contained in Volume 5.

14 Finally, Volume 6 contains guidance to the WIPP Project based on the

15 1992 performance assessment.

16

17 Uncertainty and sensitivity analysis is an important part of the

18 WIPP PA and contributes to the overall analysis in the following areas:

19 (i) assessment of the uncertainty in performance assessment results that

20 must be used in regulatory compliance evaluations, (2) identification of

21 modeling areas where reductions in uncertainty can increase confidence

22 in performance assessment results, and (3) partial verification that the

23 computationa], models used in the performance assessment system are

24 operating properly. Because uncertainty and sensitivity analyses are

25 inherently conditional on the models, data distributions, and techniques

26 used to generate them, they cannot provide insight about parameters not

27 sampled, conceptual and computational models not used in the analysis in

28 question, or processes that have been oversimplified in the analysis.

29 As discussed further in Volume 6, qualitative judgment about the

30 modeling system must be used in combination with the results of analyses

31 presented in this volume to set priorities for additional data

32 acquisition and model development.

33

34 Organization of this volume is as follows:

35

36 • Chapter 2 provides an overview of the structure of the WIPP PA,

37 including an introduction to the Kaplan and Garrick (1981) ordered-

38 triple representation for risk. The definition of scenarios, the

39 determination of scenario probabilities, and the calculation of

40 scenario consequences are described in the context of the ordered-

41 triple representation for risk. Additional information about the PA

42 methodology is provided in Chapters z and 4 in Volume 2 of this report.

43
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Chapter 1: Introduction

I • Chapter 3 provides information about the imprecisely known variables

2 selected for sampling in the 1.992 PA. Detailed information about

3 parameter values is provided in Volume 3 of this report.

4

5 • Chapter 4 contains a discussion of the modeling of undisturbed

6 performance using a rectangular cross -section representation of the

7 entire repository. Results are presented in terms of cumulative gas

8 and brine migration and other two -phase flow performance measures.

9 Radionuclide transport is not modeled because no brine that has been in

10 contact with waste reaches the accessible environment during I0,000 yr

11 of undisturbed performance. Discussions of two-phase flow and creep

12 closure and detailed information about the BRACFLO and SANCHO codes

13 used in the modeling are provided in Chapter 7 and Appendices A arid B

14 in Volume 2 of this report.

15

16 • Chapter 5 contains a discussion of the ,lode] ing of disturbed

17 performallce (i.e. , scenarios in whic}i the waste-disposal region is

18 intruded by an exploratory borehole) using a cylindrical representation

19 of a single panel. Results in this chapter are presented in terms of

20 cumulative gas and brine migration and other two-phase flow performance

21 measures. Uncertainty alid sensitivity analyses using radionuclide

22 releases as the primary performance measure are discussed in Chapter 8.

23 Modeling for disturbed performance uses the BRAGFLO and SANCHO codes,

24 and also uses the PANEl., code to model radionuclide mobil, ization i.n the

25 waste-emplacement panel, PANEl. is described in Chapter 7 and Appendix

26 A in Volume 2 of this report.

27

28 • Chapter 6 contains a discussion of the modeling of groundwater flow and

29 radionuclide transport in the Culebra Dolomite Member of the Rustler

30 Formation above the repository. Radionuclide transport in the Culebra

31 occurs only in }_uman intrusion scenarios. Modeling is done using the

32 SECO flow and transport codes, as described in Chapter 7 and Appendix C

33 in Volume 2 of this report:.

34

35 • Chapter / colltains a discussioil of the modeli, ng of t:he release of

36 radionucl ides directly at tile groul_d surface durillg t:he drill ing of an

37 exploratory boreliole tliat intrudes into the waste-disposal region. As

38 modeled, particulate waste is brougllt to the surface in tile drilling

39 fluid bot.li as cttt. tings (material illtc.'rsec, ted by t.he dri 1 1 bit) and

40 cavi rigs (Inatel" ial eroded froln the borehoi e wal 1 by t:he c ircul at. ing

41 drillilig fluid). CuLt;lrigs alld caviligs ai'e. collectively referred to as

42 eutt:ings irl tills report, Model irig is doric usiilg tlle CUTTINCS code, as

43 described by gei-glulid (1992) and Chapter / ill Volume 2 of Lhis report.

44
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Chapter 1: Introduction

I • Chapter 8 contains uncertainty and sensitivity analysis results for

2 radionuclide releases both from cuttings and groundwater transport.

3 Alternative conceptual models are e×amined for transport in the

4 Culebra, including transport in a single-porosity, fracture-only medium

5 and transport in a dual-porosity, fracture plus porous-matrix system.

6 For dual-porosity transport, releases are examined with and without the

7 physical effect of c'lay linings in fractures and with and without

8 chemical retardation by sorption. Cases considered here are a more

9 complete set of those for which results were presented in Chapter 5 of

10 Volume 1 of this report for preliminary comparison with the Containment

11 Requirements of _0 CFR ]91B. Dual -porosity transport with both

12 chemical and physical retardation in matrix and clay linings is the

13 conceptual model believed by the WIPP PA Department to provide the most

14 realistic representation for transport in the Culebra. Experimental

15 and field data are not sufficient at this time to eliminate alternative

16 conceptual models, and other cases are therefore analyzed here for

17 comparison.

18

19 • Chapter 9 summarizes the results of the 1992 uncertainty and

20 sensitivity analyses for 40 CFR 191B, and identifies overall importance

21 of individual parameters.

22

23

1-4



1 2. STRUCTURE OF WIPP PERFORMANCE ASSESSMENT
2

3

4 2.1 Conceptual Model
5

6 As proposed by Kaplan and Garrick (1981), the outcome of a performance

z assessment can be represented by a set R of ordered triples of the form

8

9 1{ = {(Si, pSi, =Si) , i=l, ..., nS}, (2.1-1)

10

11 where

12

13 Si = a set of similar occurrences,

14

15 pS i = probability that an occurrence in the set S i will take place,

16

17 cS i = a vector of consequences associated with Si,

18

19 nS = number of sets selected for consideration,

20

21 and the sets S i have no occurrences in common (i.e., the Si are disjoint

22 sets). This representation formally decomposes the outcome of a performance

23 assessment into what can happen (the Si) , how likely things are to happen

24 (the PSi) , and the consequences of what can happen (the cSi). The Si are

25 typically referred to as "scenarios" in radioactive waste disposal.

26 Similarly, the pS i are scenario probabilities, and the vector cS i contains

27 environmental releases for individual isotopes, the normalized EPA release

28 for all isotopes, and possibly other information associated with scenario S i.

29 The set 7_ in Eq. 2. i-I is used as the conceptual model for the WIPP

30 performance assessment.

31

32 Although the expression in Eq. 2.1-1 provides a logical conceptual

33 representation for risk, the set R by itself can be difficult to examine.

34 For this reason, the risk results in R are often summarized with

35 complementary cumulative distribution functions (CCDFs). These functions

86 provide _ display of the information contained in the probabilities pS i and

37 the consequences cS i. With the assumption that a particular consequence

38 result cS in the vector cS has been ordered so that cS i _< cSi+ ] for i=l, ...,

39 nS-l, the associated CCDF is shown in Figure 2.1-i. A consequence result of

40 particular interest in performance assessments for radioactive waste disposal

_1 is the EPA normalized release to the accessible environment (EPA, 1985). As

_2 indicated in Figure 2.1-i, the EPA places a bound on the CCDF for normalized

IS release to the accessible environment.
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Chapter 2: Structureof WIPP Performance Assessment
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Figure 2.1-1, Estimated complementary cumulative distri.bution function

(CCDF) for consequence result, cS ([telton e¢ al., 199l). The

open and sol_d circles at the discontinuities indicate the

points included on (solid circles) and excluded from (open
circles) the CCDF.
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2,1 Conceptual Model

1 In practice, the outcome of a performance assessment depends on many

2 imprecisely known variables. These imprecisely known variables can be

3 represented by a vector

4

5 x = [xI, x 2 ..... XnV], (2.1-2)

6

7 where each xj is an imprecisely known input required in the performance

8 assessment and nV is the total number of such inputs. As a result, the set R

9 is actually a function of x:

10

11 R(x) = ([Si(x), pSi(X), cSi(x)], i=l, .... nS(x)). (2.1-3)

12

13 As x changes, so will R(X) and all summary measures that can be derived from

14 R(x). Thus, rather than a single CCDF for each consequence value contained

15 in cS, there will be a distribution of CCDFs that results from the possible

16 values that x can take on.

17

18 The uncertainty in x can be characterized by a sequence of probability

19 distributions

20

21 DI, D2, ..., DnV, (2.1-4)

22

23 where Dj is the distribution for the variable xj contained in X. The

24 definition of these distributions may also be accompanied by the

25 specification of correlations and various restrictions that further define

26 the relations between the xj. These distributions and other t'estrictions

27 probabilistically characterize where the appropriate input to use in a

28 performance assessment might fall given that the analysis has been structured

29 so that only one value can be used for each variable.

30

31 Once the distributions in Eq. 2. I-4 have been developed, Monte Carlo

32 techniques can be used to determine the uncertainty in R(X) that results from

33 the uncertainty in x. First, a sample

34

35 xk = [Xkl, Xk2 , ..., Xk,nV], k=l ..... nK, (2.1-5)

36

37 is generated according to the specified distributions and restrictions, where

38 nK is the size of the samp]e. A performance assessment is then conducted for

39 each sample element _k, which yields a sequence of risk resu]ts of the form

40

41 R(Xk) = ([Si(Xk), PSi(Xk), cSi(xk)], i=_], .... nS(Xk)) (2.1-6)
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Chapter 2: Structureof WIPPPerformance Assessment

I for k=l .... , nK. Each set R(x k) is the result of one complete performance

2 assessment conducted with a set of inputs (i.e., xk) that the review process

3 producing tile distributions in Eq. 2.1-4 concluded was possible. Further,

4 associated with each risk result R(x k) in Eq. 2.1-6 is a probabi]ity or

5 weight that can be used in making probabillstlc statements about the

6 distribution of R(x). When random or Latin hypercube sampling is used, this

7 weight is tile reciprocal of tile sample size (i.e., i/nK).

8

9 In most performance assessments, CCDFs are the results of greatest

10 interest. For a particular consequence resu]t, a CCDF will be produced for

11 each set R(Xk) shown in Eq. 2.1-6. This yields a distribution of CCDFs of

12 the form shown in Figure 2.1-2.

13

14 An important distinction exists between the uncertainty that gives rise

15 to a single CCDF in Figure 2.1-2 and the uncertainty that gives rise to the

16 distribution of CCDFs in this figure. A single CCI)F arises from the fact:

17 that a number of different occurrences (e. g, , borehol e int ruslons) have a

18 real possibility of taking place. This type of uncertatnt:y is referred to as

19 stochastic wlriation or uncertainty ill this report. A distribution of CCDFs

20 arises from the fact that fixed, but unknown, quantities (e.g., hydrologic

21 properties) are needed in the estimation of a CCDF. The development of

22 distributions that characterize what the values for these fixed quatttities

23 might be leads to a distribution of CCDFs. In essence, a performance

24 assessment can be viewed as a very complex function that estimates a CCDF.

25 As there is uncertainty in the values of some of the variables operated on by

26 this function, there will also be uncertainty in the dependent variable

27 produced by this funct, ion, where t:his dependent variable is a CCDF.

28

29 Both Kaplan atld Garrick (1981) and a recent report by the IIlt:ernational

30 Atomic Energy Agency (1AEA, 1989) dis t ingui sh between these two types of

31 uncertainty. Specifically, Kaplan and Carrick dist:illguish between

32 probabilities derived from |!requelmies and probabil i t i es t l_at characterize

33 de.grees of belief. Probabilities derived from frequencies correspoiid to the

34 probabilities PSi in Eq. 2.1-1, wllile probabilit:ies that: characterize degrees

35 of belief (i.e., subjective probabilities) correspo1_d to t.|le distributions

36 indicated in Eq. 2.1-4. The IAEA report distirlgulshes betweell wt_at: it call. s

37 Type A uncertainty anti Type B uncertait_ty. The I.AEA rt:port del!ilms Type A

38 tmcertainty to be stocl_astic variation; as suets, t.his uz_cert:ainty corresponds

39 to the frequency-based probability of Kaplan and Garrick and the pS i of Eq.

40 2.1-1. Type B uncertainty is defined to be uncertaiIlty that is due to 1.ack

41 of knowledge about fixed quantities; thus, this uncertainty corresponds to

42 the subjective probability of Kaplan and Garrick and the distributions

43 indicated in Equation 2. 1-4. Expressed anot|_er way, Type A utlcert-ainty
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Chapter 2: Structureof WIPP PerformanceAssessment

1 designates variability in a population; Type B uncertainty designates a lack

2 of knowledge about this population and how to appropriately calculate

3 associated results of interest, For the WIPP performance assessment, Type A

4 uncertainty refers to all possible patterns of disruption that could occur

5 over a i0,000 yr period, and Type B uncertainty refers to our lack of

6 knowledge on how to characterize these patterns and calculate their

7 consequences . This distinction has also been made by other authors,

8 including Vesely and Rasmuson (1984), Pat6.-Cornell (1986), Parry (].988),

9 Helton (1993b), and }lelton and Breeding (1993).

10

11 As already indicated, the ordered-triple representation shown in

12 Eq. 2. i-I is used as the conceptual model for the WIPP performance

13 assessment. In consistency with this representation, the scenarios Si,

14 scenario probabilities pS i and scenario consequetlees cS i used in the 1991.

15 preliminary WIPP performance assessment are discussed in Sections 2.2, 2,3

18 and 2.4, respectively. Severa| specific definitio1_s used for R in the 1992

17 WIPP performalme assessment are. then presented in Section 2.5.

18

19 The WIPP pe.rformance assessment endeavors to maintain a di.stinction

20 between stochastic (i.e., Type A) uncertainty and subjective (i.e., Type B)

21 uncertainty. ]'he effect of stochastic uncertainty is represented by the

22 probabilities pS i discussed in Section 2.3. The characterization of the

23 subjective uncertainty in the inputs to the 1992 WIPP performance assessment

24 is discussed in Chapter 3, The primary focus of this report: is the impact of

25 subjective uncertai_lties on the. out:comes of tile 1.992 WIPP performance

26 assessment. Tl_ese Jmpact:s will be il_vestigated ill Chapters 4 through 8. A

27 concluding discussion is given in Chapter 9.

28

29

30 2.2 Definition of Scenarios
31

32 Scenari. os collsti tllt_ the Jil'.';t (.'lelnt.,llt S' i of tire ol'dered triples

33 contained in tt_(: set /_ showtl iI_ Eq. 2.1-1 at_d are obtaiiled t_v std_(lividi_g the

34 se t

35

36 S = Ix: × a sin_,le 10,()()()-yr I_ist-orv I)¢-'git_l_il_', at ducommissionil_g of the.

37 WIPP). (2,2- 1)

38

39 Each lO,O00-yr history is complete ill tl_e sellse that. it illcludc's a ful 1

40 specificatioI_, including tri.me of occurrence, for c_veryt:hing of importance to

41 performallce assessment t:hat happens in tills time period. IIi the t:ermir_ology

42 of CranweI1 et al. (1990), each history would (.'o1_taill a characterization for

43 a spc:e, ifi. c sequellce of "naturally oceurril_g anti/or huma_-i_duced conditions
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2.2 Definition of Scenarios

I that represent realistic future states of the repository, geologic systems,

2 and ground-water flow systems that could affect the release and transport of

3 radionuclides from the repository to humans." In the terminology of

4 probability theory, the set S is called the sample space, the members of S

5 are called elementary events, and the individual scenarios S i are called

6 events.

7

8 The WIPP performance assessment uses a two-stage procedure for scenario

9 development (Chapter 4 of Volume 2). The purpose of the first stage is to

10 develop a comprehensive set of scenarios that includes all occurrences that

11 might reasonably take place at the WIPP. The result of this stage is a set

12 of scenarios, called summary scenarios, that summarize what might happen at

13 the WIPP. These summary scenarios provide a basis for discussing the future

14 behavior of the WIPP and a starting point for the second stage of the

15 procedure, which is the definition of scenarios at a level o_ detail that is

16 appropriate for use with the computational models employed in the WIPP

17 performance assessment. The scenarios obtained in this second stage of

18 scenario development are referred to as computational scenarios. The

19 development of summary scenarios is directed at understanding what might

20 happen at the WIPP and answering completeness questions. The development of

21 computational scenarios is directed at organizing the actual calculations

22 that must be performed to, obtain the consequences cS i appearing in Eq. 2.1-i,

23 and as a result, must provide a structure that both permits the 0S i to be

24 calculated at a reasonable cost and holds the amount of aggregation error

25 that enters the analysis to a reasonable level. Here, aggregation error

26 refers to the inevitable loss of resolution that occurs when an infi.nite

27 number of occurrences (i.e., the elements of S) must be divided into a finite

28 number of sets for analysis (i.e., t:he subsets Si of_" S). The following

29 discussion describes the computational sceIlarios used in the 1.992 WIPP

30 performance assessment.

31

32 The development of summary scenarios for the 1992 WIPP performance

33 assessment led to a set S of the form shown ill Eq. 2.2 -1 in which all

34 disruptions were due to drilling intrusions (Chapter 4 of Volume 2). As a

35 result, computational sce1_arios were defined to provide a systematic coverage

36 of drilling intrusions. Specifically, computatiollal scella_:i, os wet'e defined

37 on the basis of (1) numbel_" of drilting intrusiolls, (2) time of the. drilling

38 intrusions, (3) whether or not a single waste paI1e] is penet:rated by two or

39 more boreholes, of w}lich at least one penetrates a pressurized brine pocket

40 and at least one does not, and (4) activity level of the waste penetrated by

41 the boreholes.

42

43 The construction of computational scenarios started with the division of

44 the 10,000-yr time period appearing in the EPA t-egulations into a sequence
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Chapter 2: Structureof WIPPPerformanceAssessment

I [ti. I, ti], i = i, 2, ..., nT, (2.2-2)

2

3 of disjoint time intervals. When the activity levels of the waste are not

4 considered, these time intervals lead to computational scenarios of the form

5

6 S(n) = (x: x an element of S for which exactly n(i) intrusions

7 occur in time interval [ti_], ti] for i=l, 2 .... ,

8 nT (i.e., an E1 or E2-type scenario as described
9 in Section 4.2.3.2 of Volume 2.))

10 (2.2-3)
11

12 and

13

14 S+'(ti_l,ti) = (x: x an element of S for which two or more boreholes

15 penetrate the same waste panel during the time

16 interval [ti- I, ti ], with aL least one of these

17 boreholes penetrating a pressurized brine pocket

18 and at least one not penetrating a pressurized

19 brine pocket (i.e. , an EIE2-type scenario as

20 described in Section 4.2.3.2 of Volume 2) ),(2.2-4)
21

22 where

23

24 n = in(1), n(2), ..., n(nT)]. (2.2-5)
25

26 As discussed in Section 2.5, the 1992 WIPP performance assessment uses two

27 different subdivisions of the 10,000-yr time period in the F,PA regulations.
28 In turn, these different subdivisions lead to different de[initions for the

29 set R in Eq. 2.1-I.
30

31 When the activity levels of the waste are considered, the preceding time

32 intervals lead to computational scenarios of the form
33

34 S(l,n) = {x: x an element of S(n) for which the jch borehole

35 encounters waste of activity level 2(j) for j=l,

36 2, ... , nBH, where nBH is the total number of

37 boreholes associated with a time history in S(n)}
38 (2.2-6)

39

40 and

41

42 S+'(l;ti_l,ti) = (x: x an element o_ S+'(ti_l,ti) for which the jth

43 borehole encounters waste of activity level 2(j)

44 for j=l, 2 .... , nBH, where nBH is the total

45 number of boreholes associated with a time history

46 in S+-(ti_l,ti) ), (2.2-7)
47
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2.2 Definition of Scenarios

I where

2

3 nT
4
5 I = [f(1), f(2) .... , 2(nBH)] and nBH = E n(i). (2.2-8)

i--1

11 The computational scenarios S(l,n) and S+- (I;ti_l, ti) are used as the basis

12 for the CCDFs for normalized release to tile acc.essible environment presented

13 in the 1992 WIPP performance assessment.

14

15 The definitions of S{-(ti_1,ti) and S f'(llti_l,ti) appearing in Eqs.

16 2.2-4 and 2.2-7 do not use tile vector n designating the time intervals in

17 W|liCh drilling intrusions occur that appears in the definitions of S(rl) and

1.8 S(l,n) . However, vectors of this form can be incorporated into the

t9 definitions of S+'(ti_l,ti) and S_-(I;ti_l,ti). Specifically, let

20

21 Si+-(n) = {x: x an element of S(n) for which 2 or more boreholes

22 penetrate the same waste panel during the time

23 int,-.,rval [ti_l,ti] (i.e., n(i)_>2), with at least

24 one of these boreholes penetrating a pressurized

25 brine pocket and at', least one not penetrating a

26 pressurized brine pocket). (2.2-9)
27

28 Th _,11,

29

!_ Sf-(ti_l,t i) = u ,9.'-(n), (2.2-10)teA(i) l
33

_4 wllere n¢:.A(i) only if n is a vector of the form defirled ill gq. 2.2-5 with

36 T,f.i)>2. The. computational scenarios Si+-(I,n) and S+-(I;ti_l,ti) can be

37 defiI_ed alialogouslv for t:tle vector I indicated in Eq. 2.2-8. In Section 2.3,

38 co_.,_ervati,.,e Fc_lations are presellted (i.e., F.qs. 2.3-3 and 2.3-4) that bound

39 t l-_e probabiii._ies toF S_-(ti_ 1 ,t i) aIld S4-(l:ti_l ,ti) and are used in the

40 c(:,r!strt_ctioll of: CCDFs of rile form appt, aFing iIi FiguFe 2.1-2. lrl Section 2.4,

41 -_;+-(_i-1 ti) a_d S+-(I;ti.l,ti ), i = 1 ..... n'I', ar¢_ assigned tile grou_ldwater

42 l'elt,;tses (i.e., Eqs. 2.4-1 _, all(l 2.4-14) associated witl_

43

44

" _ Cl O') 5 +-_'(! ' 0), SnT _-(() (; 2), (2.2 11)
47
48

49 ,'t-st,(_ctivelv; t}lese release:_; LiFt' used ill the COIISLFLICEiOI1 Of- CCDFs of the

50 for,, app(-_ari_g in Figttre 2.1-2. The subscripts i_ the preceding notation for

5_ 51+-(12,() ..... O) tI_ough 5n.i-+-(O,() ..... 2) are redundant and will be omitted in

52 tl_e r(,maii-,,d¢,r o.f this r_-v,._r' .

53
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Chapter 2: Structure of WIPP Performance Assessment

1 Additional information on the construction of computational scenarios for

2 the 1992 WIPP performance assessment is available elsewhere (Chapter 5 of

3 Volume 2) .

4

5

6 2.3 Determination of Scenario Probabilities
7

8 As discussed in Chapter 5 of Volume 2 and Helton (1993a), probabilities

g for computational scenarios were determined under the assumption that the

10 occurrence of boreholes through the repository follows a Poisson process with

11 a rate terra _. The probabilities pS(n) and pS(l,n) for the computational

12 scenarios S(n) and S(I,n) are given by

13

_15 pS(n) = _t I _(t)dt /n(i)! exp -ft 0 _(t)dt (2.3-1)
I$ i i i-i
zu

26 n BH
27 J_ pS(I,n) = [I pL2 (j) pS(n), (2.3-2)j=l

1 where n and I are defined in Eqs. 2.2-5 and 2.2-8, respectively, and pL 2 is

35 the probability that: a randomly placed boreho]e through a waste panel will

36 encounter waste of activity level 2. Examples of probabilities pS(n)

37 calculated as shown in Eq. 2.3-I are given in Section 2.5.

38

39 The probabilities pS+-(ti_l,ti) and pS+(l;ti_],ti) for the computational

40 scenarios S+'(ti_] ,ti) and S+'(l;ti_l,ti) are given by

41

42 n P t. t.

{, }{ . }i a_(t)dt] 1 exp[-_t 2pS+'(ti_],ti) " Z - exp[-ft # (t)dt]
4_ £=I i-I i-I
47

44_ (2.3-3)

50 and

51

54 pS+-(I;t:i_l,t:i) "-- [I ph2(j) pS."(ti.l,ti), (2.3-4)
57
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2.4 Calculation of Scenario Consequences

I where

2

3 _2(t) = [aBP2]A(t)/aTOT,

4

5 _2(t) = [aTOT 2 - aBP2]A(t)/aTOT,

6

7 aBP 2 = area (m2) of pressurized brine pocket under waste panel 2,

8

9 aTOT 2 = total area (m2) of waste panel 2,

10

11 aTOT = total area (m2) of waste panels,

12

13 and

14

15 nP = number of waste panels.

16

17 For the 1992 WIPP performance assessment, each of the areas aTOT 2 and aBP 2 is

18 assumed to be the same for all waste panels. This assumption is conservative

19 in the sense that it increases the probability of EIE2- type scenarios as

20 defined in Eq. 2.2-4 as the probability of the necessary pattern of drilling

21 intrusions is zero for a waste panel that is underlain by no pressurized

22 brine pocket or entirely underlain by a pressurized brine pocket.

23

24 The relations appearing in Eqs. 2.3- 1 through 2.3-4 are derived in

25 Chapter 5 of Volume 2 of this report and also in Helton (1993a) under the

26 assumption that drilling intrusions follow a Poisson process (i.e., are

27 random in time and space).

28

30

31 2.4 Calculation of Scenario Consequences
32

33 As indicated in Figure 2.4-I, the following nine computer models were

34 used to estimate scenario consequences in the 1992 WIPP performance

35 assessment: CUTTINGS, BRAGFLO, PANEL, SECO2D, SECOTP, GRASP-INV, CCDFPERM,

36 GENII-S and SANCHO. Brief descriptions of these models are given in Table

37 2.4-1. More detailed descriptions of some of these models and their use in

38 the 1992 WIPP performance assessment are provided in Chapters 4 through 7 and

39 in additional references indicated in Table 2.4-I.

40

41 There are too marly computational scenarios (e.g. , S(n)and S(l,n)) to

42 perform a detailed calculation for each scenario with the models summarized

43 in Table 2.4-1. For example, 3003 scenarios of the form S(n) are required to

44 reach a cumulative probability of 0.9994 when A = 3.28 x 10 -4 yr -I and five

45 time intervals of length 2000 yr are used (l[e]ton et al., 1992, Table 2.3-I).
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Chapter 2: Structure of WIPP Performance Assessment

I Construction of a CCDF for comparison against the EPA release limits requires

2 the estimation of cumulative probability through at least the 0.999 level.

3 Thus, depending on the value for the rate _ in the Poisson model for drilling

4 intrusions, this may require the inclusion of computational scenarios

5 involving as many as lO to 12 drilling intrusions, which results in a total

6 of several thousand computational scenarios. Further, this number does not

7 include the effects of different activity levels ill the waste. To obtain

8 results for such a large number of computationa] scenarios, it is necessary

9 to plan and implement the overall calculations very carefully, The following

10 describes the approach used in the 1992 WIPP performance assessment (Helton

11 and luzzolino, 1993).

12

13 As indicated in Eq. 2.2-2, the lO,000-yr time interval that must be

14 considered in the construction of CCDFs for comparison with the EPA release

15 limits is divided into disjoint subintervals [ti_l, ti], i = i, 2 ..... nT,

16 in the definition of computational scenarios. The following results can be

17 calculated for each time interval:

18

19 rC i = EPA normal ized release to the surface envi rolunent for cuttings

20 removal due to a single borehole in time interval i with the

21 assumption that the waste is homogeneous (i.e., waste of

22 different activity leve]s is not present), (2.4-I)

23

24 rCij = EPA normalized tel.ease to the surface envirolune.nt for cuttings
25 removal due. to a single borehole irl time interval i that:

26 penetrates waste of activity level j, (2.4-2)

27

28 rGWI i = EPA normalized release Lo the accessible enviroi_ment due to

29 groundwater transport iz_itiated by a single borehole ill time

30 interval i (i.e., all F2-type scenario),

31 (2.4-3)

32

33 rCW2i = EPA normalized release to the accessible envlro1_ment due to

34 groundwater transport initiated by two boreho]es in the same waste

35 panel in time interval i, of which one penetrates a pressurized

36 brine pocket and one does rlot (i .e., an EiE2-type scenario),

37 ( 2.4 -4)

38

39 with the assumption that t:l_e i.ntrttsiolls occ_tr at the midpoi_s of the time

40 intervals (e.g., at 1000 yr for the time i_t:erva] [0, 2()0{) yr]). For the

41 calculation of r(;Wl i aI_d rCW2 i iTl the 1992 WIPP performance assessment, the

42 accessible environment, is assumed to begin 2.65 k,I from t:he cei/t.er of the

43 waste panels (i.e., at the laI_d-withdt-awa] boundary as showi_ in Figure i-2 of

44 Volume 1 of this report).
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2,4 Calculationof ScenarioConsequences

CCDFPERM (Intrusion Probability/CCDF Construction)

CUTTINGS (Release of Cuttings to Withdrawal Well

Accessible Environment) Release to

Stock Pondvl'-"-"_ GENII-S Dose
qD ¢n
E ..o-_,

_ 'GRASP-INV (Transmissivit_

E_ Culebra T
'__ Dolomite -'_ SECO-FLOW/SECO-TRANSPORT _ --

_$I al ill
= > _Upper Shaft S_ System irrO _ I

-_ ""--Lower Shaft seal System BRAGFLO /'2-Phase Flow/'_ Ii MB138
,,Access Drift jL, SANCHO _,CIosure ,} I

E X/ "
LL Y_/'/_"_/'_ Panel drite Layers A and B ,0

, , ,..'_,, I.... i

_ 0_'\ "_ MB139Panel Seal Iu_ BRAGFL
I"q'--(Brine Flow) PANEL

(Radionuclide Concentration)
E _ Subsurface
u_ // Brine _ Boundary
"_ _Reservoir) of Accessible
o Not to Scale Environment

TRI.6342.3401-1

Figure 2.4-1. Models used in 1992 WIPP performance assessment to calculate

scenario consequences. The names for computer models (i.e.,

compute}_"codes) are shown in capital letters.
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Chapter 2: Structure of WIPP Performance Assessment

Table 2.4-1. Summary of Computer Models Used in the 1992 WIPP Performance Assessment to
Calculate Scenario Consequences

Model Description

BRAGFLO Describes the multiphase flow of gas and brine through a porous, heterogenous
reservoir. BRAGFLO solves simultaneously the coupled partial differential

equations that describe the mass conservation of gas and brine along with
appropriate constraint equations, initial conditions, and boundary conditions.
Additional information: Chapters 4 and 5.

CCDFPERM Constructs probabilities and consequences for various computational scenarios
associated with human intrusion by exploratory drilling. Also constructs CCDFS.
Additional information: Section 1.4.2 of Volume 3 and Helton and luzzolino, 1993.

CUTTINGS Calculates the quantity of raclioactive material brought to the surface in cuttings and
cavings generated by an exploratory borehole that penetrates a waste panel.

Additional irffornTatior_: Chapter 7.

GENII-S Estimates potential radiation doses to humans from radionuclides in the
er_vironrnent. Additional information: Leigh et al., 1993.

GRASP-INV Generates transmissivity fields (estimates of transmissivity values) conditioned on
measured transmissivity values and calibrated to steady-state and transient

pressure data at well locations using an adjoint sensitivity and pilot-poirlt technique.
Additional inforrnatiorr LaVenue and RamaRao, 1992.

PANEL Calculates rate of discharge and cumulative discharge of radionuclides from a
repository panel through an intrusion borehole. Discharge is a _!mction of fluid flow
rate, elemental solubility, and radionuclide inventory. Additional _ntorrnation: WIPP
PA Division 1991b, Sectiof_ 5.3.

SECO-FLOW Calculates single.phase Darcy flow for groundwater-flow problems in two

dimension,s. The tormutalion is based on a single parlial differential equation for
hydraulic head tJsitlg fully implicit time dilferellcir_g. Adctitior_al irfforrllation:
Chapter 6.

SECO-TRANSPORT Simulates fluid tlow aIKI transport of radionuclictes in fractured porous media
AcJditior_alintormatiorl: Ct_al:)ter6

SANCHO Solves quasistatic, large cleformation, inelastic response of two-ctimensional solids

with fit_ite elen_ent techr_iques. Used ir_ tl_e 1992 performance assessment to
deterrnine porosity of the waste as a function of time and cumulative gas
generation. Aclditional ilfformalion: Section 1 4 7 of Volume 3, Stone el al., 1985.
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2,4 Calculationof ScenarioConsequences

1 In general, rCi, rCij, rGWl i and rGW2 i will be vectors containing a large

2 variety of information; however, for notational simplicity, a vector

3 representation will not be used. For the 1992 WIPP performance assessment,

4 the cuttings release to the accessible environment (i.e., rC i and rCij ) is

5 determined by the CUTTINGS program, and the groundwater release to the

6 accessible environment (i.e. , rGWI i and rGW2i) is determined through a

7 sequence of linked calculations involving the BRAGFLO, PANE[., SECO-FLOW and

8 SECO- TRANSPORT programs.

9

10 The cuttings releases

11

I_ rCl, re2, ... , rCnT (2.4-5)

17 correspond to the cuttings releases associated with the computational

18 scenarios

19

20 S(I,0 ..... O),S(O,I .... ,0) ..... S(O,O ..... 1) (2.4-6)

21

22 under the assumption that all waste is of the same average activity level.

23 Similarly, the groundwater releases

24

25 , rGWl 2 , rCWInT_6 rCWll .... (2.4- 7)

30 correspond to the groundwater releases associated with the preceding five

31 scenarios, while

32

II rGW2l, rGW2 2 ..... rGW2nT (2.4-8)
o!

38 correspond to the groundwater releases associated with the computational

39 scenarios

40

41 S+- (2,0 ..... 0), S+- (0,2 ..... O) ..... S+- (0,0 ..... 2). (2.4-9)

42

43 In like manner, rClj corresponds to the cuttings release associated with the

44 computational scenario S(j ; 1,0 ..... O) ; rC2j corresponds to the cuttings

45 release associated with S(j; 0,I ..... 0), and so on.

46

47 The releases rC i , rCij , rCWI i and rGW2 i are used to construct the

48 releases associated with the many individual computational scenarios that are

49 used in the construction of a CCDF for comparison with the EPA release

50 limits. The following assumptions are made:

51
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Chapter 2: Structure of WIPPPerformance Assessment

I (I) With the exception of EIE2-type scenarios, no synergistic effects

2 result from multiple boreholes, and thus, the total release for a

3 scenario involving multiple intrusions can be obtained by adding the
4 releases associated with the individual intrusions.

5

6 (2) An EIE2-type scenario can take place only when the necessary

7 boreholes occur within the same time interval [ti.l, ti].
8

9 (3) An EIE2-type scenario involving more than two boreholes will have the

10 same subsurface release as an EiE2-type scenario involving exactly
11 two boreholes.

12

13 The preceding assumptions are used to construct the releases for individual

14 computational scenarios.

15

16 For cuttings removal, Assumption (I) is the only pertinent assumption.

17 As the only release associated with cuttings removal is the direct removal of

18 cuttings and spallings to the surface, this assumption seems reasonable; the

19 relatively small cross-sectional area intersected by a drilling intrusion

20 makes the interaction of two or more drilling intrusions very unlikely.

21 Further, should such an intersection occur, the assumption is conservative in

22 the sense that it would tend to overestimate the total size of the release.

23 For E2-type scenarios, Assumption (i) is again the only pertinent assumption.

24 When one, and only one intrusion occurs into each of several waste panels,

25 this assumption seems to be appropriate as there is little reason to believe

26 that the release taking place from one waste panel would affect the release

27 taking place from another waste panel. If anything, the assumption in this

28 case would be conservative due to the limited amount of brine in the region

29 surrounding the waste panels that is available for the potential transport of

30 radionuclides up an intruding borehole; specifically, a single borehole may

31 experience more brine flow than each of several boreholes. For several

32 drilling intrusions into the same waste panel, Assumption (i) is probably

33 conservative due to the limited amount of brine available for radionuclide

34 transport and the possible inventory limits on the releases of some

35 radionuclides. Assumptions (2) and (3) relate to EiE2-type scenarios.

36 Assumption (2) places a limit on how far apart in time two drilling

37 intrusions can occur and still give rise to an EIE2-type scenario. Such a

38 limitation seems reasonable due to both the plugging of boreholes by natural

39 processes and the depletion of the brine in a pressurized brine pocket. If

40 anything, the relatively long time intervals (e.g., 2000 yrs) used in the

41 WIPP performance assessment in conjunction with this assumption lead to

42 overestimates of the probability of EIE2-type scenarios. Further, given this

43 assumption, the relationships used in the WIPP performance assessment tend to

44 overestimate the probability of an EiE2-type scenario. Assumption (3) should

45 have a neutral effect on the analysis as multiple drilling intrusions do not
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2,4 Calculation of ScenarioConsequences

I affect the amount of brine available for radionuclide transport up the

2 intruding boreholes and the effect of the increased borehole cross-sectional

3 area is small compared to the uncertainties that result from borehole

4 permeability and elemental solubilities.

5

6 The normalized releases rC i, rCij and rCWl i carl be used to construct the

7 EPA normalized releases for the scenarios S(n) and S(l,n). For S(n), the

8 normalized release to the accessible environment, cS(n), can be approximated

9 by

10

cS(n) = Z (rC + rCWl ), (2.4-i0)

li j=l m(j) m(j)

I_ where re(j) designates the time interval in which the j th borehole occurs.

2o 'Phe vector

21

22 m = [m(1), m(2), ..., m(nBH)] (2.4-11)

23

24 is uniquely determined once the vector n appearing in the definition of S(n)

25 is specified. The definition of S(n) in Eq. 2.2-73 contains no information

26 on the activity levels encountered by the individual boreholes, and so cS(n)

27 was constructed with the assumption that all waste is of the same average

28 activity. However, the definition of S(l,n) in Eq. 2.2-6 does contain

29 information on activity levels, and the associated normalized release to the

30 accessible environment, cS(l,n), can be approximated by

31

32 , nBH )
rCm( m(j )

j=1 j),2(j) + rGWI

which does incorporate the activity levels encountered by the individual

41 boreholes.

42

43 For S+-(ti_],ti), the normalized release to the accessible environment,

44 cS+-(ti_l,ti), can be approximated by

45

46
47

_ cS+-(ti-l' ti) = 2 rCi + rCW2i, (2.4-13)
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Chapter2: Structureof WIPP PerformanceAssessment

I where it is assumed that all waste is of the same average activity for

2 cuttings removal. Similarly, the normalized release cS+'(l;ti_l,ti) for

3 S+'(l;ti. l,t i) can be approximated by

4

II_ cS+'(l;_'l 'ti ) = j=lZ2rC'1'_(J) + rGW2 i , (2.4-14)

12 which incorporates the activity level of the waste. The approximations for

13 cS+-(ti.l,ti) and cS+-(l;ti.l,t i) in Eqs. 2.4-13 and 2.4-14 are based on

14 exactly two intrusions in the time interval [ti- 1, ti ] . More complicated

15 expressions could be developed to define releases for multiple EiE2-type

16 intrusions. However, due to the low probability of such patterns of

17 intrusion (e.g., the probabilities for 2 and >2 boreholes in Table 2-6 of

18 WIPP PA Division (1991b) for the time interval [0,2000 yr] with i00 yr of

19 administrative control are 0.009022 and 0.009315, respectively), the use of

20 such expressions would have little impact on the CCDFs used for comparison

21 with the EPA release limits.

22

23 The construction process shown in Eqs. 2,4-10 and 2.4-13 to obtain the

24 normalized releases cS(n)and cS+-(ti-l,ti) for scenarios S(n) and

25 S+- (ti.l,ti) is illustrated in Table 3-4 of Volume 3. Further, the

26 construction process shown in Eqs. 2.4-12 and 2.4-14 to obtain normalized

27 releases cS(l,n) and cS+'(i;ti.l,ti) for scenarios S(l,n) and S+-(l;ti.l,ti) is

28 illustrated in Table 3-5 of Volume 3.

29

30

sl 2.5 Performance Assessment Representations Used in 1992
32

33 As discussed in conjunction with Eq. 2.1-i, the outcome of a performance

34 assessment can be represented by a set R of ordered triples. Sections 2.2,

35 2. 3 and 2.4 provide general descriptions of the manner in which the

36 ._.ndividual elements of these triples are defined in the 1992 WIPP performance

37 assessment. Due to computational constraints and the desire to present

38 results obtained with different modeling assumptions, the set R is actually

39 defined in two different ways in the 1992 WIPP performance assessment.

40

41 The computational cost of performing groundwater transport calculations

42 precluded the consideration of a large number of intrusion times in the 1992

43 WIPP performance assessment. Specifically, the decision was made to consider

44 intrusions at only a single time (i.e., i000 yr) for the initiation of

45 groundwater transport. A relatively early intrusion time was selected

46 because of the reduced releases that occur for later intrusion times due to

47 both increased radioactive decay and reduced time for groundwater transport
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2,5 PerformanceAssessmentRepresentationsUsedin 1992

1 to the accessible environment. This decision led to scenarios defined on the

2 basis of the time intervals [0, 2000 yr] and [2000, i0,000 yr], with the rate

3 term (i.e., _(t)) in the Poisson model for drilling intrusions assumed to be

4 zero after 2000 yr. This definition produced a set R 1 defined by

5

6 R 1 = {(S i, pS i , ¢Si), i=l ..... nS), (2.5-1)

7

8 where the intervals indicated in Eq. 2.2-2 are

9

I0 [0, 2000 yr], [2000, i0,000 yr] (2.5-2)

11

12 and the vector n appearing in Eq. 2.2-5 is of the form

13

14 n = In(1), n(2)]. (2.5-3)

15

16 The scenarios S(n), S+'(ti.l, ti) , S(l,n)and S+'(I; ti.l, ti) in Eqs. 2.2-3,

17 2.2-4, 2.2-6 and 2.2-7 are then defined accordingly.

18

19 As already indicated, the rate term _(t) in the Poisson model for

20 drilling intrusions is assumed to be zero for t > 2000 yr. With this

21 assumption, the expressions in Eqs. 2.3-1 and 2.3-3 for scenario probability

22 become

23

liI {
1[o 0 _(t)dt] /n(1)!)exp[ oO _(t)dt] if n(2) = 0

_ pS(n(1),n(2)) =

i_ 0 if n(2) _ 0 (2.5-4)and

35

rn_ (l-exp[-f 02000a2(t)dt]Ill'exp[-f 0 (t)dt]} if i = 1

PS+'(ti-l'ti)" I_] lif i = 2 (2.5-5)

_ respectively. As a reminder, the assumption of I00 yr of administrative

50 control in which no drilling intrusions carl occur is equivalent to assuming

51 that _(t) = 0 for 0 _<_ t _< I00 yr. Thus, the assumptious of i00 yr of

52 administrative control and a constant value A for A(t) in the time interval

53 [i00, 2000 yr] leads to the scenario probabilities

54
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Chapter 2: Structureof WIPP PerformanceAssessment

1 (
_I [(1900 A)n(l#n(1)!]exp[-19OOA] if n(2) = 0

pS(n(1),n(2)) = (2.5-6)

0 if n(2) _ 0

and

12

pS4-(ti.l,ti) " 2 1 (2.5-7)

if i = 2 ,

!I where _ and /9_ are defined in conjunction with Eq. 2.3-3 with _(t) = _.

27 Examples of the scenario probabilities pS(n(1),n(2)) defined in Eqs. 2.5-4

28 and 2.5-6 are given in Tables 2.5-i and 2.5-2, respectively. Further, the

2g time-dependent l used in the determination of the probabilities in Table

30 2.5-1 is based on the time-dependent drilling rate st,own in Figure 2.5-I. In

31 particular, the drilling rate in Figure 2.5-i is expressed in units of

32 drilling intrusions per square kilometer per i0,000 yr (i.e,, I/(km 2 x 104

33 yr) or (kin2 x 10 4 yr)'l). As used in this report, i has units of dri11, ing

34 intrusions per year (i.e., I/yr or yr -I) and is obtained by multiplying the

35 drilling rate i.n Figure 2.5-I by 0.126 km 2 and performiug the indicated

36 division by 104 where 0.126 km 2 is the area of emplaced waste used fn the

37 1992 WIPP performance assessment.

38

39 The scenario consequences cS i for R 1 appearing in Eq. 2.5-i are

40 constructed as shown in Eqs. 2.4-10 through 2.4-14 for the scenarios S i that

41 have nonzero probabiliti.es.

42

43 Once R I is determined, the i.tlformation contair_ed in the probabi ]ities

44 pS i and consequences cS i can be summarized in CCDFs as shown ir_ Figure 2.1.-I.

45 The set R 1 and its associated CCDFs are determined with the assumption that

46 A(t)=O for t > 2,000 yr. F.xcept for small effects due to the approximations

47 used for the probabilities of the scenarios S 4-(0, 2000) aI_d S+-(2000,

48 l.O,O00), the same CCDFs result when A(t) is urlehanged (i.e., A(t) is llot set

4g to 0 for t > 2000 yr) but the environmelltal releases rC2, tTC2j, rGW 2 and

50 rGW2 2 for intrusions in the time ir_terval [2000, ]0,O00 yr] are set to O.

51

52 The calculation of releases to the accessible environment due to

53 cuttings removal_ was significantly less computationally demanding than the

54 calculation of re].eases due to grot,Mwater transport. As _i result, the

55 decision was made to consider the effects of cuttings removal at a sequence

56 of intrusion times rather thall only at the single intrusion time considered

2-20



2,5 Performance Assessment Representations Used in 1992

1 Table 2.5-1. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent ,\ Shown in Figure 2.5-1,100 yr Administrative Control, and the Time Intervals

3 [0, 2000 yr], [2000, 10,000 yr], The scenarios shown in this table are contained in the set

4 /_1defined in Eq. 2.5-1.
6

e Prob with Prob with 44 Prob with Prob with

9 Scenario a _,;_0b .. ,k-,0c 45 Scenario a _0 b _,.-,0c
10 4B

14 0 intrusions 50 4 Intrusions

15 (# Scenarios = 1) 51 (# Scenarios = 5)

16 S(O,O) 8,703E-01 9,863E-01 52 S(4,0) 1,304E-09 1.478E-09
1;' ProbO Intrd 8.703E-01 9,863E-01 53 S(3,1) 4.743E-08 O.O00E+O0
18 Cum Prob e 8,703E-01 9.863E-01 54 S(2,2) 6.467E-07 O.O00E+O0
19 55 5'(1,3) 3.919E-06 0.000E4 00
20 1 intrusions 56 5'(0,4) 8.907E-06 0,000E _00
21 (# Scenarios :- 2) 5z Prob 4 intr 1.352E-05 1.478E-09
22 S(1,0) 1 199E-02 1.358E-02 58 Cum Prob 1.000E _-00 1.000E +00
23 5'(0,1) 1.090E-01 0.000E { 00 59
24 Prob 1 intr 1.209E-01 1.358E-02 6o 5 intrusions

25 Cum Prob 9912E-01 9 999E-01 6t (# Scenarios ::. 6)
26 62 5"(5,0) 3.593E-12 4.072 E-12
2;, 2 intrusions 63 .`;(4,1) 1.633E-10 O,O00E_-00
28 (# Scenarios _ 3) 64 ,';(3,2) 2.969E-09 O.O00E_-00
29 S(2,0) 8.253E-05 9.353E-05 65 5'(2,3) 2.699E-08 0.000E _00

30 ._(1,1) 1 500E-03 0.000E, 00 66 S(1,4) 1.227E-07 0 000E +00
31 5'(0,2) 6.820E-03 0.000E _O0 67 5"(0,5) 2.230E-07 0.000E _00
32 Prob 2 intr 8.403E-03 9.353E-05 68 Prob 5 intr 3.758E-07 4.072E-12

33 Gum Prop 9.996E-01 1.000E {-00 69 Cum Prob 1.000E +00 1,000E +00
34 70

35 3 intrusions 71 6 intrusions

36 (# Scenarios = 4) 72 (# Scenarios ---7)
37 S(3,0) 3.789E-07 4.294E-07 73 5'(6,0) 8.246E-15 9.346E-15

38 S(2,1) 1.033E-05 0.000E-_ 00 74 5'(5,1) 4.498E-13 0.000E +00
39 5"(1,2) 9.392E-05 0.000E -_00 z5 5'(4,2) 1.022E-11 0.000E 400
40 S(0,3) 2.846E-04 0.000E -_00 76 5'(3,3) 1.239E-10 0.000E +00
41 Prob 3 intr 3.892E-04 4.294E-07 z7 S(2,4) 8.447E-10 O.O00E+00

42 Cum Prob 1,000E +00 1.000E +O0 z8 S(1,5) 3.072E-09 O.O00E+O0
43 79 5'(0,6) 4_654_E-0____99 O.O00E+O0

80 Prob 6 intr 8.704E-09 9.346E-15

81 Cum Prob 1.000E-_O0 1.000E _O0
82

88

85 a 5'(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr],
86 and [2000, 10,000 yr], respectively.
8;' b Scenario probability calculated with x_'Oover the time interval [100, 10,000 yr],
88 c Scenario probability calculated with ._/0 over the time interval [100, 2000 yr] and .__.0 over the time
89 interval [2000, I0,000 yr].
90 d Probabilily of indicated number of intrusions.
9t e Cumulative probability for all scenarios.
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1 Table 2,5-11 Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent ,_ Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals
3 [0, 2000 yr], [2000, 10,000 yr]. The scenarios shown in this table are contained in the set

4 R1defined in Eq. 2.5-1 (concluded)
8
8 Prob with Prob with 41 Prob with Prob with

9 Scenario a _,,_0b _--,0c 42 Scenario a _0 b _-,0c
la 48
14 7 intrusions 47 9 intrusions

15 (# Scenarios = 8) 48 (# Scenarios ---.10)
16 5'(7,0) 1.622E-1 7 1.839E-17 49 S (9,0) 4,274E-23 4.844E-23
17 s(6,1) 1.032 -15 0.000E { 00 50 5'(8,1) 3.497E-21 0.000E+00

18 S(5,2) 2.815E-14 0.000E +00 51 5'(7,2) 1,271E-19 0.000E +00
19 S(4,3) 4.266E-13 0.000E _00 52 S(6,3) 2.697E-18 0.000E +00
20 s(3,4) 3.878E-12 0.000E 4 00 53 S(5,4) 3.677E-17 0.000E t-00

21 S(2,5) 2.115E-11 0.000E _00 54 S(4,5) 3.343E-16 0.000E + 00
22 S(1,6) 6.409E-11 0.000E _00 55 S(3,6) 2.026E-15 0.000E +00
23 S(0,7) 8323E-11 0.000E +00 56 S(2,7) 7.893E-15 0.000E-_-00
24 Prob 7 intr 1.728E-10 1.839E-17 57 5'(1,8) 1.794E-14 0.000E {-00
25 Cure Prob 1.000E _00 1.000E -_00 58 s(0,9) 1.812E-14 0.000E + 00
26 59 Prob 9 intr 4.635E-14 4.844E-23
27 8 intrusio'ls 60 Cum Prob 1.000E _00 1 000E -{00

28 (# Scenarios ::-9) 61

29 s(8,0) 2,793E_20 3.165E-20 62 10 intrusions
30 s(7,1) 2.031E-18 0.000E+00 63 (# Scenarios ::: 11)
3_ S(6,2) 6.462E-17 0.000E _00 64 ,'_(10,0) 5.886E-26 6.671E-26
32 S(5,3) 1.175E-15 O.O00E _O0 65 5"(9,1) 5.350E-24 O.O00E _00

33 S(4,4) 1.335E-14 0.000E * 00 66 S(8,2) 2.189E-22 0.000E _00
34 S(3,5) 9.709E-14 O.O00E_ O0 67 S(7,3) 5.306E-21 O.O00E+ O0

35 S(2,6) 4.413E-13 0.000E _00 68 S(6,4) 8.440E-20 0,000E _ 00
36 S(1,7) 1.146E-12 0.000E _00 69 ,S'(5,5) 9.207E-19 0.000E-_ 00
37 ,5'(0,8) 1.302E-12 O.O00E+00 70 S(4,6) 6975E-18 O.O00E+00
38 Prob 8 intr d 3.002E-12 3.165E-20 7_ S(3,7) 3.623E-17 0.000E +00
39 Cum Prob e 1.000E _O0 1.000E, O0 72 _(2,8) 1.235E-16 0 O00E ,-00

4o 73 ,_(1,9) 2.495E-16 O.O00E+00
74 ,5"(0,10) 2.268E-16 O.O00E+00
75 Prob 10 intr 6.441E-16 6.671E-26
76 Cum Prob 1.000E, O0 1.000E + O0
77

78

8o a S(i,j) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr],
81 and [2000, 10,000 yr], respectively.
82 b Scenario probability calculated with .',_-0over the time interval [100, 10,000 yr].
83 c Scenario probability calculated with ._,,_0over the time interval [100, 2000 yr] and ,_,-0 over the time
84 interval [2000, 10,000 yr].
85 d Probability of indicated number of intrusions.
86 e Cumulative probability for all scenarios.
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2.5 PerformanceAssessmentRepresentationsUsedin 1992

1 Table 2.5-2. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for _ :=3.78 x 10-4
2 yr -1, 100 yr Administrative Control, and the Time Intervals [0, 2000 yr], [2000, 10,000 yr].
3 The scenarios shown in this table are contained in the set R1 defined in Eq 2.5-1, and

4 ._, 3.78 x 10-4 yr-1 is the largest drilling rate considered in the 1992 WIPP PA.
6
8 Prob with Prob with 44 Prob with Prob with

9 Scenario a ...._.i#0b.... A-*0c 45 Scenario a X-/_0b A--*0c
1_ 4g
14 0 intrusions 50 4 intrusions

15 (# Scenarios = 1) 51 (# Scenarios = 5)
16 S(0,0) 2.378E-02 4.879E-01 52 S(4,0) 2.627E-04 5.390E-03
17 Prob 0 intrd 2.378E-02 4.879E-01 53 5'(3,1) 4.424E-03 0.000E+00

18 Cum Prob e 2.378E-02 4.879E-01 54 S(2,2) 2.794E-02 0.000E + 00
19 55 S(1,3) 7.844E-02 0.000E +00
20 1 intrusions 56 5'(0,4) 8.257E-02 0.000E +00
21 (// Scenarios - 2) 57 Prob 4 intr 1.936E-01 5.390E-03
22 ,.S'(1,0) 1.707E-02 3.501E-01 58 Cum Prob 6797E-01 9.991E-01

23 S(0,1 ) 7.185E-02 0.000E, 00 59
24 Prob 1 intr 8.892E-02 3.501E-01 6o 5 intrusions

25 CumProb 1.127E-01 8381E-01 61 (# Scenarios :- 6)
26 62 s(5,0) 3.770E-05 7.735E-04

27 2 intrusions 63 ,_(4,1) 7.937E-04 0.000E +00
28 (# Scenarios :: 3) 64 5"(3,2) 6.683E-03 0.000E +00
29 :_'(2,0) 6.123E-03 1.256E-01 65 5'(2,3) 2.814E-02 0.000E 400
.3o ,S'(1,1) 5,156E-C2 0.000E _00 66 S(1,4) 5.924E-02 0.000E +00
31 s(0,2) 1.085E-01 0.000E 4,00 67 S(0,5) 4.989E-02 0.000E-_00
32 Prob 2 intr 1.662E-01 1.256E-01 68 Prob 5 intr 1.448E-01 7,735E-04

33 CUR1 Prob 2.789E-01 9.637E-01 69 Cum Prob 8245E-01 9.999E-01
34 70
35 3 intrusions zl 6 intrusions

36 (# Scenarios :=4) 72 (# Scenarios : 7)
37 S(3,0) 1.464E-03 3.004E-02 73 ,q>'(6,0) 4.508E-06 9.250E-05

38 s(2,1) 1.850E-02 0.000E _ 00 74 S(5,1) 1.139E-04 0.000E +00
39 L5'(1,2) 7.789E-02 0.000E, 00 75 S(4,2) 1.199E-03 0.000E +00
40 S(0,3) 1.093E-01 0.000E -+00 76 5"(3,3) 6.731E-03 0.000E-+00
41 Prob 3 intr 2.072E-01 3.004E-02 77 S(2,4) 2.126E-02 0.000E-, 00

42 CUrl] Prob 41861E-01 9.937E-01 z8 ,_'(1,5) 3.580E-02 0.000E +00
43 79 S(0,6) 2.512E-02 0.000E *00

8O Prob 6 intr 9.022E-02 9.250E-05
81 Cum Prob 9.147E-01 1.000E ,00
82

8_

85 a .S'(i,j)represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr]
86 and [2000, 10,000 yr], respectively

87 b Scer_ario probability calculated with _, 3.78 x 10-4 yr-1 over the time interval [100, 10,000 yr].
88 c Scenario probability calculated with ._,:3.78 x 10-'4 yr '1 over the time interval [100, 2000 yr] and ,k::0
89 over the time interval [2000, 10,000 yr].
90 d Probability of indicated number of intrusions.
91 e Cumulative probability for all scenarios.
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Chapter 2: Structure of WlPP Performance Assessment

1 Table 2.5-2. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for ,_=3.78 x 10-4

2 yr -1, 100 yr Administrative Control, and the Time Intervals [0, 2000 yr], [2000, 10,000 yr].
3 The scenarios shown in this table are contained in the set R1 defined in Eq. 2.5-1, and ._,=
4 3.78 x 10-4 yr -1 is the largest drilling rate considered in the 1992 WIPP PA. (concluded)
6
7 Prob with Prob with 40 Prob with Prob with

8 Scenarioa _,7_0b _-,0c 41 Scenarioa _7_0b _,--,0c
10 411

13 7 intrusions 46 9 intrusions

14 (# Scenarios = 8) 4r (# Scenarios -_ 10)

15 S(7,0) 4.621E-07 9.482E-06 48 S(9,0) 3.305E-09 6.780E-08
16 S(6,1) 1.362E-05 0.000E +00 49 S(8,1 ) 1.252E-07 0.000E -_00
17 5'(5,2) 1.721E-04 0.000E +00 5o s(7,2) 2.109E-06 0.000E +00
18 S(4,3) 1.207E-03 0.000E +00 51 S(6,3) 2.072E-05 0.000E +00

19 5'(3,4) 5.084E-03 0.000E + 00 52 S(5,4) 1.309E-04 0.000E + 00
2o 5`(2,5) 1.284E-02 0.000E +00 53 S(4,5) 5.511E-04 0.000E +00
21 S(1,6) 1.803E-02 O.O00E+ O0 54 S(3,6) 1.547E-03 O.O00E4-O0

22 5`(0,7) 1.084E-02 0.000E +00 55 5`(2,7) 2.791E-03 0.000E +00
23 Prob 7 intr 4.819E-02 9.482E-06 56 5`(1,8) 2.938E-03 0.000E + 00
24 Gum Prob 9.629E-01 1.000E +00 57 5`(0,9) 1.375E-03 0.000E + 00
25 58 Prob 9 intr 9.356E-03 6.780E-08
26 8 intrusions 59 Cum Prob 9.948E-01 1.000E + 00

27 (# Scenarios -- 9) 6o

28 S(8,0) 4.145E-08 8.504E-07 61 10 intrusions
29 S(7,1 ) 1.396E-06 0.000E +00 62 (# Scenarios = 11)
30 s(6,2) 2.058E-05 0.000E + 00 63 5`(10,0) 2.371E-10 4.865E-09
31 S(5,3) 1.733E-04 O.O00E+ O0 64 5`(9,1) 9.985E-09 O.O00E+O0

32 S(4,4) 9.120E-04 O.O00E+00 65 S(8,2) 1.892E-07 O.O00E+O0
33 $(3,5) 3.072E-03 0.000E _00 66 5`(7,3) 2.124E-06 0.000E +00
34 5`(2,6) 6.467E-03 0.000E + 00 67 5'(6,4) 1.565E-05 0.000E +00

35 5`(1,7) 7.780E-03 0.000E 400 68 S(5,5) 7.908E-05 0.000E +00
36 S(0,8) 4.095E-03 0.000E + 00 69 S(4,6) 2.775E-04 0.000E +00
37 Prob 8 intr d 2.252E-02 8.504E-07 7o 5'(3,7) 6.676E-04 0.000E +00
38 Cum Prob e 9.854E-01 1.000E _00 zl S(2,8) 1.054E-03 0.000E +00

39 72 5'(1,9) 9.863E-04 0.000E +00
73 S(0,10) 4.153 E-04 0.000E +00
74 Prob 10 intr 3.498E-03 4.865E-09
75 Cum Prob 9.983E-01 1.000E +00
76

78

79 a S0,j ) represents the scenario in which i and j drilling intrusions occur in the time intervals [0, 2000 yr]
8o and [2000, 10,000 yr], respectively.
81 b Scenario probability calculated with _,=3.78 x 10-4yr -1 over the time interval [100, 10,000 yr].
82 c Scenario probability calculated with ,k=3.78 x lO-4yr -1 over the time interval [100, 2000 yr] and ,X=0
83 over the time interval [2000, 10,000 yr].
84 d Probability of indicated number of intrusions.
a5 e Cumulative probability for all scenarios.
86
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2.5 Performance AssessmentRepresentationsUsed in 1992
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Figure 2.5-i. Example time-dependent rate term used in Poisson model for

drilling intrusions in the 1992 WIPP performance assessment

(Volume 3, Appendix D, Figure D-45). The rate _(t) as used in

this chapter has units of yr -I and is obtained by multiplying

the rate indicated in this figure by 0.126 km 2 (i.e., the area

of! emplaced waste) and performing the indicated division by

104; further, X(t) is set to zero for the first I00 yrs when

]00 yrs of administrative control is assumed. The rate X(t)

was a samp].ed variable in the ]992 WIPP performance assessment;

this figure shows t:he dril]ing rate with the largest integrated

va].ue (i.e. , expected number of dri].]ing intrusions) over

lO,000 yr. In thi.s and other similar figures, a hyperbolic

sine transformation is used to generate the scales on the

abscissa and ordJ.nate; this transformat, ion allows the plotting

of zero, which is not possible when a logarithmic
transformation is used.
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Chapter 2: Structureof WIPP Performance Assessment

1 for the initiation of groundwater transport. In particular, a set R 2 defined

2 by

3

4 R 2 = ((Si, pSi, cSi), i=l ..... nS}

(2.5-8)
6

7 was used in the 1992 WIPP performance assessment to investigate the effects

8 of cuttings removal, where the time intervals indicated in Eq. 2.2-2 are

9

I0 [0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr],

11 [1500, 4500 yr], [4500, i0,000 yr] (2.5-9)

12

13 and the vector n appearing in Eq. 2.2-5 is of the form

14

15 , = in(1), n(2), n(3), n(4), n(5), n(6)] (2.5-10)

16

17 The time intervals in Eq. 2.5-9 were selected to provide increased resolution

18 at early times when the inventory of radionuclides with relatively short half

19 lives (e.g., Pu-238 and Am-241) is changing rapidly. With the assumption of

20 i00 yr of administrative control, the first time interval in Eq. 2.5-9 (i.e.,

21 [0, 150 yr]) effectively becomes [i00, 150 yr].

22

23 The set R 2 is used to show only tile effects of cuttings removal. As a

24 result, the only scenarios used in the definition of R 2 are of the form S(n)

25 and S(i,n) shown in Eqs. 2.2-3 and 2.2-6. The probabilities pS(n) and pS(I,rl)

26 for these scenarios with a time-dependent rate term (i .e. , _(t)) in the

27 Poisson model for drilling intrusions are defined in Eqs. 2.3-1 and 2.3-2,

28 respectively, with the times ti, i=O, 1 ..... 6, equal to

29

3o O, 150, 200, 500, 1500, 4500, I0,000 yr. (2.5-11)

31

32 Examples of the probabilities pS(rl) calculated with the rate term shown in

33 Figure 2 .5- 1 are presented in Table 2.5- 3 . Further, the resultant

34 probabilities for a constant-valued _ are illustrated in Table 2.5-4.

35

36 The scenario consequences cS i for R 2 appearing in Eq. 2.5-8 are

37 constructed as shown in Eqs. 2.4-10 and 2.4-12. As R2 is used to show only

38 the effects of cuttings removal to the accessible environment, the term

39 rGWlm(j) corresponding to the groundwater release in Eqs. 2.4-10 and 2.4-12

40 is assumed to equal zero.

41
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2.5 PerformanceAssessmentRepresentationsUsedin 1992

1 Table 2.5-3. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent _ Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals

3 [0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000

4 yr]. The scenarios shown in this table are contained in the set R2 defined in Eq 2.5-8.
8

8 Prob with Prob with 51 Prob with Prob with

9 Scenario a ,kz_0b ,k--,0c 52 Scenario a _7_0b ,V-,0c
1_1 58

14 0 intrusions 57 S(0,0,0,0,2,0) 5.203E-04 9.794E-06
15 (# Scenarios = 1) 58 S(0,0,0,0,1,1) 2.861E-03 0.000E+00
16 S(0,0,0,0,0,0) 8.703E-01 9.863E-01 59 S(0,0,0,0,0,2) 3.933E-03 0.000E +00
17 Prob 0 intrd 8.703E-01 9.863E-01 60 Prob 2 intr 8.403E-03 9.353E-05
18 Cum Prob e 8.703E-01 9.863E-01 61 Cum Prob 9.996E-01 1.000E+00
19 62
20 1 intrusion 63 3 intrusions
21 (# Scenarios = 6) 64 (# Scenarios = 56)
22 S(1,0,0,0,0,0) 1.572E-03 1.782E-03 65 S (3,0,0,0,0,0) 8.550E-10 9.690E- 10
23 .5'(0,1,0,0,0,0) 1.572E-03 1.782E-03 66 S(2,1,0,0,0,0) 2.565 E-09 2.907E-09
24 5'(0,0,1,0,0,0) 4.601E-04 5.215E-04 67 S(2,0,1,0,0,0) 7.507E-10 8.509E-10
25 S(0,0,0,1,0,0) 4.503 E-03 5.103E-03 68 S(2,0,0,1,0,0) 7.347E-09 8.326E-09
26 S (0,0,0,0,1,0) 3.009E-02 4.395 E-03 69 S (2,0,0,0,1,0) 4.910E-08 7.172 E-09
27 S(0,0,0,0,0,1) 8.273E-02 0.000E+00 7o 5'(2,0,0,0,0,1) 1.350E-07 0.000E+00
28 Prob 1 intr 1.209E-01 1.358E-02 71 S(1,2,0,0,0,0) 2.565E-09 2.907E-09
29 Gum Prob 9.912E-01 9.999E-01 72 S(1,1,1,0,0,0) 1.501E-09 1.702E-09
30 73 5'(1,1,0,1,0,0) 1.469E-08 1.665E-08
31 2 intrusions 74 5'(1,1,0,0,1,0) 9.820E-08 1.434E-08
32 (# Scenarios : 21) 75 5'(1,1,0,0,0,1) 2.700E-07 0.000E+00
33 5'(2,0,0,0,0,0) 1.420E-06 1.609E-06 76 5'(1,0,2,0,0,0) 2.197E-10 2.490E-10
34 5'(1,1,0,0,0,0) 2.840E-06 3.219E-06 77 5'(1,0,1,1,0,0) 4.300E-09 4.874E-09
35 S(1,0,1,0,0,0) 8.312E-07 9.420E-07 78 5'(1,0,1,0,1,0) 2.874E-08 4.198E-09
36 5'(1,0,0,1,0,0) 8.134E-06 9.219E-06 79 5'(1,0,1,0,0,1) 7.902E-08 0.000E {_00
37 5'(1,0,0,0,1,0) 5.436E-05 7.940E-06 80 .5`(1,0,0,2,0,0) 2.104E-08 2.385E-08
38 5'(1,0,0,0,0,1) 1.495E-04 0.000E+00 81 S(1,0,0,1,1,0) 2.813E-07 4.108E-08
39 5'(0,2,0,0,0,0) 1.420E-06 1.609E-06 82 S(1,0,0,1,0,1 ) 7.733E-07 0.000E + 00
40 5'(0,1,1,0,0,0) 8.312E-07 9.420E-07 83 5'(1,0,0,0,2,0) 9.400E-07 1.769E-08
41 5'(0,1,0,1,0,0) 8.134E-06 9.219E-06 84 5'(1,0,0,0,1,1) 5.168E-06 0.000E+00
42 5'(0,1,0,0,1,0) 5.436E-05 7.940 E-06 85 5'(1,0,0,0,0,2) 7.104 E-06 0.000E +00
43 5'(0,1,0,0,0,1) 1.495E-04 0.000E+00 86 5'(0,3,0,0,0,0) 8.550E-10 9.690E-10
44 S(0,0,2,0,0,0) 1.216E-07 1.379E-07 87 S(0,2,1,0,0,0) 7.507E-10 8.509E-10
45 5'(0,0,1,1,0,0) 2.381E-06 2.698E-06 88 5'(0,2,0,1,0,0) 7.347E- 09 8.326E-09
46 5'(0,0,1,0,1,0) 1.591E-05 2.324E-06 89 S(0,2,0,0,1,0) 4.910E-08 7.172E-09
47 5'(0,0,1,0,0,1) 4.374E-05 0.000E +00 9o 5'(0,2,0,0,0,1) 1.350E-07 0.000E _-00
48 S(0,0,0,2,0,0) 1.165E-05 1.320E-05 91 5'(0,1,2,0,0,0) 2.197E-10 2.490E-10
49 5'(0,0,0,1,1,0) 1.557E-04 2.274E-05 92 5'(0,1,1,1,0,0) 4.300E-09 4.874E-09
50 5'(0,0,0,1,0,1) 4.281E-04 0.000E + 00 93 5'(0,1,1,0,1,0) 2.874E-08 4.198E-09

94 .5'(0,1,1,0,0,1) 7.902E-08 0.000E+00
96

97 a $(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time
98 intervals [0, 150 yr], [150, 200 yr], [200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000
99 yr], respectively.

lOO b Scenario probability calculated with ,_0 over the time interval [100, 10,000 yr].
101 c Scenario probability calculated with ,_/-0 over the time interval [100, 2000 yr] and _ :0 over the time
102 interval [2000, 10,000 yr].
103 d Probability of indicated number of intrusions.
lO4 e Cumulative probability for all scenarios.
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Chapter2: Structureof WIPPPerformanceAssessment

1 Table 2.5-3. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 yr for the Time-

2 Dependent ,k Shown in Figure 2.5-1, 100 yr Administrative Control, and the Time Intervals
3 [0, 150 yr], [150, 200 yr], [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000
4 yr]. The scenarios shown in this table are contained in the set R2 defined in Eq. 2.5-8.
5 (concluded)
6
e Prob with Prob with 55 Prob with Prob with

lo Scenario a ,k/0 b _,--,0c 56 Scenario a AT_0b A--,0c
1| 60

t5 S(0,1,0,2,0,0) 2.104E-08 2.385E-08 61 S(0,0,0,0,1,3) 4.310E-06 0.000E +00
16 S(0,1,0,1,1,0) 2.813E-07 4,108E-08 62 S(0,0,0,0,0,4) 2.962E-06 0.000E+00
17 S(0,1,0,1,0,1) 7.733E-07 0,000E, 00 63 Prob 4 intr 1.352E-05 1.478E-09
18 S(0,1,0,0,2,0) 9.400E-07 1.769E-08
19 s(0,1,0,0,1,1) 5.168E-06 0,000E +00 64 Gum Prob 1.000E +00 1.000E +00
20 S(0,1,0,0,0,2) 7.104E-06 0.000E +00 65
21 S(0,0,3,0,0,0) 2.144E-11 2.430E-11 66 5 intrusions
22 S(0,0,2,1,0,0) 6.293E-10 7.133E-10 6z (# Scenarios = 252)
23 s(0,0,2,0,1,0) 4.206E-09 6.143E-10 68 Prob 5 intr 3.758E-07 4.072E-12
24 S(0,0,2,0,0,1) 1.156E-08 0.000E +00 69 Gum Prob 1.000E +00 1.000E +00
25 S(0,0,1,2,0,0) 6.158E-09 6.980E-09 zo
26 S (0,0,1,1,1,0) 8.232E-08 1.202E-08 71 6 intrusions
27 5'(0,0,1,1,0,1) 2 263E-07 0.000E +00
28 S(0,0,1,0,2,0) 2.751E-07 5.178E-09 72 (# Scenarios : 462)
29 S(0,0,1,0,1,1) 1.513E-06 0.000E+ 00 73 Prob 6 intr 8.704E-09 9.346E-15
30 S(0,0,1,0,0,2) 2.079E-06 0.000E + 00 74 Gum Prob 1.000E + 00 1.000E +00
31 S(0,0,0,3,0,0) 2.009E-08 2.277E-08 75
32 S(0,0,0,2,1,0) 4.028E-07 5.883E-08 76 7 intrusions
33 S(0,0,0,2,0,1) 1.107E-06 0.000E+00 77 (# Scenarios = 792)
34 S(0,0,0,1,2,0) 2.692E-06 5.067E-08 78 Prob 7 intr 1.728E-10 1.839E-17
35 S(0,0,0,1,1,1) 1.480E-05 0.000E + 00 79 Cum Prob 1.000E+ 00 1.000E-{-00
36 S (0,0,0, 1,0,2) 2.035 E-05 0.000E + 00 80
37 S(0,0,0,0,3,0) 5.998E-06 1.455E-08 81 8 intrusions
38 S(0,0,0,0,2,1) 4.947E-05 0.000E+00 82 (# Scenarios = 1287)
39 S(0,0,0,0,1,2) 1.360E-04 0.000E + 00
40 S(0,0,0,0,0,3) 1246E-04 0.000E + 00 83 Prob 8 intr 3.002E-12 3.165E-20
41 Prob 3 intrd 3.892E-04 4.294E-07 84 Cum Prob 1.000E +00 1.000E+00
42 Gum Prob e 1.000E 4.00 1.000E +00 85
43 86 9 intrusions
44 4 intrusions 87 (# Scenarios = 2002)

45 (# Scenarios :-- 126) 88 Prob 9 intr 4.635E-14 4.844E-23
46 S(4,0,0,0,0,0) 3.861E-13 4.376E-13 89 Cum Prob 1.000E +00 1.000E+00
47 s(3,1,0,0,0,0) 1.545E-12 1.751E-12 90
48 91 10 intrusions
49 92 (# Scenarios = 3003)
50 93 Prob 10 intr 6.441E-16 6.671E-26
51 S(1,1,1,1,0,0) 7.769E-12 8.805E-12 94 Cum Prob 1.000E+ 00 1.000E-_00
52 95
53
54
96

98 a %(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time
99 intervals [0, 150 yr], [150, 200 yr], [200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000

100 yr], respectively.
lol b Scenario probability calculated with A_Oover the time interval [100, 10,000 yr].
102 c Scenario probability calculated with ,_/0 over the time interval [100, 2000 yr] and x =0 over the time
103 interval [2000, 10,000 yr].
104 d Probability of indicated number of intrusions.
105 e Cumulative probability for all scenarios.
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2.5 Performance Assessment Representations Used in 1992

1 Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for _, - 3.78 x
2 10-4 yr-1, 100 yr Administrative Control, and the Time Intervals [0, 150 yr], [150, 200 yr],
3 [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 yr]. The scenarios shown

4 in this table are contained in the set R2 defined in Eq. 2.5-8, and ._ = 3,78 x 10-4 yr -1 is
5 the largest drilling rate considered In the 1992 WIPP PA.

8 Prob with Prob with 53 Prob with Prob with

10 Scenario a _/JO b _,-*0c 54 Scenario a _,7_0b _,'-*0c

la 58

15 0 intrusions 59 S(0,0,0,0,1,1) 5.597E-02 O.O00E+00
16 (# Scenarios -- 1) 60 s(0,0,0,0,0,2) 5.130E-02 0.000E+00

17 S(0,0,0,0,0,0) 2.378E-02 4.879E-01 61 Prob 2 intr 1.662E-01 1.256E-01
18 Prob 0 intre 2.378E-02 4.879E-01 62 Cum Prob 2.789E-01 9.637E-01
19 Cure Prob e 2.378E-02 4.879E-01 63
20 64 3 intrusions

21 1 intrusion 65 (# Scenarios = 56)
22 (// Scenarios _ 6) 66 s(3,0,0,0,0,0) 2.669E-08 5.475E-07
23 S(1,0,0,0,0,0) 4.491E-04 9.214E-03 67 S(2,1,0,0,0,0) 8.006E-08 1.643E-06
24 S(0,1,0,0,0,0) 4.491E-04 9.214E-03 68 5"(2,0,1,0,0,0) 4.804E-07 9.856E-06
25 S(0,0,1,0,0,0) 2.695E-03 5.528E-02 69 S(2,0,0,1,0,0) 1.601E-06 3.285E-05
26 S(0,0,0,1,0,0) 8.982 E-03 1.843E-01 70 S(2,0,0,0,1,0) 4.804E-06 1.643E-05
27 S(0,0,0,0,1,0) 2.695E-02 9.214E-02 71 S(2,0,0,0,0,1) 8.807E-06 0.000E +00
28 S(0,0,0,0,0,1) 4.940E-02 0.000E + 00 72 S(1,2,0,0,0,0) 8.006E-08 1.643E-06
29 Prob 1 intr 8.892E-02 3.501E-01 73 S(1,1,1,0,0,0) 9.608E-07 1.971E-05
30 Cure Prob 1.127E-01 8.381E-01 74 s(1,1,0,1,0,0) 3.203E-06 6.571E-05
31 75 s(1,1,0,0,1,0) 9,608E-06 3.285E-05
32 2 intrusions 76 S(1,1,0,0,0,1) 1.761E-05 0.000E +00

77 S(1,0,2,0,0,0) 2.882 E-06 5.913E-05
33 (# Scenarios = 21) 78 S(1,0,1,1,0,0) 1.922E-05 3.942E-04
34 S (2,0,0,0,0,0) 4.240E-06 8.699E-05 79 S(1,0,1,0,1,0) 5.765E-05 1.971E-04
35 S(1,1,0,0,0,0) 8.480E-06 1.740E-04 80 S(1,0,1,0,0,1) 1.057E-04 0.000E +00
36 S(1,0,1,0,0,0) 5.088E-05 1.044E-03 81 S(1,0,0,2,0,0) 3.203 E-05 6.571E-04
37 S(1,0,0,1,0,0) 1.696E-04 3.480E-03 82 S(1,0,0,1,1,0) 1.922E-04 6.571E-04
38 S(1,0,0,0,1,0) 5.088E-04 1.740E-03 83 S(1,0,0,1,0,1) 3.523E-04 0.000E +00
39 S(1,0,0,0,0,1) 9.328E-04 0.000E+00 84 s(1,0,0,0,2,0) 2.882E-04 1.643E-04
40 S(0,2,0,0,0,0) 4.240E-06 8.699E-05 85 S(1,0,0,0,1,1) 1.057E-03 0.000E+00
41 S(0,1,1,0,0,0) 5.088E-05 1.044E-03 86 S(1,0,0,0,0,2) 9.688E-04 O.O00E+00
42 S(O,1,0,1,0,0) 1.696E-04 3.480E-03 87 S(0,3,0,0,0,0) 2.669E-08 5.475E-07
43 S(0,1,0,0,1,0) 5.088E-04 1.740E-03 88 S(0,2,1,0,0,0) 4.804E-07 9.856E-06
44 S(O,1,0,0,0,1 ) 9.328E-04 O.O00E t-O0 89 S(0,2,0,1,0,0) 1.601E-06 3.285E-05
45 S(O,O,2,0,O,O) 1.526E-04 3.132E-03 9o S(0,2,0,0,1,0) 4.804 E-06 1.643E-05
46 S(0,0,1,1,0,0) 1.018E-03 2.088E-02 91 S(0,2,0,0,0,1) 8.807E-06 0.000E -_00
47 S (0,0,1,0,1,0) 3.053E-03 1.044E-02 92 S(0,1,2,0,0,0) 2.882E-06 5.913E-05
48 S(0,0,1,0,0,1) 5.597E-03 0.000E 4-00 93 S(0,1,1,1,0,0) 1.922E-05 3.942E-04
49 S (0,0,0,2,0,0) 1.696E-03 3.480E-02 94 S(0,1,1,0,1,0) 5.765 E-05 1.971E-04
50 S(0,0,0,1,1,0) 1.018E-02 3.480E-02 95 S(0,1,1,0,0,1) 1.057E-04 0.000E+00
51 S(0,0,0,1,0,1) 1.866E-02 0.000E +00 96 S(0,1,0,2,0,0) 3.203E-05 6.571E-04
52 S(0,0,0,0,2,0) 1.526E-02 8.699E-03
98

99 a S(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time
lOO intervals [0, 150 yr], [150, 200 yr], [200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000
lol yr], respectively.
lO2 b Scenario prouability calculated with ._,= 3.78 x 10-4 yr-1 over the time interval [100, 10,000 yr].
lo3 c Scenario probability calculated with _, 3.78 x 10-4 yr -1 over the time interval [100, 2000 yr] and A=0
lo4 over the time interval [2000, 10,000 yr].
105 d Probability of indicated number of intrusions.
lo6 e Cumulative probability for all scenarios.
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Chapter2: Structureof WIPPPerformanceAssessment

1 Table 2.5-4. Probabilities for Scenarios Involving Multiple Intrusions over 10,000 years for ,k : 3.78 x
2 10.4 yr -1, 100 yr Administrative Control, and the Time Intervals [0, 150 yr], [150, 200 yr],
3 [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, 10,000 yr]. The scenarios shown

4 in this table are contained in the set/_2 defined in Eq, 2.5-8, and ,k -:_3.78 x 10-4 yr -1 is
5 the largest drilling rate considered in the 1992 WIPP PA. (concluded)

8 Prob with Prob with 55 Prob with Prob with

10 Scenario a ,k-_0b ,k-+0c 56 Scenario a ,k/0b ,k--,0c
iII 60

15 S(0,1,0,1,1,0) 1.922E-04 6.571E-04 61 S(0,0,0,0,1,3) 4.024E-02 0.000E +00
16 S(0,1,0,1,0,1) 3.523E-04 0.000E _00 62 S(0,0,0,0,0,4) 1.845E-02 0.000E _-00
17 S(0,1,0,0,2,0) 2.882E-04 1.643E-04 63 Prob 4 intr 1.936E-01 5.390E-03
18 S(0,1,0,0,1,1) 1.057E-03 0.000E t-00 64 Cum Prob 6.797E-01 9.991E-0I
19 S(0,1,0,0,0,2) 9.688E-04 0.000E +00 65
20 S(0,0,3,0,0,0) 5.765E-06 1.183E-04 66 5 intrusions

21 S(0,0,2,1,0,0) 5.765E-05 1.183E-03 67 (# Scenarios --.-252)
22 S (0,0,2,0,1,0) 1.729E-04 5.913E-04 68 Prob 5 intr 1.448E-01 7,735E-04
23 S(0,0,2,0,0,1) 3.170E-04 0.000E _-00 69 Cum Prob 8.245E-01 9.999E-01
24 S (0,0,1,2,0,0) 1.922E-04 3.942E-03 7o
25 S(0,0,1,1,1,0) 1.153E-03 3.942E-03 71 6 intrusions
26 S(0,0,1,1,0,1) 2.114E-03 O.O00E+00
27 S(0,0,1,0,2,0) 1.729E-03 9.856E-04 72 (# Scenarios ,_-:462)
28 S(0,0,1,0,1,1) 6.341E-03 0.000E +00 73 Prob 6 intr 9.022E-02 9.250E-05
29 s(0,0,1,0,0,2) 5,813E-03 0.000E + 00 74 Gum Prob 9.147E-01 1.000E +00
3o S(0,0,0,3,0,0) 2.135E-04 4.380E-03 75
31 S(0,0,0,2,1,0) 1.922E-03 6.571E-03 )'6 7 intrusions
32 S(0,0,0,2,0,1) 3.523E-03 0.000E+00 77 (# Scenarios =--792)
33 s(0,0,0,1,2,0) 5.765E-03 3.285E-03 78 Prob 7 intr 4.819E-02 9.482E-06
34 S(0,0,0,1,1,1) 2.114E-02 0.000E + 00 79 Gum Prob 9.629E-01 1.000E _00
35 S(0,0,0,1,0,2) 1.938E-02 0.000E _ 00 80
36 S(0,0,0,0,3,0) 5.765E-03 5.475E-04 81 8 intrusions
37 S(0,0,0,0,2,1) 3.170E-02 0.000E _-00 82 (# Scenarios -_ 1287)
38 s(0,0,0,0,1,2) 5.813E-02 0.000E t00
39 S(0,0,0,0,0,3) 3.552E-02 0.000E-4 00 83 Prob 8 intr 2.252E-02 8.504E-07
4o Prob_3 intr 2.072E-01 3.004E-02 84 Curn Prob 9.854E-01 1.000E t00
41 Cure Prob 4.861E-01 9.937E-01 85
42 86 9 intrusions
43 4 intrusions 87 (# Scenarios - 2002)

44 (# Scenarios = 126) 88 Prob 9 intr 9.356E-03 6.780E-08

45 S(4,0,0,0,0,0) 1.260E-10 2.585E-09 89 Cum Prob 9.948E-01 1.000E +00
46 S(3,1,0,0,0,0) 5.039E-10 1.034E-08 90
47 91 I0 intrusions
48 92 (# Scenarios .=3003)
49 93 Prob 10 intr 3.498E-03 4.865E-09
50 S(1,1,1,1,0,0) 3.628E-07 7.444E-06 94 Cum Prob 9.983E-01 1.000E-_00
51 95
52
53
54
96

98 a S(i,j,k,l,m,n) represents the scenario in which i,j,k,l,m, and n drilling intrusions occur in the time
99 intervals [0, 150 yr], [150,200 yr], [200, 500 yr], and [500, 1500 yr], [1500, 4500 yr], and [4500, 10,000

loo yr], respectively.
lol b Scenario probability calculated with .k :_ 3.78 x 10-4 yr -1 over the time interval [100, 10,000 yr].
lo2 c Scenario probability calculated with _, 3.78 x 10.4 yr -1 over the time interval [100, 2000 yr] and .k_-:0
lo3 over the time interval [2000, 10,000 yr].
lO4 d Probability of indicated number of intrusions.
lo5 e Cumulative probability for all scenarios.
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2,5 Performance AssessmentRepresentationsUsedin 1992

1 The sets R 1 and /_2 in Eqs. 2.5-1 and 2. 5-8 provt, de two different

2 summaries of the results of the WIPP performance assessment based on

3 different partitioning of the sample, space S shown in Eq. 2.2-I. These sets

4 actually depend on both the partitioning of S into the scenarios S i and the

5 determination of the scenario probabilities pS i and the scenario consequences

6 cS i. Thus, a full specification of R 1 and R2 would also contain subscripts

7 indicating the manner in which the probabilities pS i and the consequences cS i

8 are determined. To avoid the use of unnecessarily cumbersome notation, such

9 subscriptirlg is not employed in this presentation. However, t:he manner in

10 which the pS i and cS i are defined for use with tile risk representations R 1

11 and R 2 is indicated in Chapter 8 when analysis results are presented.
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1 3. UNCERTAIN VARIABLES SELECTED FOR SAMPLING

2

3

4 Tile 1992 WIPP performance assessment selected 49 imprecisely known

5 variables for consideratiotl. These variables are listed irl Table 3-1 and

6 c_,rrespond to t l_e el ement:s x.j, j=l., 2 ..... nV = 49, of the vector x shown i.n
7 gq. 2,1 - 2. The dis t ribut lolls indicated i I1 T;itb le 3 - [ ariel shown more

8 explief, tly in Figure 3-1 correspond to the distributior_s appeat'i, ng in gq,

9 2,1-4 and characterize subject, ire, or type B, uncertainty. The variables in

t0 T_,ble 3-1 and the ratiollale [or their distributiol_s are discussed extensively

11 in Volume 3 of this report, which can be consulted for more detaile.d

12 information than is prese1_t:ed Ilere.

13

14

15 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables

16 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report)

19 Variable Definition

22 BCBRSAT Residual brine saturation for Salado Formation (Sir) (dimensionless). Used in
23 BRAGFLO. Range: 0.0 to 0,4, Median 0,2. Distribution: Uniform. Additional
24 information: Section 2,3.1, Volume 3, Variable 13 In Latin hypercube sample

25 (LHS).
26

27 BCEXP Brooks and Corey pore-size distribution parameter for Salado Formation (_)
28 (dimensionless). Used in BRAGFLO. Range: 0.2 to 10. Median 0.7.
29 Distribution: Piecewise uniform Additional Information: Same as BCBRSAT.
3o Variable 11 in LHS.

31

32 BCFLG Pointer variable (flag) for selection of characteristic curve for capillary behavior.

33 Used in BRAGFLO. Range: {0, 1}. Distribution: 33% 0, 67% 1. Value of 0
34 selects van Genuchten-Parker model; value of 1 selects Brooks-Corey model.
35 Additional information: Section 2.3.1, Volume 3. Variable 12 in LHS.
36

37 BCGSSAT Brooks and Corey residual gas saturation for Salado Formation (Sgr)
38 (dimensionless). Used in BRAGFLO. Range: 0.0 to 0.4. Median: 0.2.
39 Distribution: Uniform. Additional information: Same as BCBRSAT. Variable 14 in
40 LHS.
41

42 BHPERM Borehole permeability (k) (rn2). Used in BRAGFLO. Range: 1 x 10-14 to 1 x
43 10-11 Median: 3.16x 10-12, Distribution: Lognormal. Additional information:

44 Freeze and Cherry, 1979, Table 2-2 (silty sand); Section 4.2.1 Volume 3. Variable
45 21 in LHS.

46

47 BPPRES Initial pressure (p) of pressurized brine pocket in Castile Formation (Pa), Used in
48 BRAGFLO. Range: 1.3x 107to 2.1 x 107 . Median: 1.7 x 107 . Distribution:
49 Piecewise linear. Additional information: Popielak et al., 1983, p. H-52; Lappin et
50 al., 1989, Table 3.-19; Section 4.3.1, Volume 3. Variable 19 in LHS.
51
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Chapter3: UncertainVariablesSelectedfor Sampling

t Table 3-1. Variables Sampled In 1992 WIPP Performance Assessment (adapted from Tables

2 60-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (continued)
8
5 Variable Definition
B

8 BPSTOR Bulk storativity (Sb) of pressurized brine pocket In Castile Formation (m3/pa).

9 Used In BRAGFLO. Range: 0.02 to 2. Median: 0.2. Distribution: Lognormal.
10 Additional information: Section 4.3.1, Volume 3. Variable 20 in LHS.
11

12 BPAREAFR Fraction of waste panel area underlain by a pressurized brine pocket

13 (dimensionless). Used in CCDFPERM in calculation of probability of E1E2-type
14 scenarios. Range: 0,24 to0.568. Median: 0.40. Distribution: Piecewlse Linear.
15 Additional information: Section 5.1, Volume 3. Variable 24 In LHS.
16

17 BRSAT Initial fluid (brine) saturation of waste (dlmenslonless). Used In BRAGFLO.
18 Range: Oto 0.14. Median: 0.07. Distribution: Uniform. Additional information:
19 Section 3,4.3, Volume 3. Variable 1 in LHS.
20

21 CULCLIM Recharge amplitude factor (Am) for Culebra (dimensionless). Used it] SECO-
22 FLOW. Range: 1 to 1.07. Median: 1.035. Distribution: Uniform, Used in
23 definition of time dependent boundary heads In Culebra, with the maximum head
24 increasing from the estimated present-day head it] the Culebra in the northern

25 most element of the regional model domain for CULCI..IM ++1 to the elevation of
28 the Clayton Basin spill point (1007m) for CUI.CLIM _._1.07. Additional
27 information: Section 6.4, of this Volume. Variable 32 in LHS is uniformly
28 distributed on [0,1] and used to select value for CULCLIM by preprocessor to
29 SECO-FLOW.
3o

31 CULFRPOR Fracture porosity (el) in Culebra (dimensionless). Used in SECO-FLOW and
32 SECO-TRANSPORT. Range: 1 x 10 .4 to 1 x 10 2. Median: 1 x 10.3

33 Distribution: Lognormal. Additional Information: Tables 1-2 and E-6, Lappin et
34 al,, 1989; Section 2.6.2, Volume 3. Variable 33 in LHS.
35

36 CULFRSP Fracture spacing (2B) in Culebra (m). Used in SECO-TRANSPORT. Range: 6 x
37 10.2 to 8. Median: 4 x 10-1. Distribution: Piecewise uniform. Additional

38 information: Beauheim et al., 1991b, Variable 34 in LHS.
39

40 CULCLYF Clay filling traction (bc/b) in Culebra (dimensionless), where 2b is the fracture
41 aperture and 2bc is the total thickness of the clay lining in the fracture. Used in

42 SECO-TRANSPORT. Range: 0 to 0.5. Median: O. Distribution: bc/b_:0 has
43 probability 0.5 and bc/b_O is uniformly distributed between 0 and 0.5. Additional
44 information: Section 2.6.1, Volume 3. Variable 35 in LHS.
45

46 CULCLYP Porosity of clay lining fractures in Culebra (dimensionless). Used in SECOTP.
47 Range: 0.05 to 0.5. Median: 0.275. Distribution: Uniform. Additional
48 information: Section 2.6.2, Volume 3. Variable 36 in LHS.
49
5o
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Chapter3: UncertainVariablesSelectedforSampling

1 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables

2 6,0-1,6.0-2, and 6,0-3 of Volume 3 of this report) (continued)
8
5 Variable Definition
6

8 CULPOR Matrix porosity (8m) in Culebra (dimensionless), Used in BRAGFLO and SECO-
9 TRANSPORT, Range: 5.8 x 10-2 to 2.53 x 10-1. Median: 1,39 x 10-1

10 Distribution: Piecewlse uniform. Additional Information: Table 4.4, Kelley and

11 Saulnler, 1990; Table E-8, Lappln et al., 1989; Section 2.6.2, Volume 3, Variable
12 43 in LHS.
13

14 CULTRFLD Transmlsslvity field for Culebra. Seventy transmlsslvity fields consistent with
+5 available field data were constructed and ranked with respect to travel time to the
16 accessible environment. CULTRFLD Is a pointer variable used to select from

17 these 70 fields, with travel time Increasing monotonically with CULTRFLD, Used
18 In STAFF2D and SECO-TRANSPORT. Range: 0 to 1. Median: 0,5. Distribution:
19 Uniform. Additional information: Section 7.5, Volurne 2; Sectioll 2.6,3, Volume 3.
2o Variable 31 In LHSo
21

22 DBDIAM Drill bit diameter (m). Used tn CUTTINGS and BRAGFLO. Range: 0.267 to
23 0.444. Median: 0.355. Distribution: Uniform, Additional information: Section
24 4,2,2, Volume 3. Variable 22 In LHS.
25

26 FKDAM Fracture distribution coefficient (Kd) for Am in Culebra (m3/kg). Used in SECO-
27 TRANSPORT. Range: 1 x 10-4 to 1 x 103. Median: 9.33 x 101. Distribution:
28 Piecewlse Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable
29 37 in LHS.
3o

31 FKDNP Fracture distribution coefficient (Kd) for Np in Culebra (m3/kg). Used in SECO-
32 TRANSPORT, Range: 1 x 10-4 to lx 103. Median: 1. Distribution: Piecewlse
33 Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable 38 in LHS.
34

35 FKI3PU Fracture distribution coefficient (Kd) for Pu in Culebra (m3/kg). Used in SECO-
36 Tr-(ANSPORT. Range: 1 x 10-4 to 1 x 103. Median: 2.04 x 102. Distribution:

37 Piecewlse Ioguniform, Additional information: Section 2.6.4, Volume 3. Variable
38 39 In LHS.

39

40 FKDRA Fracture distribution coefficient (Kd) for Ra in Culebra (m3/kg). Used in SECO-
41 TRANSPORT. Range: 1 x 10-4 to 1 x 102. Median: 3.31 x 10-2. Distribution:
42 Piecewise Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable
43 42 in LHS.
44

45 FKDTH Fracture distribution coefficient (Kd) for Th in Culebra (m3/kg), Used in SECO-
46 TRANSPORT. Range: 1 x 10-4 to 1 x 101 Median: 1 x 10-1, Distribution:
47 Piecewise Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable
48 40 in LHS.

49
5o
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Chapter3: UncertainVariablesSelectedforSampling

1 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables
2 6.0-1,6.0-2, and 6.0-3 of Volume 3 of this report) (continued)
8
5 Variable Definition

8 FKDU Fracture distribution coefficient (Kd) for U in Culebra (m3/kg). Used in SECO-
9 TRANSPORT. Range: 1 x 10.4 to 1. Median: 7.94 x 10-3 Distribution:

10 Plecewise Ioguniforrn. Additional information: Section 2.6+4, Volurne 3. Variable
11 41 in LHS.
12

13 GRCORHF Scale factor used in definition of gas generation rate for corrosion of sleel under

14 humid conditions (dimensionless) Actual gas get_eration rate is
15 GRCORH-GRCORHF.GRCORt. Used inBRAGFLO Range: 0to0.5. Median:
16 0.1. Distribution: Piecewise uniform Additional information: Brush, 1991.
tz Variable 3 in LHS.
18

19 GRCORI Gas generation rate for corrosion of steel under inundated conditions (mol/m 2
20 surface area steel,s). Used in BRAGFLO. Range: 0 to 1.3 x 10-8. Median:
21 6.3 x 10-9. Distribution: Piecewise uniform. Additional information: Same as J
22 GRCORHF. Variable 2 in LHS.
23

24 GRMICHF Scale factor used in definition of gas generation rate due to microbial
25 degradation of cellulosics under humid conditions (rnol/kg cellulosics, s). Actual

26 gas generation rate is GRMICH_ GRMICHF, GRMICI. Used in BRAGFLO.
2z Range: 0 to 0.2. Median: 0.1. Distribution: Uniform. Additional informatiorl:
28 Same as GRCORHF. Variable 6 in LHS.
29

30 GRMICI Gas generation rate due to microbial degradation of cellulosics under inundated
31 conditions (mol/kg cellulosics.s). Used in BRAGFLO. Range: 0 to 1.6 x 10-8.
32 Median: 3.2 x 10-9 Distribution: Piecewise uniform. Additional information:
33 Same as GRCORHF. Variable 5 in LHS
34

35 LAMBDA Pointer variable used to select rate term (\ or .\(t), units: yr -1) in Poisson model

36 for drilling intrusions. Used in CCDFPERM. Range: 0 to 1. Median: 0.5.
37 Distribution: Uniform. Additional information: Section 5.2, Volume 3. Variable
38 23 in LHS.

39

40 MBPERM Permeability (k) in intact anhydrite marker beds in Salado Forrnation (rn2) Used
41 in BRAGFLO. Range: 1 x 10-21 to 1 x 10-16 . Median: 5.0 x 10.20 . Distribution:
42 Piecewise Ioguniform. Correlation: 0.3 rank correlation witll SALPERM.
43 Additional inforrnation: Section 2.4.2, Volume 3 Variable 15 in LHS.
44

45 MBPOR Porosity (,f,) in intact anhydrite marker beds in Salado Formation
46 (dimensionless). Used in BRAGFLO. Range: 1 x 10-3 to 3 x 10-2. Median: 1 x
47 10-2 . Distribution: Piecewiseuniform Additional information: Section2.4.4,
48 Volume 3 Variable 16 in LHS.
49
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Chapter 3: Uncertain Variables Selected for Sampling

1 Table 3-1. Variables Sampled in 1992 WlPP Performance Assessment (adapted trom Tables
2 6.0-1,6.0-2, and 6.0-3 of Volume 3 of this report) (continued)
8

5 Variable Definition

8 MBPRES Far field pressure (p) in Salado Formation at the MB139 elevation. Used In
9 BRAGFLO. Range: 1.2 x 107to 1.3 x 107. Median: 1,25x 107. Distribution:

10 Uniform. Additional information: Section 2.4,3, Volume 3. Variable 18 in LHS.
11

12 MKDAM Matrix distribution coefficient (Kd) Am in Culebra (rn3/kg). Used in SECO-
13 TRANSPORT. Range: 1 x 10-4 to 1 x 102. Median: 1.86 x 10-1. Distribution:
14 Piecewise Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable
15 44 in LHS.
16

17 MKDNP Matrix distribution coefficient (Kd) for Np in Culebra (m3/kg). Used in SECO-
18 TRANSPORT. Range: 1 x 10-4 to 1 x 102 . Median: 4.78 x 10-2. Distribution:
19 Piecewise Ioguniform Additional information: Section 2.6.4, Volume 3. Variable
20 45 in LHS.
21

22 MKDPU Matrix distribution coefficient (Kd) for Pu in Culebra (rn3/kg), Used in SECO-
23 TRANSPORT. Range: 1 x 10-4 to 1 x 102, Median: 2.61 x 10-1 Distribution:

24 Piecewise Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable
25 46 in LHS.
26

27 MKDRA Matrix distribution coefficient (Kd) for Ra in Culebra (m3/kg). Used in SEC0-
28 TRANSPORT. Range: 1 x 10.4 to 1 x 101 Median: 1 x 10-2. Distribution:

29 Piecewise Ioguniform. Additional inforrnation: Section 2.6.4, Volume 3. Variable
3o 49 in LHS.
31

32 MKDTH Matrix distribution coefficient (Kd) for Th in Culebra (m3/kg). Used in SEC0-
33 TRANSPORT. Range: 1 x 10.4 to 1. Median: 1 x 10-2. Distribution: Piecewise
34 Ioguniform. Additional information: Section 2.6.4, Volume 3. Variable 47 in LHS.
35

36 MKDU Matrix distribution coefficient (Kd) for U in Culebra (m3/kg). Used in SECO-
37 TRANSPORT. Range: 1 x 10-4 to 1. Median: 2.88 x 10-2. Distribution:
38 Piecewise Ioguniforrn. Additional information: Section 2.6.4, Volume 3. Variable
39 48 in LHS.
4O

41 SALPERM Permeability (k) in intact halite component of Salado Formation (m2). Used in
42 BRAGFLO. Range: 1 x 10-24 to 1 x 10-19. Median: 2 x 10-21 Distribution:
43 Piecewise Ioguniform. Correlation: 0.3 rank correlation with MBPERM.
44 Additional information: Gorham et al., 1992; Howarth et al., 1991; Beauheim et
45 al., 1991a; Section 2.3.5, Volume 3. Variable 10 in LHS.
46

47 SOLAM Solubility of Am in brine (tool/.,0). Used in PANEL. Range: 5 x 10-14 to 1.4.

48 Median: 1 x 10-9. Dislribution: Piecewise Ioguniform. Additional information:
49 Trauth et al., 1991; Section 3.3.5, Volume 3. Variable 25 in LHS.
50

51
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Chapter3: UncertainVariablesSelectedfor Sampling

1 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables

2 6.0-1.6.0-2, and 6.0-3 of Volume 3 of this report) (continued)
8
5 Variable Definition
t3

8 SOLNP Solubility of Np in brine (tool/2). Used in PANEL. Range: 3 x 10-16 to 1.2 x
9 10-2. Median: 1.0 x 10-7. Distribution: Piecewise Ioguniform. Additional

10 information: Same as SOLAM. Variable 26 in LHS.
11

12 SOLPU Solubility of Pu in brine (mol/2). Used in PANEL. Range: 2.5 x 1017 to 5.5 x
13 10-4, Median: 6 x 10-10. Distribution: Piecewise Ioguniform. Additional
14 information: Same as SOLAM, Variable 27 in LHS.

15

16 SQLRA Solubility of Ra in brine (mol/_). Used in PANEL. Range: 2 to 18.2. Median:
17 11. Distribution: Piecewise Ioguniform. Additional information: Same as
18 SOLAM. Variable 28 in LHS.
19

2o SOLTH Solubility of Th in brine (mol/,0). Used in PANEL. Range: 5.5 x 10-16 to
21 2.2 x 10-6. Median: 1 x 10-10. Distribution: Piecewise Ioguniform. Additional
22 information: Same as SOLAM Variable 29 in LHS.

23

24 SOLU Solubility of U in brine (mol/*0). Used in PANEL. Range: 1 x 10-15 to 1. Median:
25 5.4 x 10-4, Distribution: Piecewise Ioguniform. Additional information: Same as
26 SOLAM. Variable 30 in LHS.
2z

28 STOICCOR Stoichiometric coefficient for corrosion of steel (dimensionless). Defines

29 proportion of two different chemical reactions taking place during the corrosion
30 process. Used in BRAGFLO. Range: 0 to 1. Median: 0.5. Distribution:
31 Uniform. Additional information: Brush and Anderson, 1989. Variable 4 in LHS.
32

33 STOICMIC Stoichiometric coefficient for microbial degradation of cellulosics (mol gas/mol

34 CH20 ). Used in BRAGFLO. Range: 0 to 1.67. Median: 0.835. Distribution:
35 Uniform. Additional information: Brush and Anderson, 1989. Variable 7 in LHS.
36
37 TZPORF Scale factor used in definition of transition zone and disturbed rock zone

38 porosity (Oz), with the transition zone and disturbed rock zone porosity defined
39 by TZPOR = SALPOR + (0.06 - SALPOR),TZPORF. Used in BRAGFLO. Range:
4o 0 to 1. Median: 0.5. Distribution: Uniform. Additional information: Section

41 2.4.4, Volume 3. Variable 17 in LHS.
42

43 VMETAL Fraction of total waste volume that is occupied by IDB (Integrated Data Base)
44 metals and glass waste category (dimensionless). Used in BRAGFLO. Range:
45 0.276 to 0.476. Median: 0.376. Distribution: Normal. Additional information:

46 Section 3.4.1, Volume 3. Variable 9 in LHS.
47

48
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Chapter 3: Uncertain Variables Selected for Sampling

1 Table 3-1. Variables Sampled in 1992 WIPP Performance Assessment (adapted from Tables

2 6.0-1, 6.0-2, and 6.0-3 of Volume 3 of this report) (concluded)

8

5 Variable Definition

8 VWOOD Fraction of total waste volume that is occupied by IDB combustible waste

9 category (dimensionless). Used in BRAGFLO. Range: 0.284 to 0.484. Median:

10 0.384. Distribution: Normal. Additional information: Section 3.4.1, Volume 3.

11 Variable 8 in LHS.

1|

15

16 AS discussed in conjunction with Eq. 2.1-5, a Latin hypercube sample

17 (McKay et al., 1979; Iman and Sho_-tencarier, 1984) of size nK = 70 was

18 generated from the variables listed in Table 3-i. The restricted

19 pairing technique developed by Iman and Conover (1982) was used to

20 induce the correlations between variables indicated in Table 3-1 and

21 also to assure that the correlations between other variables were close

22 to zero. The values used for each variable in the Latin hypercube

23 sample are shown in Figure 3-I.

24

25 Once the sample indicated in Eq. 2.1-5 was generated from the

26 variables in Table 3-i, the individual sample elements Xk, k=l .... , 70,

27 were used in the generation of the risk results shown in Eq. 2.1-6. An

28 overview of this process is provided in Sections 2.2, 2.3 and 2.4. In

29 addition to many intermediate results, the final outcome of this process

30 is a distribution of CCDFs of the form shown in Figure 2.]-2.

31

32 The analyses leading to the risk results shown in Eq. 2.1-6 were

33 actually repeated a number of times with different modeling assumptions.

34 The specific cases considered awe listed in 'Fable 3-2 (following Figure

35 3-i). Of the cases listed in "Fable 3-2, number 13, which is a dual-

36 porosity transport model in the Culebra Dolomite w_th chemical sorpt[on

37 in both the dolomite matrix and clay-lined fractures, is believed by the

38 WIPP performance assessment team to be the most credible and is

39 presented as the best-estimate analysis in the 1992 WIPP performance

40 assessment (see Section 2.2.4 of Volume 2 of this report). The other

41 cases listed in Table 3-2 can be viewed as sensitivity studies that

42 explore various perturbations on this best-estimate analysis.

43

44 In addition to the variation between the cases listed in Table 3-2,

45 the sampling-based approach to the treatment of subjective uncertainty

46 also produces uncertainty _nd sensitivity results for the irldividual

47 cases. In Chapter 8, box plots and distributions of CCDFs are used to

48 display the effect of subjective uncertainty on the cases listed in
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Chapter 3: UncertainVariablesSelected for Sampling
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Figure 3-i. Distributions used for sampled variables in 1992 WIPP

performance assessment.

3-8



Chapter 3: UncertainVariablesSelectedfor Sampling

1.0 ........,.........,.........,...................,.........,:'_"."_:;:I'"-,"-_-........,.......: 1.0 ........ ,.........,........., .........,........., .........,........., ......
#,

u.I w

:::) CUMULATIVEPROBABILITY ::D __,, CUMULATIVEPROBABILITY

O 0.2 + SampledValue O 0.2 ,v"r + SampledValue

Variable21 In LHS #,,,,_/ Variable19 in LHS
0.0 ................................................................................................. 0.0 ........................... '...................'......... '.........i ........

0.0 2.0 4.0 6.0 8.0 10.0 1.3 1.5 1.7 1.9 2.1

BHPERM: BOREHOLE PERMEABILITY (10 "12m2) BPPRES: BRINE POCKET PRESSURE (10 7 Pa)

TR1o6342-2739-0 TRI-6342-2741-0

1.0 ......... , ' • ' _:-.A-_'-- .... -'- 1.0 ......... , ......... , ......... , .... ._."' ' '

.4''4" i "-+'4" ..... --4---- .4,'''I" i

0.8 // 0.8
_.J _-J
m m
<: <:
m 133
O 0.6 O 0.6
rr rr
o.. 13..
uJ uJ
> >

0.4 _ 0.4
5 5

::::) CUMULATIVEPROBABILITY :::) IL.I.T.Y
O 0.2 +t + SampledValue O 0.2 ! I +Sampled Value

J. I

_" Variable20 in LHS ,,-*_' I .... Variable.24inLHS
4,..4. .....................

0.0 ................... 0.0 ' "*'_'...............................
0.0 1.0 2.0 0.2 0.3 0.4 0.5 0.6

BPSTOR: BRINE POCKET BULK STORATIVITY BPAREAFR: BRINE POCKET AREA FRACTION

(m3/pa) TRI-6342.274o.o
TRI-6342-2742-0

Figure 3-i. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)
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Figure 3-i. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)
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Figure 3-1. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)
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Figure 3-I. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)
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Figure 3-I. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)

3-14



Chapter 3: UncertainVariablesSelectedfor Sampling

1.0 ........, ........' ...../--" .......-+-'+'''""'_'J....I 1.0 ."'.. ' ii-''''_y_,../ll---_''''_-_..I

o8 /" 1 o8.J __J
m m "
m m
0 0.6 0 0.6
rr rr
12. _.
iii> _
__o.4 __o.4

_ _ CUMULATIVEPROBABILITY:3 __ MULATIV______EEPROBA__BILITY :3

o 0.2 ! I . SampledValue 0 0.2 // . S,,mpledValue
f. I

/ I Variable15 tn LHS / Variable16 In LHS
I

/
0.0 '_' ......_ ......... ' ........ ' ........ ' ....... 0.0 "_" ...........................

1021 10 "_° 10"1° 10"18 10"17 10"1° 0.00 0.01 0.02 0.03

MBPERM: MARKER BED PERMEABILITY (m2) MBPOR: MARKER BED POROSITY
TR_.6_2-2783.o TRt.S_2.27_-0

1.0 .........,.........,.........,.........,.........,.........,.........,........,.........,........d 1.0 . .'..... '_:.... , : -:'"", '.'_:'"", ........ , .... _.

_ 1 TY'-'] /#

_'*' CUMULATIVEPROBABILI .

/ " SampledValue / /
_ 0.8 _.# --_ 0.8 Variable44 in LHS I ,_*_"_

m ./' ca ,-
< / <
ca ., ca

0 0.6 / 0 0.6n- , 13:
n / n
LU # iii
:> .** :>

:3 ,/ CUMULATIVEPROBABILITY :3

o 0.2 ,/ o 0.2+ SampledValue

,./.* Variable18 in LHS i I
;

0.0 f......'.........'........._.........'.........'.........'.........'.........'.........'........ 0. 0"3 0 1 0o 0_2 12.2 12.4 12.6 12.8 13.0 04 1 10"2 1 1 101

SALPRES: SALADO PRESSURE (MPa) MKDAM: CULEBRA MATRIX DISTRIBUTION

COEFFICIENT Am (m3/kg)
TRI-6342-2772-0 TRI-6342-2765-0

Figure 3-i. Distributions used for sampled variables in 1992 WIPP

performance assessment. (continued)
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Chapter 3: Uncertain Variables Selected for Sampling

I Table 3-2. Further, the impact of individual variables are investigated

2 with sensitivity analysis techniques based on scatterplots, regression

3 analysis and partial correlation analysis. Scatterplots are also used

4 to compare results obtained with the different analysis cases listed in

5 Table 3-2.

6

7 Before concluding this chapter, it is perhaps worth emphasizing that

8 the WIPP performance assessment uses two different experimental designs

9 in the treatment of uncertainty. The division of the sample space S in

10 Eq. 2.2-1 into the scenarios S i indicated in Eq. 2.1-1, and more

11 explicitly in Tables 2.5-1 through 2.5-4, is an experimental design

12 based on importance sampling and is used to assure that the exceedance

13 probabilities associated with the EPA release limits (i.e., 0.I and

14 0.001) are approximately estimated (Helton and Iuzzolino, 1993). Such

15 designs are used in analyses where it is important to include the

16 effects of low probability, but possibly high consequence, occurrences.

17 The generation of a Latin hypercube sample of size 70 from the 49

18 variables in Table 3-1 is a type of random design. Such designs,

19 especially Latin hypercube sampling, are often used in

20 uncertainty/sensitivity studies because of their efficient

21 stratification across the range of each variable under consideration.

22 Thus, the WIPP performance assessment is using an experimental design

23 based on importance sampling to incorporate the effects of stochastic

24 uncertainty and an experimental design based on Latin hypercube sampling

25 to assess the effects of subjective uncertainty. In particular, the use

26 of a Latin hypercube sample of size 70 to assess the effects of

27 subjective uncertainty has no effect on the estimation of the 0.i and

28 0.001 exceedance probabilities in the individual CCDFs used in

29 comparison with the EPA release limits.

30

31 Additional information on the uncertainty and sensitivity analysis

32 techniques in use is available elsewhere (Chapter 3 in Volume 2; Helton

33 et al., 1991).

34

35
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Table3-2. Alternative Modeling Assumptions Considered In the 1992 WIPP Performance

Assessment. "CUTTINGS" refers to direct releases at the ground surface during

drilling. "GW TO ACC ENV" refers to releases at the subsurface boundary of the

accessible environment due to groundwater transport in the Culebra Dolomite
Member of the Rustler Formation.

3

1 CUTTINGS +,

2 GWTOCULEBRA........

3 GWTOACC ENV ..............

4 GWTOACCENV " + + "..............

5 GWTOACCENV " + " +........

6 GWTOACCENV " + + +..................... ,

7 GWTOACCENV . - _ - + -
8 GWTOACCENV - - - +...............

9 GWTOACCENV " " + +.....

10 CUTTINGS+GWTOACCENV + - - -

11 CUTTINGS+GWTOACCENV + + + -.............

12 CUTTINGS+GWTOACCENV + + - +

13 CUTTINGS+GWTOACCENV + + + +
...............

14 CUTTINGS+GWTOACCENV + - + -

15 CUTTINGS + GWTO ACC ENV + - +
16 cuTTiNGS+GWTOACCENV + - + +

...... i .....



1 4. UNDISTURBED PERFORMANCE (REPOSITORY/SHAFT)
2

3

4 4.1 Model Geometry
5

6 For undisturbed performance of the repository/shaft system, BRAGFLO

7 simulates two-phase flow I in a geometry very similar to that used in previous

8 gas and brine migration analyses (Case 3 in WIPP PA Department, 1992) related

9 to the Resource Conservation and Recovery Act (RCRA) (EPA, 1986). This model

10 represents the three-dimensional repository (Figure 4.1-i) using a two-

11 dimensional rectangular grid oriented vertically north-south through the

12 disposal system (Figure 4.1-2). This grid preserves the initial excavated

13 volume of various regions and their original excavated heights. Major

14 assumptions made in the construction of this grid include:

15

16

17 • All waste is lumped into one region immediately south of the seals and

18 backfill region. The volume of the waste-emplacement block equals the

19 excavated volume of all the panels in the WIPP repository.

20

21 • The access and ventilation drifts are lumped into one region of high

22 permeability immediately south of the shaft system. The volume of

23 this region equals that of the original excavated volume of all of the

24 drifts south of the Waste Shaft.

25

26 • The four shafts are consolidated into a single shaft at the location

27 of the Waste Shaft. The volume and cross-sectional area of the

28 consolidated shaft equals that of the four shafts. The single modeled

29 shaft is divided vertically into two segments with a single seal in

30 between. Thickness of the shaft seal is assumed to vary between i0

31 and 50 m.

32

33 • The experimental rooms are combined into a region directly north of

34 the singlp shaft. The volume of this region equals that of all the

35 excavated region north of the shafts.

36

37

38

39 i. The BRACFLO computational model is described in detail in Appendix A in

40 Volume 2 of this report, and in literature cited therein; a discussion of

41 multiphase flow through porous media, which BRAGFLO models, is provided in

42 Section 7.2 in VJlume 2 of this report.
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Chapter 4: UndisturbedPerformance (Repository/Shaft)

Figure 4.1-i. Proposed WIPP repository showing the I0 waste-disposal regions

(panels) (after Waste Management Technology Department, 1987).
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4.1 Model Geometry
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1 • Stratigraphic layers are assumed to be parallel and horizontal; the

2 repository elevation actually follows the marker beds at the WIPP,

3 which are slightly undulatory and dip less than i degree to the

4 southeast. The elevation of the repository, excavated at a constant

5 stratigraphic horizon, drops about 7 m between the Waste Shaft and the

6 southernmost panel. The model does not include this change in

7 elevation.

8

9 Figure 4.1-2 shows the model grid in the vertical (z), north-south (x)

10 plane. The region extends vertically 645 m from the top of the Culebra

11 Dolomite Member of the Rustler Formation to the bottom of the Salado

12 Formation. The total north-south length is approximately 47 km.

13 Stratigraphic units included in the model are the Culebra Dolomite, the

14 intact halite of the Salado Formation, MBI38, anhydrites A and B lumped into

15 a single anhydrite layer, MBI39, a disturbed rock zone (DRZ) surrounding the

16 waste-emplacement and experimental areas, and a transition zone immediately

17 above the DRZ that provides a potential pathway to MBI38.

18

19 The width of the elements (the out-of-plane [y] dimension in

20 Figure 4.1-2) varies significantly in the x direction, from as little as 9.74

21 m at the location of the shaft to as much as 62 km in the intact Salado

22 Formation. The y dimension, however, does not vary vertically. For example,

23 the Ay value for cell 20 (49.53 m), which is comparatively small because of

24 the small excavated volume, remains the same regardless of the vertical (z)

25 location specified by the node number. Figures 4.1-3 and 4.1-4 show a scaled

26 plan view of the grid in the horizontal (x-y) plane containing the

27 repository.

28

29 The out-of-plane grid block y dimension is included in the model only to

30 allow for variable storage vol,.,mes in each block. Flow is not modeled in the

31 y direction, and occurs only in the x and z directions (in the plane of

32 Figure 4.1-2).

33

34 The y dimension at the ends of the mesh, south of the waste block and

35 north of the experimental region backfill, increases in a cylindrical manner

36 away from the model to simulate some of the three-dimensional behavior using

37 a two-dimensional model. Close to the repository, flow paths will have

38 complex orientations determined by the variable geometry of the excavations;

39 fluid flow will be primarily horizontal and mostly through the anhydrite

40 layers. Farther away from the repository, at a distance perhaps several

41 times the maximum horizontal dimension of the repository (about 1.7 km), flow

42 will be nearly radial. All flow is assumed to result from the disturbances

43 introduced by the repository; i.e., there is no regional flow field that

44 predates excavation of the repository. Flow to and from the repository in
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I the surrounding region can be approximated with the two-dimensional model if

2 the y dimension of the grid blocks increases away from the repository by a

3 factor of approximately 2_r, where r is the distance from the center of the

4 grid (Voss, 1984).

5

6 In a strict sense, the 2_r relationship is valid only if it is applied to

7 the entire mesh. Such a mesh represents a vertical cylinder that allows a

8 two-dimensional model to simulate radial flow in a three-dimensional

9 cylinder. In the mesh used for undisturbed performance of the repository/

10 shaft system, only the north and south ends of the modeled regions are

11 treated in this fashion, and the results are not expected to be precise in

12 modeling all flow north and south of the repository/shaft system. However,

13 as a first approximation, this procedure accounts for the radial increase in

14 pore volume away from the central region. This radial increase in pore

15 volume is important because brine and gas will not flow in only two

16 dimensions (x and z) as they flow from (or towards) the repository. Rather,

17 at a distance of a few kilometers from the repository (approximately the

18 disposal-unit boundary), flow will be radial into (or from) an increasingly

19 larger pore volume.

20

21

22 4.2 Material Properties
23

24 Material properties for undisturbed performance of the repository/shaft

25 system are discussed in detail throughout Volume 3 of this report and are

26 summarized in Chapter 6 of Volume 3. The following material properties that

27 apply specifically to undisturbed performance of the repository/shaft system

28 are discussed below in the indicated sections:

29

30 • permeability (Sections 4.1.2.1 and 4.1.2.4),

31

32 • porosity (Section 4. I. 2.2),

33

34 • specific storage (Section 4. i.2.3) ,

35

36 • brine and gas saturations (Sections 4.1.2.4),

37

38 • capillary pressure (Section 4.1.2.4).

39

40 Radionuclide transport is not modeled for the undisturbed case because

41 releases into the Culebra Dolomite Member of the Rustler Formation do not

42 occur (see Section 4.4), and therefore, parameter values for radionuclide

43 inventory and solubilities are not input for the undisturbed performance

44 calculations.

45

46
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1 4.2.1 Permeability
2

3 4.2.1.1 PERMEABILITY RANGES

4

5 Permeability values used for the undisturbed repository/shaft model are

6 shown in Figure 4.2-1 and listed below in order of increasing permeability:

7

8 • Halite is assigned a range of permeability values from i 0 x I0 "24 to

g I 0 x 10 "19 m 2

10

11 • The shaft seal is assigned a range from 33 x 10 "21 to 33 x 10 -20 m2

12

13 • Anhydrite interbeds (MBI38, MBI39, and anhydrite A and B) and the

14 transition zone above the DRZ are assigned a range from i 0 x 10 "21 to

15 i 0 x 10 "16 m 2

16

17 • The DRZ, the upper and lower shaft, the seals and backfill for the

18 waste storage rooms, and the backfill for the experimental region are

Ig assigned a value of 1.0 x 10 "15 m 2

20

21 • The Culebra is assigned a value of 21 x 10 "14 m 2

22

23 • The waste is assigned a value of 1.0 x 10 "13 m 2

24

25 The permeability range for the anhydrite interbeds (I.0 x 10 "21 to 1.0 x

26 10 "16 m 2) is larger than that estimated for undisturbed anhydrite, but does

27 not explicitly take into account pressure dependent fracturing of these

28 interbeds Interbed fracturing as a result of gas pressurization is not

29 modeled in the 1992 calculations. Implications of not modeling interbed

30 fracturing are uncertain. The phenomenon will be modeled in future PAs.

31

32

33 4.2.1.2 CULEBRA PERMEABILITY

34

35 Culebra permeability above the repository/shaft system, which is an

36 important material property primarily for the disturbed calculations, is

37 explained in Section 5 .1 .2 .2 . Culebra permeability above the

38 repository/shaft system for undisturbed conditions is determined in the same

39 manner as for disturbed conditions.

40

41

42 4.2.2 Porosity
43

44 4.2.2.1 FIXED (TIME-INVARIANT) POROSITY
45

46 Assumed porosity values for materials in the undisturbed repository/shaft

47 simulation that do not change with respect to time are listed below and shown

48 in Figure 4.2-2:
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4,2 Material Properties

I • llalite, the anhydrite interbeds, a_d the transition zone are

2 assigned a range of porosity values from 0.001 to 0.03.

3

4 . The shaft seal is assigned a value of 0.01.

5

6 • A slightly higher range of porosity values is assigned to the DRZ.

7 As is explained in Section 2.4.4 of Volume 3 of this report, the DRZ

8 range is determined by the relationship

9

10 _disturbed = _undisturbed + U(0.06"_undisturbed), (4.2-1)

11

12 where U is a number uniformly distributed between 0 and I, and

13 _undisturbed is the porosity range of the undisturbed halite (0.001

14 to 0.03). This relationship forces the DRZ porosity, _disturbed, to

15 fall within a range bounded by _undisturbed and 0.06, which is the

16 maximum DRZ porosity considered (see WIPP PA Division 1991c, Section

17 2.3.7).

18

19 . A porosity value of 0.075 is assigned to the entire shaft (except

20 the shaft seal.) and the seals for the waste storage area, and the

21 backfill for both the waste storage and experimental areas.

22

23 . The Culebra is assigned a range from 0.058 to 0.253.

24

25 • The waste prior to closure modeling is assigned a value of 0.660.

26

27

28 4.2.2.2 TIME-VARYINGPOROSITY
29

30 Background
31

32 In the 1991 and previ.ous BRAGFLO simulations of the repository/shaft

33 system (WIPP PA Division, 1991b; WIPP PA Department, 1992), porosity in the

34 waste-emplacement panels was assumed to be constant in time. The effect of

35 halite creep on waste-panel porosity was not accounted for. The porosities

36 assigned to the waste parcel for each of the 1991 realizations were determined

37 in an external calculation (WIPP PA Division, 1991c). These porosities were

38 calculated as the post-compaction pore volume required to store all of the

39 waste-generated gas at lithostatic pressure in a brine-free repository.

40 These "lithostatic equilibrium" porosities varied with sampled values for

41 waste composition, gas-generation rates, and stoichiometry. Although these

42 externally calculated porosities did not limit panel pressure to lithostatic,

43 they may have overestimated the void volume available for gas for cases where

44 the panel does not re-expand significantly beyond the closed state.

45
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Chapter 4: Undisturbed Performance (Repository/Shaft)

1 Another shortcoming of the 1991 approach was that the external

2 calculation of porosities correlated porosity only to the theoretical gas-

3 generation potential, which is the amount of gas that would be generated if

4 all ferrous metal and cellulosic material was completely consumed (see

5 Sections 1.4.1 and 3.3 of Volume 3 of this report for additional information

6 about the gas-generation model). In some realizations, brine availability

7 limits the amount of gas generated to less than the theoretical potential and

8 not all ferrous metal or cellulose is consumed. Modeling studies using the

9 finite element program SANCHO 2 for simulating quasistatic, large-deformation,

10 inelastic response of two-dimensional solids indicate that low gas-generation

11 rates result in more rapid closure and lower porosities at full compaction.

12

13 1992 ApproachforAccountingforTime-DependentPanelPorosity

14

15 The 1992 BRAGFLO calculations include a simple first attempt at

16 accounting for time-dependent panel porosity. This time dependence is

17 indirect in the sense that results from this application of SANCHO indicate

18 that panel porosity varies with the amount of gas generated and the pore

19 pressure in the waste area, each of which in turn varies with time.

20

21 The discussion that follows describes the implementation of the SANCHO

22 halite deformation results in BRAGFLO for the 1992 PA calculations. The

23 SANCHO results and data of importance for use in BRACFLO, discussed in detail

24 below, are

25

26 • moles of gas generated,

27

28 • time after sealing of repository,

29

30 • panel pressure, and

31

32 • panel porosity.

33

34 The porosity contours appearing in Figure 7-2 in Volume 2 of this report

35 result from interpolation of the SANCHO results that describe the dependence

36 of panel porosity on cumulative moles of gas produced and time after sealing.

37 The direct (not interpolated) SANCHO porosity results are presented in Figure

38 4.2-3. "Noise" visible in the solutions are an artifact of the approach used

39

40

41 2. The SANCHO computational model is described by Stone et al., 1985, and

42 summarized in Appendix B in Volume 2 of this report; a discussion of room

43 closure, which SANCHO models, is provided in Section 7.3 in Volume 2 of

44 this report. SANCHO is also discussed in Sections 1.4.1 and 1.4.7 of

45 Volume 3 of this report.
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Figure 4.2-3. SANCHO resu].ts: porosity as a function of time for f=l.0, 0.6,

0.4 and 0.2; piecewise constant gas-generation rates; porosity

based on SANCHO definition of porosity (ratio of void volume to

instantaneous room volume); f is the fraction of the piecewise

constant gas-generation rate and potential, where f=l.0 is

defined as the sum of the corrosion rate (I mole/drum-yr for

1050 yr) and the biodegradation rate (I mole/drum-yr for 550

yr) (Brush, 1991; memorandum by Beraun and Davies in Appendix A

of Volume 3 of this report).

12 to model separation at the surface between the waste/backfill and the

13 overlying halite as pressure in the room exceeds lithostatic, and are not

14 attributed to a physical process. This "noise" has been filtered out of the

15 SANCHO solution prior to its use in BRAGFLO. Smoothed SANCHO results form

16 the basis of accounting for the effect of halite creep on waste room porosity

17 and are used within BRAGFLO.

18

19 The difference in definition of porosity by SANCHO and BRAGFLO requires

20 further manipulation of the data presented in Figure 4.2-3. In SANCHO, as

21 the halite creeps, the numerical mesh deforms; in BRAGFLO, the mesh

22 dimensions are fixed with time. In the SANCHO room model, the porosity (4'

23 of Figure 4.2-3) is therefore defined as the ratio of the void volume to the

24 current total volume of the panel. In BRAGFLO, the porosity (4, Eq. 4.2-2)

25 is therefore defined as the ratio of the void volume to the initial volume of

26 the panel. If the mass and volume of the solids contained within the

27 deforming panel does not change with time, the two differently defined

28 porosities can be related by
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1

5 _ (t)=_' (t) - (4 2-2)

8
,09
11 A derivation of Eq. 4.2-2 is provided in Appendix B. The porosities as

12 defined by SANCHO (Figure 4.2-3) are converted to porosity as defined by

13 BRAGFLO by using Equation 4.2-2 and are presented in Figure 4.2-4.

14

15 Conceptual Modeling Differences Between SANCHO Room Model and BRAGFLO Panel/Repository
16 Model

17

18 Because SANCHO and BRAGFLO simulate fundamentally different processes

19 (large-scale quasistatic deformation of solids versus multi-phase fluid flow

20 in nondeforming porous media), some differences have arisen in the conceptual

21 models for the disposal system used in applications of the two codes.

22 Differences between the SANCHO and BRAGFLO conceptualizations used in the

23 1992 PA that have important implications for the representation of time-

24 varying porosity are as follows:

7 J'I " ...., • I i ! _ i J - J i i l

f: 1.0--
0.6 f=o.6---

f=0,4 ---
f=02 ......

0,5

>- 0.4

0
rr 0,3
2

0.1

0.0 ' ....' ' ' .........
0 1 2 3 4 5 6 7 8 9 10

TIME (102yr)
TRI-6342-257g,O

Figure 4.2-4. SANCHO results" porosity as a function of time for f=l.0, 0.6,

0.4, 0.2 and 0.I; piecewise constant gas-generation rates and

potentials; porosity based on BRAGFLO definition of porosity

(ratio of void volume to initial room volume); f is defined in

Figure 4.2-3.
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1 • This application of SANCHO models the behavior of a single room in an

2 infinite array of rooms, simulating behavior of the middle rooms in a

3 panel; BRAGFLO models the behavior of the entire repository for

4 undisturbed conditions and an axisymmetric cylindrical-equivalent

5 single panel for disturbed conditions.

6

7 • In the SANCHO room model, pressure and gas generation rates within the

8 waste storage area are spatially uniform; in BRAGFLO, they vary

9 spatially.

10

11 • In the SANCHO room model, the void space is completely occupied by

12 waste-generated gas; in BRAGFLO, this space is occupied by two fluid

13 phases, brine and gas.

14

15 • In the SANCHO room model, gas was not allowed to flow into or out of

16 the waste area; in BRAGFLO, gas and brine flow into or out of the

17 was te area

18

19 • In the SANCHO room model, gas is generated at a constant rate for each

20 reaction (corrosion and biodegradation) for fixed periods of time; in

21 BRAGFLO, gas generation is not constant : it varies with degree of

22 brine saturation in the waste area and continues until all of the

23 corrodible metal and cellulose or brine are consumed.

24

25 • This application of the SANCHO room model simulates undisturbed

26 repository performance for 2000 yr; these BRAGFLO simulations describe

27 both undisturbed and disturbed performance for i0,000 yr.

28

29 Modeling Assumptions

30

31 The differences discussed above between the conceptual models used in the

32 applications of the two codes led to difficulties in using the SANCHO

33 porosity results in BRAGFLO. Specifically, the implementation of time-

34 varying porosity in BRAGFLO for the 1992 PA required the following

35 assumptions :

36

37 • Halite creep is assumed to affect the porosity of the waste storage

38 area until the time of maximum repository pressure Results were

39 produced for cases in which pressure in the room increases from its

40 initial level at various rates, dependent on gas-generation rates.

41 Stress gradients between the host halite and the waste- filled room

42 were not determined when waste-room pressure fell as gas escaped.
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1 Rather than speculate on the halite response during decreasing waste-

2 pa1_el pore pressure, porosity in BRAGFLO is held constant at the value

3 it has when pressure begins to fall. Porosity is maintained at this

4 value unless and until pressure rises above its previous temporary

5 maximum. This treatment of porosity may somewhat underestimate the

6 degree of closure (overestimate porosity) by neglecting continuing

7 creep closure. However, errors introduced by this treatment are

8 believed to be small because reexpansion of the room is a relatively

g slow process compared to room closure/ consolidation, which is largely

10 complete before pressures rise sufficiently to cause increases in

11 porosity. Figure 4.2-4 _ndicates rather modest rates of increases in

12 porosity after maximum consolidation, particularly at the lower gas-

13 generation rates, compared to the dramatic decrease in porosity prior

14 to maximum closure. As discussed in the following section,

15 significant increases in waste -area porosity resulting from the

16 reversal of creep closure require pressures in excess of lithostatic.

17 As long as repository pore pressure is close to or below lithostatic,

18 porosity in the waste panel is close to its fully compacted value.

19 Limiting waste-panel porosity at this value somewhat limits the void

20 volume available to store inflowing brine and generated gas.

21

22 • The effect of halite deformation on the porosity of material in a

23 disposal room is assumed to be representative of the effect on the

24 porosity of material in an excavated panel or the entire disposal

25 region. It is recognized that the stress fields surrounding a single

26 room do differ depending on where in the panel the room is located.

27 The gross response of the halite resulting from the spatially varying

28 deviatoric and room stress on porosity is assumed to be independent of

29 the size or geometry of the WIPP excavation when implemented in

3o BRAGFLO.

31

32 • In this application of SANCHO, pore pressure and gas-generation rate

33 do not vary spatially within the waste-filled room. In BRACFLO, pore

34 pressure and gas-generation rate vary sp_tially throughout the waste-

35 disposal region. Porosity in the panels is assumed to be spatially

36 invariant in BRACFLO despite spatial variations in pressure and gas-

37 generation rate because the effective (representative) porosity is

38 correlated to the effective panel pore pressure and gas-generation

39 rate. This correlation is implemented by volume-averaging BRAGFLO

40 pore pressures and gas-generation rates within the disposal region and

41 using the average values to determine the porosity within the waste at

42 any point in time.

43

44 • It is assumed that interpolation of the data in Figure 4.2-3 yields

45 valid porosity results. The poL'osity surface (Figure 7-1 in Volume 2
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I of this report) and the data of Figure 4.2-3 were generated under

2 specific constant rates of gas generation by corrosion and

3 biodegradation and resulting pressure histories. It is assumed that

4 all pressure and gas-generation histories that can be constructed

5 within the bounds of the SANCHO results will yield valid predictions

6 of the effect of halite deformation on waste-storage area porosity.

7

8 • Results of the SANCHO simulations indicate that room porosity varies

9 with the gas-generation rate and the time. This is reasonable,

10 because in this application of SANCHO, brine is assumed not to be

11 present and gas cannot escape from the room. However, in BRAGFLO,

12 where both brine and gas occupy void space and can flow into or out of

13 the waste-storage area, the specification of time and gas-generation

14 rate will not in general result in a unique porosity. The difficulty

15 in using the porosity dependency from the no-flow, single-phase fluid

16 system of SANCHO in the multiphase system of BRAGFLO is that Figure

17 4.2-4 fails to account for the change in pressure due to the flow of

18 brine apd gas into or out of the waste room. In addition, because

19 this application of SANCHO did not include a brine phase, any effect

20 the presence of brine in the waste area might have had on halite creep

21 is not captured explicitly. If it is reasonable to assume that the

22 halite responds in part to the degree of back pressure in the waste-

23 storage area as well as the waste-storage area pore-pressure history,

24 then it follows that the porosity associated with the no-flow single-

25 phase system of SANCHO will differ from the porosity in the flowing

26 two-phase system of BRAGFLO, at the same time following sealing and

27 given the same gas-generation rate.

28

29 The results from the SANCHO room model strictly apply only to the case

30 where the pore space in the waste-disposal room is occupied by gas and the

31 gas remains in this volume. Additional SANCHO simulations are required to

32 describe more adequately the deformation of the halite when the pore space in

33 the waste area is occupied by both brine and gas and each phase is capable of

34 flowing into or out of the waste. An improved way of dealing with these

35 inconsistencies is planned for future performance assessments. As

36 implemented for 1992, the use of SANCHO results in BRACFLO are based on the

37 following assumptions about the SANCHO modeling.

38

39 , Halite deformation can be correlated in part to pore-pressure history

40 and is independent of the fluid that occupies the pore space.

41

42 • Halite deformation is independent of the amount of brine present in

43 the pore space within the room.

44
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1 • Porosity is parameterized in terms of the rate of gas generation and

2 pore pressure, but not in terms of the amount of gas present in the

3 pore space of the waste panel as calculated by BRACFLO because gas may

4 flow out of panel in BRACFLO but is confined to the room in these

5 SANCHO simulations.

6

7 The validity of these assumptions and their impact on repository

8 performance are uncertain and still under evaluation. As a result, this

9 extension of the SANCHO-calculated porosities into BRAGFLO should be viewed

10 as an initial attempt to describe the effect of halite deformation on waste-

11 storage area porosity for two-phase flow modeling.

12

13 The SANCHO results described in this section represent only a small

14 portion of the types of calculations that have been addressed with this code.

15 Although the closure inputs for the BRAGFLO calculations were derived

16 assuming a single disposal room in an infinite array of rooms, calculations

17 for a full panel of empty rooms are being completed by the Waste Isolation

18 Pilot Plant (WIPP) Disposal Room Systems Department at Sandia National

19 Laboratories (SNL). These calculations will be a first step in examination

20 of the error introduced by using single room closure to approximate the

21 response of larger portions of the repository. The results will be used to

22 examine both porosity variations within a given room and porosity variations

23 from room to room. Calculations for other two-dimensional representations of

24 the repository or its components are equally feasible, depending on the

25 required computer time. Computer time for WIPP closure solutions over

26 hundreds of years is a pressing constraint on mechanical closure analyses

27 because of the complex finite-element mesh that must be constructed to

28 represent disposal room components.

29

30 A number of calculations with SANCHO also are being completed by the WIPP

31 Disposal Room Systems Department at SNL to examine the consequences of a

32 human intrusion on post-intrusion closure. Other studies will examine

33 various features of the room model, including the effect of existing cracks

34 in halite and interbeds on gas pressurization. The effect on closure caused

35 by different waste forms will be examined. Although the current SANCHO

36 calculations did not include any fluid flow, calculations are also being

37 completed coupling the mechanical response of the room with single-phase

38 brine flow, and this coupling will be further extended to two-phase fluid

39 flow.

40

41 How SANCHO Pore Pressure Data Are Used

42

43 In SANCHO a unique pore-pressure history exists for each gas-generation

44 rate. These pressure histories are presented in Figure 4.2-5. This
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2 Figure 4.2-5. SANCHO results: pressure as a function of time for f=l.0, 0.6,

3 0.4 and 0.2 ; constant gas-generation rates for corrosion and

4 biodegradation; f is defined in Figure 4.2-3.
5

6 relationship permits the unique determination of porosity given the gas-

7 generation rate and the pore pressure instead of time, as is shown in Figure

8 4.2-6. In light of the assumptions mentioned above, the data presented in

9 Figure 4.2-6 are used direct]y in BRAGFLO. The discussion that follows

10 describes how the data in Figure 4.2-6 are used in the 1992 version of

11 BRAG FLO.

12

13 First, the current fraction of gas potential is calculated by summing

14 across all waste the cumulative moles of gas generated and normalizing this

15 sum to the moles of gas that would have been generated under the baseline

16 gas-generation conditions assumed in the SANCHO calculations. These

17 conditions are

18

19 • for corrosion: ] mole gas/(drum.yr) for ].050 yr, and

20

21 , for biodegradation: 1 mole gas/(drum.yr) for 550 yr.

22

23 To avoid extrapolation of data, this fraction is constrained to fall between

24 a value of 1.0 and 0. ].
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2 Figure 4.2-6. Modified SANCHO results as used in BRAGFLO: porosity as a

3 function of pressure for constant gas-generation rates;

4 porosity based on initial room brine; f is defined in Figure
5 4.2-3.

6

7 Second, the volume-averaged pore pressure in the waste area is calculated

8 in BRAGFLO by

9
I0 N
11 E PV
12 i=l i i
13 P = , (4.2-3)
14 N
15 E V
16 i=l i
17
18

19 where the summation is over all waste grid blocks.

20

21 Third, the porosity associated with the BRAGFLO-calculated gas-generation

22 rate fraction (f) and volume-averaged pressure is Jetermined by linear

23 interpolation of the data displayed in Figure 4.2-6. The gas-generation rate

24 fraction is calculated by first accumulating the amount of gas generated in

25 the waste over a given period of time, dividing by the length of time to give

26 an average rate, and finally normalizing to the rates associated with f=l.0.

27 These rates are given previously in this section and also in Figures 4.2-3

28 through 4.2-7. Some restrictions on the selection of the porosity are made

29 to further avoid extrapolation of the data. These restrictions, depicted on

30 Figure 4.2-7, are described below:

31
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2 F._gure 4.2-7. Limiting porosity, pressure, and gas generation in BRAGFL0

3 implementation; f is as defined in Figure 4.2-3. Point A

4 indicates maximum expanded porosity of waste (0.34), occurring

5 at a pressure of 21.43 MPa.
6

7

8 • The maximum expanded porosity of the waste is limited to a value of

9 0.34, which occurs at a pore pressure of 21.4 MPa, at Point A in

10 Figure 4.2-7.

11

12
13 • A bounding curve of porosity versus pore pressure, P (Pa), is con-

14 structed by connecting the points of maximum pressure for each of the

15 gas-generation rate curves. The equation for this bounding curve is

16

17

_ 04991601 + 0 2562233._max =0" ' (4.2-4)

22 22.2- (P) (i. 0xl0- 6)

25

_ where 0.1 < q_ < 0.34, 0 < P < 22 MPa, and using the positive root.

28

29 If the pore pressure during a BRAGFLO simulation exceeds the maximum

30 pressure associated with the current gas-generation fraction, then the

31 dependence of porosity on pressure is restricted to this bounding curve.

32
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I • The curves are followed along the direction of low to high pressure

2 only. The porosity results of SANCHO are generated only as waste pore

3 pressure increases The response of the halite to decreases in pore

4 pressure is not simulated. This is not due to a limitation in SANCHO,

5 but rather to scheduling constraints. Rather than speculate on a

6 possible hysteresis effect, porosity is assumed to remain constant if

7 waste pore pressure decreases and does not vary again until pressure

8 exceeds the level at which it first began to decrease (Figure 4.2-8).

9 If the direction path in which the data were generated is not

10 preserved, physically unreal situations can result. For instance,

11 consider the I0_ base gas-generation curve at a pressure of I MPa

12 (f = 0.I on Figure 4.2-7). If the pressure were to decrease and the

13 curve were followed, the porosity would actually increase even though

14 pressure was well below lithostatic. Similarly, if the pressure were

15 well above lithostatic and began to fall but still remained above

16 lithostatic, the porosity from Figure 4.2-6 would decrease when in

17 fact it would be expected still to increase but perhaps at a

18 decreasing rate.

19

20

o3
O
_r
O

IlL FINAL PRESSURE

PRESSURE_ti_-_ PEAK
_:'_--_ITE MPORARY

_ PRESSUREPEAK

PRESSURE
TRI-6342-2151.0

Figure 4.2-8. Hypothetical porosity/pressure path showing porosity treatment

when pressure has a maximum.
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1 Time-Step Considerations

2

3 Porosity is determined using the values of gas generation and pressure as

4 outlined above at the beginning of a time step. In B}LAGFLO, the initial

5 values at a time step are converged values at the end of the previous time

6 step. The porosity so determined is assumed to remain fixed across the

7 current time step even though pressure and gas generation (via saturation)

8 change during the intra-time iterations. The porosity is then updated at the

9 start of the next time step. This explicit treatment of porosity is

10 necessary because the more desirable implicit dating of porosity currently

11 produces convergence difficulties for some of the input sets. In implicit

12 dating, poro_.ity would change with pressure and saturation during the intra-

13 time-step iterations, and thus would change continuously across the time step

14 rather than in step changes at the beginning of each time step, as in the

15 explicit treatment. The more accurate implicit treatment is expected to be

16 included in the 1993 PA BRACFLO calculations.

17

18

19 4.2.3 Specific Storage
20

21 The mathematical celationship defining specific storage is

22

II S = Pg(_ +¢_')'s (4.2-5)

_ where Ss is specific storage (m-l), ¢ is porosity, fi is fluid compressibility

32 (pa-l), and _ is rock compressibility (pa-l). It is assumed that _ is

33 related to porosity change according to

34

II 0_ (42-6)a_ = 97 ,

42 where p is the fluid pressure in Pa.

43

44 BRAGFLO actually uses a modified rock compressibility, _',

45

46
47 l a¢ I

- . (427)
_(_ ¢ ap ¢ c_ . -
52

53 Therefore, given the values for S s, p, g, ¢, and fi, then c_ and c_' can be

54 computed. In the 1.992 PA calculations, the following parameter values were

55 used :

56
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I S s = 1.0xl0 "6 m -I (anhydrite)

2 Ss = 1.4x10 "6 m -I (halite)

3 p = 1230 kg/m 3

4 g = 9.79 m/s 2

5 4 = [0.001-0.03].

6

7

8 4.2.4 Relative Permeability 3 and Capillary Pressure4
9

10 In modeling two-phase phenomena, characteristic curves for surrogate

11 materials using either the modified Brooks-Corey formulae (Equations 4.2-8 to

12 4.2-11) (Brooks and Corey, 1964) or the van Genuchten-Parker formulae

13 (Equations 4.2-12 and 4.2-15) (van Genuchten, 1978; Parker et al., 1987) are

14 used (see Section 2.3.1 of Volume 3 of this report). The Brooks-Corey

15 relative permeability model is used for two-thirds of the calculations and

16 the van Genuchten-Parker model is used for the remaining one-third of the

17 calculations. An index parameter (0 or i) is sampled with these

18 probabilities, so that either one mode], or the other is used in any one

19 realization. The rationale for treating model uncertainty (Brooks-Corey vs.

20 van Genuchten-Parker) in this manner is discussed in the memorandum by Webb

21 dated April 30, 1992, in Appendix A of Volume 3 of this report.

22

23 The modified Brooks-Corey relationships used are as follows'

24

25 Capillary pressure, Pc, is given by

26

27 P

P = 1/A (4.2-8)

_ c Se

_ Threshold capillary pressure, Pt, is correlated to permeability (see Section

37 2.3.1 of Volume 3 of this report). Se is the effective saturation in the

38 modified Brooks-Corey model'

39

40

41

42 3. Relative permeability is a function of saturation of the phase of interest.

43 It is a value between 0 and 1 that is multiplied by the absolute

44 permeability to yield the effective permeability for that phase. Relative

45 permeabilities are empirical fits of pressure drop and flow data to

46 extensions of Darcy's law, and measurements taken at different degrees of

47 saturation result in differing relative permeabilities (see Section 7.2 of

48 Volume 2 and Section 2.3.1 of Volume 3 of this report).

49

50 4. Capillary pressure differences arise when immiscible phases exist

51 simultaneously in a porous network (see Section 7.2 of Volume 2 and Section

52 2.3.1 of Volume 3 of this report).
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I S I -Slr
S = (4.2-9)

i e i Sg r - Sir '

where S I is the liquid saturation, Sg r and Sir are the residual gas

10 saturation and residual liquid (brine) saturation, respectively, and A is the

11 pore size distribution parameter.

12

13 Relative permeability to liquid, kr,1, and to gas, kr,g , are given by
14

15 (4.2-10)16 k = S(2+3A)/A
17 r,1 e

21
22 2

30 The capillary pressure relationship, Equation 4.2-8, is used throughout the

31 entire saturation region (0. _< SI _< i.) even though, as discussed by Corey

32 (1986) , this relationship may not be appropriate at the higher liquid

33 saturations when Se > 1.0o

34

35 The relationship for the van Genuchten-Parker (van Genuchten, 1978; Parker et

36 al., 1987) characteristic curves are as follows"

37

38 Capillary pressure is

39

424_ p =pc o IS -I/m - i ] I -me , (42-12).

4_ where m = _/(i+_) and Po is a capillary pressure constant discussed later.47

5_ Relative permeability is
52
53 2

_ k = S 1 - 1 - S /mmr,l e

and

_4 k = [1- S )1/2 [ 1- S_/m] 2m (4 2-14)
b_

71 where the effective saturation Se, is now defined as72
73
74

75 S 1 - Sir76
77 S =

i_ e Sls - Slr (4.2-15)

83
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I where Sis is the maximum wetting phase saturation; a value of Sis = i is

2 used.

3

4 The same sampled values of relative permeability parameters are used for

5 halite, anhydrite, the transition zone, and the DRZ. The waste, seals and

6 backfill, experimental region, and all shaft sections use a fixed set of

7 values and the Brooks-Corey model only. Residual brine and gas saturations

8 range from 0.0 to 0.4. The Brooks-Corey pore-size distribution parameter, %,

9 ranges from 0.2 to i0o0. The van Genuchten-Parker parameter m is calculated

10 from m=A/(I+A) and ranges from 0.167 to 0.909. These parameter ranges are

11 based on parameter values for surrogate materials, as discussed in Section

12 2.3.1 of Volume 3 of this report. These parameters have not yet been

13 measured for WIPP materials.

14

15 The choice of the characteristic curve model has important implications

16 on the expected behavior of multiphase flow in porous media. The most

17 obvious effect stems from differences in the capillary pressure curve at high

18 values of brine saturation. The Brooks-Corey model assumes an irreducible

19 gas saturation, Sg r. When the gas saturation is below this residual value,

20 the capillary pressure is assumed to remain at some fixed, non-zero value,

21 known as the threshold capillary pressure. According to this model, in order

22 for gas to penetrate a brine-filled pore, the gas pressure must first exceed

23 this threshold value. This constraint effectively prohibits gas from flowing

24 into a liquid-saturated medium until it overcomes this "barrier" to flow.

25

26 In the van Genuchten-Parker model, there is no residual gas saturation,

27 and the capillary pressure is zero when the medium is fully brine saturated.

28 Thus, there is no resistance to gas flow under fully brine-saturated

29 conditions, and there is no "barrier" pressure to overcome. One incentive to

30 using the van Genuchten-Parker model is to account in a simplistic way for

"31 the effects of fingering, which is the unstable displacement interface that

32 occurs when a lower-viscosity fluid (gas) displaces a higher-viscosity fluid

33 (brine). While this complex phenomenon cannot currently be modeled

34 accurately by any method, its gross effects, such as unexpectedly rapid

35 movement of gas, can be more closely approximated using a characteristic

36 curve model such as the van Genuchten-Parker model that imposes no barrier to

37 gas penetration into a brine-saturated medium. Conceptually, the van

38 Genuchten-Parker model allows gas to migrate farther from the source (i.e.,

39 the waste) at a lower pressure than would occur under otherwise identical

40 conditions using the Brooks-Corey model.

41

42 The characteristic curve model also affects brine flow, especially with

43 the van Genuchten-Parker model when in is small (see Figure 4.2-9). Capillary

44 pressures then rise steeply as the gas saturation increases from zero, and

4-26



4.2 Material Properties
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Figure 4.2-9. Capillary pressure and relative permeability functions (from

memo from Webb to Anderson, 1992; in Appendix A of Volume 3).
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Chapter 4: Undisturbed Performance (Repository/Shaft)

1 the relative permeability curves are very steep at high brine saturations.

2 Sampled values of m that are small effectively prevent brine from flowing

3 when even a small amount of gas is present. With the Brooks-Corey model,

4 even the smallest sampled values of _ have no inhibitory effect on brine flow

5 until the gas saturation is below the residual value.

6

7 Threshold capillary pressures are determined from the correlation with

8 permeability in all regions. The van Genuchten-Parker capillary pressure

9 constant, Po, is calculated by equating the capillary pressure from each of

10 the two models at an effective saturation of 0.5, and solving the expression

11 for Po. In the waste, in the DRZ, and in all excavated regions, capillary

12 pressure is assumed to be zero. Zero capillary pressure for these regions is

13 necessary because the capillary pressure curves are not defined for

14 imbibition into a medium that has less than residu,l brine saturation. Any

15 regions where the brine saturation starts out or may become less than

16 residual (e.g., as a result of brine-consuming reactions that occur due to

17 reactions in the waste region) were modeled with zero capillary pressure.

18 However, if a maximum capillary pressure is specified and used at brine

19 saturations less than residual, assuming zero capillary pressure is not

20 necessary. Though this latter approach was not taken in the 1992 performance

21 assessment it may be adopted for future calculations so that non-zero

22 capillary pressure can be used without causing numerical problems when brine

23 saturations below residual are encountered.

24

25

26 4.3 Initial and Boundary Conditions
27

28 A major difference between the 1992 and 1991 PA calculations for

29 undisturbed conditions is in the treatment of initial conditions. The

30 primary objective of taking a new approach in modeling initial conditions has

31 been to establish a more rea-listic pressure distribution in the formations

32 surrounding the waste at the time the repository will be sealed. This time

33 is referred to here as time zero. The 1992 undisturbed calculations achieve

34 more realistic time-zero conditions by varying the initial conditions in the

35 repository over a 50-yr period immediately preceding time zero.

36

37 Before the 1992 calculations, it was always assumed that excavated

38 regions were initially at atmospheric pressure with some arbitrary degree of

39 brine saturation (various combinations of saturations were considered), while

40 all other regions were fully brine saturated at hydrostatic pressure

41 (relative to a sampled pressure at the level of MBI39). These assumptions

42 were unrealistic and produced results that may have been unrealistic for the

43 following reasons:

44
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1 • Brine in the DRZ above the waste could immediately drain down into the

2 waste, presumably having been suspended there while the repository was

3 excavated and filled. In many cases, brine from the DRZ was

4 sufficient to corrode all ferrous metal in the waste, without any

5 brine from the far field reaching the waste.

6

7 • The assumed pressure distribution imposed a large pressure gradient

8 from the Salado halite to the shaft, which at time zero resulted in

9 improbably large quantities of brine flowing from the halite into the

10 shaft, despite the low permeability of the halite.

11

12 • The unrealistically high initial pressures surrounding the repository

13 retarded migration of brine or gas from waste for much longer periods

14 of time than could reasonably be expected, although the exact effect

15 is unpredictable.

16

17 • Higher external pressures could raise the pressure in the waste more

18 quickly, in part because of the higher pressure gradient near the

19 waste, and in part because a faster influx of brine would cause gas

20 generation by corrosion to occur more rapidly.

21

22 In reality, brine will seep in continually from the surrounding

23 formations during the disposal phase of the _P. Water in the brine will

24 evaporate into the well-ventilated atmosphere of the excavations or will be

25 pumped out as standard mining practice if it accumulates anywhere. Thus,

26 formations surrounding the excavations will be dewatered and depressurized

27 while the panels are in use. Therefore, the initial conditions used in

28 BRAGFLO now reflect the impact that the time between excavation and sealing

29 of the panels will have on fluid saturations and pressures in the surrounding

30 formations.

31

32 In 1992, the time between excavation and decommissioning is modeled

33 explicitly, as detailed in Table 4.3-1. For the full repository, this phase

34 is assumed to last 50 yr. The important features of conditions during this

35 time are as follows:

36

37 ° Except for the waste, the excavated regions, and the Culebra, the

38 pressure distribution at 50 yr before time zero is hydrostatic

39 relative to the pore pressure of MBI39, which is sampled from a range

40 of 12 to 13 MPao

41

42 • Pressure at 50 yr before time zero in the waste and excavated regions

43 is atmospheric, and the waste pressure is reset to this value at the

44 end of tt,e 50-yr period.

45
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1 Table 4.3-1. Startup Procedure for Undisturbed Calculations
2

4 I. Don't allow brine inflow from 1) Set Culebra permeability to zero

5 the Culebra during
6 initialization

7 II. Simulate the panels, seals, 1) Set initial porosity to 1.0
8 backfill, shaft, and 2) Set initial brine saturation to 0.0

9 experimental region as empty, 3) Set initial pressure to 1 atm
10 newly excavated, gas-filled 4) Set residual brine and gas saturation to 0.0

11 cavities 5) Set permeability to 1.0x10-10 m 2
12 II1. Simulate DRZ as initially 1) Set initial pressure to hydrostatic relative to sampled

13 pressurized, but partially value of MB139 pore pressure
14 fractured 2) Set permeability to 1.0x10-17 m2

15 3) Set initial porosity to volume average of sampled value of
16 intact far field anhydrite and intact halite porosities (since DRZ)
17 has both)
18 4) Set initial brine saturation to 1.0

19 5) Set capillary pressure to 0.C, (so gas and brine pressures are
20 same)
21 IV. Let the system equilibrate for 1) Brine pressure in the excavation will increase slightly (-0.5%)

22 50 yr, the approximate time 2) Brine will drain down from DRZ, approaching residual saturation
23 span between excavation and 3) DRZ pressure will drop precipitously, approaching equal waste
24 sealing of the repository pressure
25 4) Let no creep closure occur

26 V. Instantly add the waste at 50 yr 1) Reset waste pressure to 1atm
27 2) Set brine saturation of waste to sampled "initial" brine
28 saturation

29 3) Set waste residual brine and gas saturations to their sampled
3o values

31 4) Set waste permeability to 1.0x10-13 m2
32 5) Set waste porosity to "initial" value calculated from sampled
33 values of volume fractions of metal and combustibles

34 6) Set reactant concentrations to "initial" values

35 VI. Adjust parameters for the DRZ 1) Change porosity to final sampled values (except for creep
36 and excavated regions closure and rock compressibility, simulating time-dependent
37 porosity is beyond current modeling capability)
38 2) Adjust brine saturation so brine content of DRZ is unchanged;
39 add gas to fill added pore volume

40 3) Reset DRZ and excavated region pressure to 1 atm
41 4) Reset brine saturation in excavated regions

42 5) Set DRZ permeability to 1.0x10-15 m2 to account for fracturing
43 6) Set Culebra permeability to 2. lx10 -14 m2
44 VIII. Resume calculation at 50 yr; 1) Begin creep closure of repository

45 this is the time normally called 2) Allow gas generation to begin in waste
46 t =0 3) Pressures outside waste, DRZ, and excavated regions start from

47 50-yr values (t -- O)

48 VIII. Continue out to 10,050 yr,
49 i.e., 10,000 yr past the time
50 normally called t= 0
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4,3 Initial and Boundary Conditions

1 • Pressure in the Culebra at 50 yr before time zero is 1.053 MPa, and

2 the far-field pressure is held at that value over the lO,050-yr

3 calculation. (The Culebra has a fixed-pressure boundary condition,

4 whereas the rest of the mesh uses a no-flow boundary condition.)

5

6 • The starting brine saturation is 1.0 everywhere except in the waste

? and other excavated regions, where the brine _aturation starts at 0.0.

8

9 • At the end of the 50-yr period, the waste is assigned its sampled

10 value of initial brine saturation, which ranges from 0.0 to 0.14.

11

12 The initial condition calculations themselves begin with initial

13 conditions similar to those used in 1991; perhaps the greatest difference is

14 simply in interpretation. What was called time zero in 1991 is now called

15 -50 yr; this is the time of initial excavation. The performance calculations

16 begin at time zero (50 yr after the initial condition calculation as

17 started); this corresponds to the time of sealing of the repository.

18

19 During the initial conditions calculation, the permeability of the

20 excavated regions is assumed _o be very high (i x i0 "I0 m2), to simulate

21 cavities. At the end of the 50-yr period, any brine that has flowed into the

22 excavated regions is ignored, since it will have evaporated or will have been

23 pumped out of the repository. The sampled initial brine saturation in the

24 waste is introduced. Pressures in all the excavated regions are reset to

25 atmospheric. Pressures there are generally barely above atmospheric (by a

26 few hundred pascals) after the 50-yr emplac,_ment period; they are reset to

27 atmospheric to reestablish realistic conditions at time zero, since at the

28 time of sealing, thp excavated regions should be at atmospheric pressure.

29 Except in the DRZ, pcessures in all the surrounding formatic _s, including the

30 transition zone and the intact ahydrite interbeds, remain as they are at the

31 end of the 50-yr period.

32

33 In the DRZ, at least the residual saturation of brine, and possibly more,

34 will remain, the rest having drained into the excavated region that will

35 later be filled with waste. At time zero, the brine remaining in '._leDRZ is

36 left there; however, the porosity is assumed to change from the initial

37 intact halite value to the final sampled DRZ porosity. This porosity change

38 increases the void volume. In order to conserve the volume of brine in the

39 DRZ, the additional void volume is assumed to be filled with gas. The

40 pressures in the DRZ will typically be slightly above atmospheric at time

41 zero. If the pressures were left at those values when additional gas is

42 introduced at time zero, it could result in a gas-drive condition that would

43 cause brine to be expelled suddenly from the DRZ into the waste at time zero.

44 To prevent this unrealistic behavior, the pressure in the DRZ is also reset

45 to atmospheric at time zero.

46
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1 The previously excavated regions will contain no brine except for the

2 initial brine brought in with the waste. The surrounding formations will be

8 depressurized and dewatered to the extent expected after being exposed to

4 ventilated air at atmospheric pressure for 50 yr. All surrounding formations

5 are fully saturated with brine at time -50 yr. Generally, at time zero, they

6 will still be fully brine-saturated (except for the DRZ). Except for the

7 DRZ, brine saturation in surrounding formations is not modified to reflect a

8 change in porosity at time zero.

9

10 The calculations proceed from this calculated initial condition for the

11 i0, O00-yr performance period. The most important effect of these more

12 realistic initial condition is that less brine will flow into the excavated

13 regions (incl_ding the waste), since the initial "surge" of brine that occurs

14 upon excavation has been eliminated, and the pressure gradients in the

15 immediate vicinity of excavations have been greatly reduced.

16

17

_8 4.4 Results and Discussion (Undisturbed Pe_ormance) ,
19

20

21 General observations are described in this section that pertain to all

22 of the calculations. Detailed statistical analyses that specific results

28 relate to specific parameter values will be discussed in a later section.

24

25 The plots presented in this section show results as a function of time

26 for all 70 realizations (vectors) on a single plot. These results enable

27 trends to be easily observed if present. Although the plots are sometimes

28 cluttered, they are useful fer illuminating general behavior and allowing

29 comparisons to be made among all of the realizations.

80

81

32 4.4.1 Repository Behavior
33

34 Pressures in the repository (Figure 4.4-i) invariably rise from the

85 initial value of one atmosphere, primarily because of gas generation. The

36 rise is not always monotonic. In many of the vectors, the pressure in the

87 waste peaks relatively early, in I000 to 2000 yr, then levels off at a

88 slightly lower value. This leveling off may be the result of gas breaking

39 through a lower-permeability barrier, such as the shaft seal, or it may occur

40 simply as gas generation ceases. Either the reactants are fully consumed or

41 no more brine can make its way into the waste to allow gas generation to

42 continue. The peak pressure among all vectors was about 22 MPa. In the

43 vectors in which the pressure peaked early, the peak was almost always

44 greater than the far-field pore pressure, so even if gas did not break

45 through any kind of barrier, the pressure would always tend to decrease. In a
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Figure. 4,4-1, Volume average gas pressure in waste.

5 few vectors, the pressure rose coilt irmall.y over t:he 1.0,000-yr performance

6 period, in some cases to pressures in excess of 1.it:hostatic (14.8 MPa),

7 wi. thout ever peaki.ng. This behavior is expected wlletl the gas-generation rate

8 is low, buc the.' initial bri.lle coiitelit ot: the wast:_', is higli elioug, h to sustain

9 reactions continuously without additional I)rine itlflux from outside the

10 repository. At. 10,000 yr, the raI_ge of pressures in the waste is very large,

11 from z4 MPa to 19 MPa. For t:l_ose realizat:iorls in whi_ch final, pressures are at

12 the lower end of the range, l it:rle ggts has been g_;nerated and all of the

13 surroundillg formations have extrelnely low perlneabi 1 it:y, thereby preventing

14 brine inflow frOlll equal i.zi_lg pressure wit:}_ the far fiel. d. For those

15 realizations ill which pressures are at the upper end of the rarlge, gas

16 generation has beell vigorous, rc, sultillg ill prc-,ssures well above lithost:at:ie.
17

18 Because of_ the implelnelltatiotl of t:he porosity surlac_., (see Sect. ion 7.3

19 in Voluine 2, of this report), pore volulne (Figure 4,4-;)) or poirosity ill the

20 waste behaves similarly alnoll_., all realizations, ll_ all cas_-s, tt_e porosity

21 drops from the itlit:ial value of 66_. during t.ht-, f.irst few }lu_dred years, as

22 the repository creeps sl_lt_. Tile porosity reacl_es a ini_iHluln between 12g a_ct

23 21%, depet_ding on t:l_e rat:e at whict_ the pressure i_n the r_,posi_tory increases,

24 primarily as a resul, t of gas gen{,ratio_l. In tl_e extreme case, in which the.
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Figure 4.4-2. Pore volume in waste.

5 pressure rises rapidly to about 21 MPa, the repository reopens to a porosity

6 of 34_, which is the maximum porosity resulting from reopening that is

7 allowed in the current implementation of the porosity surface. Most vectors

8 show much less expansion, generally to porosities of 15_ to 214. In the

9 other extreme, pressures in the repository remain so low that almost no

10 inflation occurs, and the porosity at i0,000 yr is still only 12.69. Note

11 that in the current model, porosity cannot decrease when pressure decreases.

12 This explains why, after the initial expansion that typica]ly occurs between

13 500 and 1500 yr, there is no decrease in pore volume, despite the fact that

14 in many realizations pressures in the repository decrease after that. See

15 Section 4.4.3 for further discussions of the effects of creep closure.

16

17 Although the average brine saturation in the waste varies greatly from

18 vector to vector (Figure 4.4-3), the variations with time show nearly the

19 same trends in all of the realizations. There is an initial period when the

20 brine saturation increases rapidly, peaking in 500 to 1500 yr. This rise in

21 brine saturation is a direct result of the rapid drop in porosity. As the

22 pore volume decreases, gas, but not brine, is compressed, and as a result the

23 brine saturation increases. During this same period, brine volume (or mass)

24 generally decreases, as a result of consumption by corrosion (See
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2 Figure 4.4-3. Waste average brine saturation.

3

4

5 Figure 4.4-4). Brine saturation increases initially in large part because

6 porosity reduction resulting from creep closure occurs at a faster rate than

7 brine consumption by corrosion. Once creep closure effectively ceases, in

8 most cases within 500 yr, brine saturation is no longer influenced by

9 porosity changes, although brine inflow causes brine saturation to continue

10 to rise for as much as i000 more years. Thereafter, the brine saturation

11 generally decreases--rapidly at first, at a slower rate later--as brine is

12 consumed by corrosion. Corrosion consumes as much as 29,000 m3 of brine, as

13 shown in Figure 4.4-5. Some brine may flow out of the waste; the maximum

14 among the 70 realizations was 11,000 m3 (Figure 4.4-6), but in 87% of the

15 vectors, less than 2000 m 3 flows from the waste. Only in one vector is less

16 than 2000 m 3 of brine consumed (Figure 4.4-5). Thus, in a general sense, most

17 of the brine that disappears from the waste is consumed by reaction, rather

18 than by outflow.

19

20 The rate and amount of gas generation varies greatly, as shown in Figure

21 4.4-7. Am_ ig the 70 realizations, the quantity of gas generated varies over

22 more than an order magnitude, from 2 x 106 m3 to 32 x 1.06 m3 of hydrogen, at

23 reference conditions (30°C, 1.01325 x 105 Pa). In almost all cases, gas

24 generation ceases in less than I0,000 yr. (The curves in Figure 4.4-7 become

25 flat at that point.) Apparently, gas generation as modeled ceases because
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Figure 4.4-11. Rate of gas generation from biodegradation.

5 However, Figures 4.4-12 to 4.4-17 strongly suggest that no contaminated brine

6 has flowed up the shaft. Figures 4.4-18 to 4.4-20 suggest that no

7 contaminated brine has reached the accessible environment by way of lateral

8 outward flow through the anhydrite layers or marker beds.

9

10 For contaminated brine to flow up the shaft, it must first flow either

11 through the drift seals and backfill and into the shaft, or through the DRZ

12 above and below the waste (see Figure 4.1-2). As Figure 4.4-12 shows,

13 although some brine (less than 300 m 3) has flowed from the waste into the

14 seals and backfill (in only four realizations), none has flowed from the

15 seals and backfi].l into tile shaft (Figure 4.4-13). In fact, as shown in

16 Figure 4.4-13, for the assumptions used inthe 1992 PA, there was flow between

17 these two regions in only two realizations, and it was from the shaft, rather

18 than into the shaft. In ,lore than 60 realizations, there was no flow between

t9 these two regions.

20

21 These results do not preclude the flow of contamii_ated brine from the

22 waste through the DRZ and into the shaft. However, Figure 4.4-14 shows only

23 a momentary (from tile perspective of the lO,O00-yr regulatory period) flow of

24 brine from the DRZ into the shaft and in only two of the realizations. Brine
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5 flow from the trallSitiori zorie aild MBI38 into the shaft does o(;ctir ill a few

6 realizations (Figures /i.zi-15 alld 4.4-16), but it is unlikely that t:hat brine

7 has COllie fronl the waste, since these beds are several llieters above the waste,

8 and tlle waste is ilever fully saturated with brine (Figure 4.4-3). Figure

9 4.4-17 shows that. t:llere is a large net flow of brine from tile Culebra into

10 the shaft in all but one realization, arid iri that olie realization, the brl.ne

11 flow COllies froln the hal.ite, and not from tile shaft seal. (Figure 4.4-18).

12 Finally, Figure 4.4-1.9 shows upward flow of brine through the shaft seal. Ill

13 only one realization was tllere any pitive upward flow, and it amotuited to

14 only 0.26 in3 of brine. In all. other cases, there was either no flow through

15 the seal, or there was flow dowriward. Thus, it appears highly unlikely that

16 any brine origillating ill the waste could have flowed up and out of tile shaft

17 and into the Culebra.

18

19 Ill Figures 4,4-1.2 to 4.4-16, two realizations display behavior that is

20 markedly different fronl all the i:_,st. Iri t|lese two realizations, tile

21 anhydrite pernleabi lity, a sanipled parameter, is iligher tharl irl all the

22 others, having values of 9.5 x i0 -l-7 in2 and 4.1 x 10 -1-7 ill2. Apparently, this

23 permeability is just high eriough to allow sufficieilL irlflux of bl-ille froni the

24 far field to flood the port:iorl of the shaft below the shaft seal . Bri.ne
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1 flows into the shaft from MB138 and the transition zone and from the shaft

2 into the seals, backfill region, and the DRZ. This occurs only in these two

8 realizations. It does not occur in the realization having the next highest

4 anhydrite permeability, 1.0 x 10 "17 m2, even though none of the other sampled

5 parameters in this realization differs radically from the other two

6 realizations. Evidently, the model is quite sensitive to anhydrite

7 permeability when the permeability is greater than 1.0 x i0 -17 m 2.

8

9 It is more difficult to establish that contaminated brine has not flowed

10 laterally out the anhydrite layers beyond the WIPP boundaries without more

11 detailed examination of the results, but an indirect argument can be made.

12 First, note that since the likelihood of contaminated brine flowing into the

18 shaft is negligible, it is even less likely that it could have flowed beyond

14 the shaft to the north. (As Figure 4.1-2 shows, the shaft intersects all of

15 the anhydrite layers, which are the only significant lateral flow paths.) As

16 for the southern direction, Figure 4.4-20 shows that there was no brine flow

17 south laterally out the anhydrite A and B layer. While there was some flow

18 to the south out MBI38 in some realizations (Figure 4.4-21), it is unlikely

19 that this brine came from the waste. In order for coI_taminated brine to flow

20 out the top of the waste, the repository must be saturaLed with brine, with

21 the remaining gas at the residual gas saturation of 0.07. As Figure 4.4-3

22 showed, brine saturation never exceeded 60_, and was generally less than 40_.

23 Therefore, contaminated brine flow out the top of the repository and

24 laterally out MBI38 is highly unlikely. In most realizations, there was a

25 large flow of brine toward the repository thro_gh MBI38. The only remaining

26 possibility for lateral migration of contaminated brine is south out MBI39.

27 Among the nine realizations having a positive southward brine flow (Figure

28 4.4- 22) , the maximum cumulative southward flow was less than 1800 m 3.

29 Assuming radial plug flow and a minimum porosity of 0.001, the farthest this

30 amount of brine could have flowed south out MB139 is 626 m. In Figure

31 4.4-22, some of the curves (especially the bottom two) increase after passing

32 through a minimum typically within the first i000 yr. This indicates that

33 even though the cumulative net brine flow is inward (toward the waste), there

34 can still be a large o,_tward flow of contaminated brine. In the worst case -

35 the bottom curve - 6600 m 3 of brine flows out of the waste into MBI39.

36 However, in this particular realization, the porosity of MB139 is 0.0041 and

37 the maximum gas saturation of MBI39 is only 0.065, so the 6600 m 3 still flows

38 out no farther than 626 m. (The distance of 626 m is the distance to the far

39 end of the farthest: grid block into which contaminated brine could have

40 flowed.) In fact, this quantity of brine would not have flowed past the WIPP

41 site boundary even with the minimum MBI39 porosity of O.001 and an improbable

42 gas saturation throughout MBI39 of 50_, Thus, it is unlikely that: any

43 contaminated brine could have flowed laterally beyond the WIPP site
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I boundaries (approximately 2400 m beyond the repository) in the undisturbed

2 scenario.

3

4

4.4.3 Creep Closure Effects
6

7 The same set of 70 calculations that was described above was repeated

8 with the only change being that creep closure of the waste was not allowed to

9 take place dynamically. Instead, the porosity of the waste was held constant

10 at a partially closed state (except for very small pressure-dependent

11 compressibility effects). These calculations were done to determine what

12 effect creep closure dynamics, as currently implemented, have on the results.

13 These calculations will be referred to as "fixed-porosity" calculations to

14 indicate that dynamic closure was not modeled, even though the repository is

15 actually assumed to have crept to a final-state porosity.

16

17 The overall effect of modeling creep closure dynamically was minor.

18 Pressures in the waste are generally higher without dynamic closure, but only

19 because the fixed value of porosity is lower than the porosity calculated

20 dynamically. Higher pressures result in gas flowing farther out the

21 anhydrite layers. However, potentially contaminated brine still does not

22 reach the disposal-unit boundary when a fixed porosity is used.

23

24 With creep closure modeled dynamically, the panel porosity was initially

25 664 and dropped as creep progressed, leveling off at 124 to 214. In the

26 fixed-porosity calculations, the waste panel porosity was initially 194,

27 which is the median final-state porosity of the waste. (See Table 3.4-1 in

28 Volume 3 of this report.) The porosity was allowed to vary only as a result

29 of the non-zero compressibility of tile waste; because tile value used for

30 compressibility of the waste is very small (1.6 × 10 .9 pal), the porosity

31 increased only I. 1 percentage points even under the ma×imum pressures (Figure

32 4.4-23). This analysis helps to illustrate the significance of creep closure

33 in assessing the performance of the WIPP. A1thougll only the early time

34 dynamics are accounted for in the current implementation, that is the period

35 during which the greatest changes occur and durirlg which transient effects of

36 closure should have the greatest impact on the perfornlance of the WIPP.

37

38 Pressure profiles from the fixed-porosity runs (Figure 4.4-24) are very

39 similar to the calculations that include closure. The most apparent

40 differences are in the peak pressures, which now are as high as 34 MPa,

41 compared with 22 MPa with creep closure. Pressures are generally higher when

42 the creep closure process is not modeled. This occurs because, as mentioned

43 above, the porosity used in the fixed-porosity calculations is lower

44 initially but the brine volume is the same, so with less pore volume in which
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I to store the gas, pressures increase much more rapidly and go much higher,

2 even though the amount of gas generated is roughly the same. Note that the

3 pressure profiles and the pore volume profiles are identical in shape. The

4 porosity is calculated as an exponential function of pressure, but because

5 the compressibility is so low the function is essentially linear in pressure.

6

7 Most of the results from the BRAGFLO fixed-porosity calculations are

8 nearly identical to the results that included creep closure dynamics.

9 Compared with the 10,000-yr regulatory period, creep closure transients are

10 brief; a nearly constant final closed state is reached in only a few hundred

11 yr (as currently modeled). Most flow phenomena in the vicinity of the

12 repository take place at very low rates because of the low permeabilities of

13 the surrounding strata. Only the chemical reactions (corrosion and

14 biodegradation) occur rapidly. The initial brine volume was the same (for a

15 given realization) in both calculations, and the low inflow and outflow rates

16 changed that volume little over the first few hundred years, so the extent of

17 the reactions was largely unaffected by the different porosities in the two

18 sets of calculations. Thus, profiles of the remaining iron and cellulose

19 content of the waste (Figures 4.4-25 and 4.4-26), and the total cumulative

20 gas generated (Figure 4.4-27), look very similar in both the closure and

21 fixed-porosity calculations (Figures 4.4-8, 4.4-10, and 4.4-7, respectively).

22 After a few hundred years, conditions in the fixed-porosity calculations are

23 very close to those in the closure runs, because by then porosities in the

24 creep closure calculations have reached stable values tllat range from about

25 13_ to 25_, similar to those in the fixed-porosity calculations (19_). The

26 exceptions are those few realizations in which t:he pressure rose rapidly and

27 sufficiently high in the closure calculations to result in significant

28 reinflation. In these, the stable final-state porosities are much higher

29 (26_ to 34_) than the porosities used in the fixed-porosity calculations, so

30 pressures and other responses differed more substantial].y in the two sets of

31 calculations,

32

33 Where the two calculations differed most was in the pressure-sensitive

34 fluid- flow behavior, including gas flow out the Culebra, MBI38, and the

35 anhydrite A and B layer, and brine flow out MBI39. Differences resulted from

36 the lower average porosity in the fixed-porosity calculations, which produced

37 higher pressures in the waste. The higher pressures forced gas farther out

38 the gas flow paths, and pushed brine farther out MBI39. However, the maximum

39 volume of brine that flowed laterally out MBI39 (3540 m 3) was still not

40 enough to reach the accessible environment boundary, even if the porosity of

41 MBI39 had been 0.001 (the low end of the sampled range) in the realization

42 producing the highest brine flow.

43

44
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Figure 4.4-27. Total cumulative gas generated from corrosion and

biodegradation, without creep closure.

6 4.4.4 Comparisons with 1991 Results
7

8 The 1992 undisturbed performance calculations can be compared with two

9 earlier sets of calculations (WIPP PA Department, 1992), the first done on a

10 single panel scale (similar to the 1.992 disturbed performance calculations),

11 and the second done on a full repository scale (similar to the 1992

12 undisturbed performance calculations).

13

14 The implementation of creep closure in the 1992 performance assessment

15 resulted in significant differences in repository behavior, particularly in

16 the pressure histories. Whereas peak pressures in the 1992 calculations are

17 around 22 MPa, in the previous analyses they peaked at 17 MPa in the panel-

18 scale calculations and 16 MPa in the full-repository (undisturbed)

19 calculations. This resulted from the lower porosities obtained from creep

20 closure. With creep closure, final waste porosities ranged from 13_ to 34_.

21 In the previous analyses without creep, closure porosities ranged from 33_ to

22 609. Waste pore volumes were ]_early constant through time in all previous

23 calculations, the only variat, ion resulting from compressibility of the waste.

24
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1 There was, however, no net effect on performance. Neither in previous

2 analyses nor in the 1992 PA was there any release of contaminated brine to

3 the accessible environment in the undisturbed scenario. This result could

4 change when pressure-dependent fracturing of anhydrite interbeds is

5 implemented in the model in 1993, because pressures exceeding lithostatic

6 could cause greater migration through fractured marker beds. However,

7 because of the high degree of nonlinearity in the model, it is impossible to

8 predict with any certainty what effect fracturing will have until the

9 calculations are performed.

10
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1 5. DISTURBED PERFORMANCE
2

3

4 5.1 Repository/Shaft
5

6

7 5.1.1 Model Geometry
8

9 The model geometry for disturbed performance (i.e., scenarios in which

10 the waste-disposal region is intruded by an exploratory borehole) of the

11 repository/shaft system modeled by BRAGFLO 1 differs from that used for

12 undisturbed performance (Section 4.1), and is based on a radial-panel

13 approximation scaled to match the initial excavated volume of a single

14 equivalent panel. The model uses axisyn_etric geometry with the intruding

15 borehole as the axis of symmetry (Figure 5.1-1) to represent one of the ten

16 waste-disposal panels (labeled 1 through i0 in Figure 4.1-1) and the

17 surrounding stratigraphy (also shown in Figure 4.1-1). Differences between

18 this model geometry and the rectangular geometry used to simulate undisturbed

19 performance reflect the different purposes of the two sets of analyses, and

20 result in performance estimates from the two geometries that are not in all

21 regards directly comparable.

22

23 Several assumptions are implicit in the axisymmetric model:

24

25 • As Figure 4.1-1 shows, the intruding borehole is located a].ong the

26 axis of symmetry of the cylindrically shaped equivalent panel. Strata

27 directly above and below the panel are also represented by cylindrical

28 elements. Strata adjacent to the panel are ring-shaped cylindrical

29 elements surrounding the panel cylinder.

80

31 • The volume of the equivalent panel equals approximately one-tenth of

32 the total storage volume of the repository. This smaller volume is

33 based on the assumption that the pane], seals will prevent fluid flow

34 between each of the ten panels; therefore only one of the repository's

35 ten panels is compromised by a borehole intrusion. The volume of this

36 equivalent pane], is assumed to equal the volume of one of the eight

37 full-size waste-emplacement panels. The impact of allowing no flow

38 between panels following human intrusion will be examined in future

39 PAs.

4O

41

42 1.The BRAOFLO compuUational model is described in Appendix A of Volume 2 of

43 this report and in the literature cited therein. A discussion of multiphase

44 flow through porous media, which BRAOFLO models, is provided in Section 7.2

45 in Volume 2 of this report.
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i i

TRI-6342.1476-0

Figure 5.1-1. Schematic representation of the axisymmetric cylindrical model

used for calculating disturbed performance of the

repository/shaft system.
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5.1 Repository/Shaft

1 • Because flow of radionuclides up the exploratory borehole is the

2 dominant radionuclide transport mechanism, radionuclide transport

3 through the panel seals towards the existing shafts can be ignored.

4 Therefore, the drift and shaft systems are omitted entirely from the

5 model, and the mesh resolution is coarse in the strata surrounding the

6 repository.

7

8 Figure 5,1-2 shows a vertical slice of the axisymmetric model. The

Q region extends vertically 695 m from the top of the Culebra Dolomite Member

10 of the Rustler Formation down to a hypothetical brine reservoir in the

11 Castile Formation underlying the repository. The total radius is

12 approximately 26 kin. Stratigraphic units included in the model are the

13 Culebra Dolomite, the intact halite of the Salado Formation, MBI38,

14 anhydrites A and B lumped into a single anhydrite layer, MBI39, a disturbed

15 rock zone (DRZ) surrounding the waste-storage area, and a transition zone

16 above the DRZ overlying the waste-storage area.

17

18

19 5.1.2 Material Properties
2O

21 Material properties for disturbed performance of the repository/shaft

22 system are discussed in detail in Volume 3 of this report. The following

23 material properties, which apply specifically to disturbed performance of the

24 repository/shaft system, are discussed below in the following order:

25

26 • permeability,

27

28 • porosity,

29

30 • specific storage,

31

32 • relative permeability,

33

34 • brine and gas saturations,

35

36 • capillary pressure,

37

38 • Castile Formation brine reservoir pressure and storativity,

39

40 • radionuclide inventory, and

41

42 • radionuclide solubility

43

44 All of the above material properties except radionuclide inventory and

45 radionuclide solubility are used by BRAGFLO. These two material properties

5-3



Chapter 5: Disturbed Performance

w _ 1 Elevation (m) AY(m) I--E"
823.40

18 16 v, Culebra 7.70
815.70

17 15 '1 136.00
679.70

16 14 J
i Halite 476.58 203. t 2

15 13 i 396,58 80.00i
14 12 i Anhyddte MB138 0.18

396,40i
13 11 , Transition Zone Halite 9.06

12 10 = DRZ Anhydrlte a & b 387.34 0,27387.07
11 9 2.62

384.45

t0 8 0.99

9 7 Waste Panel Halite 0.99 3.96
8 6 0.99

7 5 i 380.49 0.99
i

6 4 I DRZ 379.1 t 1.36

I Anhyddte MB139 378.26 0.855 3 i
I

4 2 i Halite 316.26 60,00
i

3 1 I 178.10 140.16

i Castile 137.70 40.402 I
' Castile Brine Reservoir I1 126.00 9.70i .. 1

_l _ _ 8 8 _ 8 88 88 8 88 888888 8d d "-
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calculating disturbed performance of the repository/shaft

system.
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5,1 Repository/Shaft

1 are input to the PANEL computational model, which is used to model

2 radionuclide dissolution and mixing with brine flow up the intrusion

3 borehole. PANEL is discussed further in Section 7.4 in Volume 2 of this

4 report.

5

6 5.1.2.1 PERMEABILITY

7

8 Permeability Ranges

9

10 Assumed permeability values for the disturbed repository/shaft, shown in

11 Figure 5.1-3, are listed below in order of increasing permeability

12

13 • Halite is assigned a range of permeabi].ity values from 1.0 x 10 -24 to

14 1.0 x I0 "19 m 2 .

15

16 • The anhydrite interbeds (MBI38, MBI39, and anhydrite A and B) and the

17 transition zone above the DRZ overlying the waste-disposal panel are

18 assigned a range from 1.0 x 10 "21 to 1.0 x i0 "16 m 2 .

19

20 • 1.0 x i0 "15 m 2 is assigned to the DRZ.

21

22 • 2.1 x 10 -14 m 2 is assigned to the Culebra.

23

24 • 1.0 x 10 "13 m 2 is assigned to the waste.

25

26 • 1.0 x i0 "II m 2 is assigned to the Castile brine reservoir.

27

28 The Castile Formation (except for the brine reservoir) is assigned a

29 permeability of zero. This is necessary to prevent the pressure in the brine

30 reservoir from decaying before an intrusion occurs.

31

32 As discussed in Section 4.2.1, the permeability range for the anhydrite

33 interbeds (i.0 x 10 "21 to 1.0 x I0 -16 m 2) is extended to reflect some

34 increase in permeability associated with fracturing. The interbed fracturing

35 process, however, is not modeled in the 1992 calculations.

36

37 Culebra Permeability

38

39 For each of the 70 transmissivity fields used in the 1992 PA analysis, an

40 area-weighted hydraulic conductivity was computed for the repository/shaft

41 calculations. The conductivity was estimated for a circular region 5 km in

42 radius centered at the intrusion borehole location. 2

43

48 2.For undisturbed calculations, this region is a 5-km-radius region centered

46 about the waste storage area.
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5.1 Repository/Shaft

1 BRAGFLO uses intrinsic permeability (a property of the ,nedium alone;

2 usually referred to in this report slmply as permeability) rather than

3 hydraulic conductivity (which includes properties of the fluid) for the

4 Culebra Dolomite above the repository. The relationship i.s given by

5

6
7 K#
8 k ......... , (5.1.-1)
9 pg

10
11

12 where k is intrinsic permeabilit:y (m2), K is hydraulic conduct:ivit.y (m/s), 1,

13 is fluid viscosit:y (Pa.s), p is fluid mass density (kg/m3), and g is the

14 gravitational constant (m/s2). The median value of hydraulic conductivity

15 was used and fluid propert:i.es for Culebra bri. t_e were obt:alned from the

16 property data base, The following wilues were used'
17

18 K = 2.24 x 10 -7 m/s,

19

20 # = O. 001 Pa. s,

21

22 p = 1090 kg/m 3, and

23

24 g = 9. 7 9 lll/..q 2 .

25

26 resulting in an intrinsic permeability, k, of 2.1 x 10-1.4 m2.

27

28 5.1.2.2 POROSITY

29

30 Fixed (Time-lnvariant) Porosity

31

32 Assumed porosity values for the disturbed t'eposttory/shaft that. do not

33 change in time, shown in Figure 5.1-4, are listed below'

34

35 • Halite, the anhydrite interbeds, and the translt-ion zone are assigned

36 a range of porosity values from 0.001 to 0.03.

37

38 • A slightly larger range of porosi, ty values t.s assigned to the DRZ. As

39 is explained in Section 2.4.4 of Volume 3 of this report, the DRZ

40 range is determined by Equation 4.2- l (Section 4,2.2.1)

41

42 • The waste prior to cl.osure modeling i.s assigned a value of 0.660.

43
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5,1 Repository/Shaft

1 Variable (Time-Varying) Porosity

2

3 The 1992 calculations for the first time take into account time-varying

4 changes in panel porosity caused by creep closure of the panel. Input is

5 from the computer code SANCHO. The reader is referred to Section 4.2.2.2 for

6 a complete discussion of how the SANCHO porosity results are incorporated

7 into BRAGFLO. Observations applying specifically to the disturbed

8 repository/shaft environment appear as footnotes to the text in Section

9 4.2.2.

10

11

12 5.1.2.3 SPECIFIC STORAGE

13

14 Specific storage values for the disturbed repository/shaft system are

15 calculated based on the relations presented by Equations 4.2-5, 4.2-6, and

16 4.2-7 (Section 4.2.3).

17

18

19 5.1.2.4 RELATIVE PERMEABILITy3 AND CAPILLARY PRESSURE4

20

21 In modeling two-phase phenomena, characteristic curves using either the

22 Brooks-Corey formulae (Brooks and Corey, 1964) or the van Cenuchten-Parker

23 formulae (van Cenuchten, 1978; Parker et al., 1987) are used (see Section

24 2.3.1 of Volume 3 of this report). The Brooks-Corey relative permeability

25 model is used for two-thirds of the calculations and the van Genuchten-Parker

26 model is used for the remaining one-third of the calculations. An index

27 parameter (0 or i) is sampled with these probabilities, so that either one

28 model or the other is used in any one calculation.

29

30 Relative permeability pa_'ameters are varied and are the same for all

31 materials except the waste and DRZ, which use a fixed set of values and the

32 Brooks-Corey model. Residual brine and gas saturations range from 0.0 to

33
34

35

36 3.Relative permeability is a function of the saturation. It is a value between

37 0 and 1 that is multiplied by the absolute permeability to yield the

38 effective permeability. Relative permeabilities are empirical fits of

39 pressure drop and flow data to extensions of Darcy's law, and measurements

40 taken at different degrees of saturation result in differing relative

41 permeabilities (see Chapter 7 of Volume 2 and Section 2.3.1 of Volume 3 of

42 this report).

43

44 4.Capillary pressure differences arise when the gas and brine phases flow

45 simultaneously through a porous network (see Chapter 7 of Volume 2 and

46 Section 2.3,1 of Volume 3 of this report).
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I 0.4. The Brooks-Corey parameter, A, ranges from 0.2 to i0.0. The van

2 Genuchten-Parker parameter m is calculated from m=A/l+A. The choice of the

3 characteristic curve model has important implications for the expected

4 behavior of multiphase flow in porous media (see discussion in Section

5 4.2.4).

6

7 Threshold capillary pressures are determined from the correlation with

8 permeability in all regions, as described in Section 2.3.1 of Volume 3 of

9 this report. The van Genuchten-Parker capillary pressure constant, Po, is

10 calculated by equating the capillary pressure from each of the two models at

11 an effective saturation of 0.5, and solving the expression for Po. In the

12 waste, in the DRZ, and in all excavated regions, the capillary pressure is

13 assumed to be zero. In the 1992 performance assessment, zero capillary

14 pressure for these regions is assumed because the capillary pressure curves

15 are not defined for imbibition into a medium that has less than residual

16 brine saturation. Any regions where the brine saturation starts out or may

17 become less than residual (e.g., as a result of brine-consuming reactions)

18 were modeled with zero capillary pressure. However, assuming zero capillary

19 pressure may not be necessary in future calculations (see Section 4.2.4).

20

21

2;, 5.1.2.5 CASTILE BRINE RESERVOIR PRESSURE AND STORATIVITY

23

24 In disturbed performance of the repository/shaft system, an exploratory

25 borehole can penetrate a pressurized brine pocket in the Castile Formation

26 underlying the repository (see Section 4.3.3.2 in Volume 2 of this report).

27 In order to calculate the effects of Castile brine flow through the waste

28 following intrusion, brine pressure and storativity are required inputs.

29 Initial pressure is assumed to range between 12.6 and 21.0 MPa; storativity

30 is assumed to range between 0.2 and 2.0 m3/pa.

31

32

33 5.1.2.6 RADIONUCLIDE INVENTORY

34

35 Radionuclide inventory ranges for remote-handled (RH) and contact-handled

36 (CH) waste vary by radioisotope. A complete list of ranges by isotope is

37 provided in Table 3.3-I of Volume 3 of this report.

38

39

40 5.1.2.7 RADIONUCLIDE SOLUBILITY

41

42 Radionuclide solubility varies by element. The lowest value is -16.5

43 log(molar) for plutonium and the highest value is 1.26 log(molar) for radium.
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1 Complete information on radionuclide solubilities is provided in Section

2 3.3.5 of Volume 3 of this report.

3

4

5.1.3 Initial and Boundary Conditions
6

7 As with the calculations for undisturbed conditions, a major difference

8 between the 1992 and 1991 PA calculations for disturbed conditions of the

9 repository/shaft system is in the treatment of initial conditions (Section

10 4.3). The primary objective of taking a new approach in modeling the initial

11 conditions has been to establish a more realistic pressure distribution in

12 the formations surrounding the waste at the time the repository will be

13 sealed. This time is referred to here as time zero. The 1992 calculations

14 achieve more realistic time-zero initial conditions by varying the initial

15 conditions in the repository over a 20-yr period immediately preceding time

16 zero.

17

18 As explained in Section 4.3, it was previously assumed that excavated

19 regions were initially at atmospheric pressure with some arbitrary degree of

20 brine-saturation, while all other regions were fully brine-saturated at

21 hydrostatic pressure. In reality, brine will seep in continually from the

22 surrounding formations during the operational phase of the WIPP. Water in

23 the brine will evaporate into the well-ventilated atmosphere of the

24 excavations, or will be pumped out as a standard mining practice if it

25 accumulates anywhere. Thus, formations surrounding the excavations will be

26 partially dewatered and depressurized during the operation.

27

28 The operational phase for disturbed conditions is now modeled more

29 explicitly, as detailed in Table 5.1-I. The importat_t features of conditions

30 during the operational phase are as follows:

31

32 • Because the disturbed-performance calculatiorls are performed on a

33 panel sc,_le (Section 5.1.I), the operational phase is assumed to last

34 20 yr rather than the 50-yr period used for the repository-scale

35 undisturbed calculations (Section 4.3) The _O-vr time period was

36 chosen to incorporate some of the effects of other panels. While a

37 single panel will not be likely to be open for 20 yr (except for the

38 North and South Equivalent Panels), adjacent panels will be undergoing

39 excavation or completing operations while each panel is being filled,

40 and the formations surrounding a panel will be disturbed during

41 operat ion.

42

43 • Except for the waste, the excavated regions, and the Culebra, the

44 pressure distribution at 20 yr before time zero is hydrostatic
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1 Table 5.1-1. Startup Procedure for Disturbed Calculations
3

4 I. Simulate the panel as an empty, 1) Set initial waste porosity to 1.0
5 newly excavated, gas-filled cavity 2) Set initial waste brine saturation to 0.0
6 3) Set initial waste pressure to 1 atm
7 4) Set initial waste residual brine and gas saturation to 0.0
8 5) Set initial permeability to 1.0x10-10 m2
9

10 II. Simulate DRZ as initially 1) Set initial pressure to hydrostatic relative to sampled value of
11 pressurized, but partially fractured MB139 pore pressure
12 2) Set initial permeability to 1.0x10-17 m2
13 3) Set initial porosity to volume average of sampled value of
14 intact far field anhydrite and intact halite porosities (since
15 DRZ has both)

16 4) Set initial brine saturation to 1.0
17 5) Set capillary pressure to 0.0 (so gas and brine pressures are
18 same)
19
2o III. Let the system equilibrate for 20 1) Waste pressure will increase slightly (--0.5%)

21 yr, the approximate time span 2) Brine will drain down from DRZ, leaving residual saturation
22 between excavation and sealing of 3) DRZ pressure will drop precipitously, to equal waste pressure
23 the repository 4) Let no creep closure occur
24
25 IV. Instantly add the waste at 20 yr 1) Reset waste pressure to 1 atm
26 2) Set brine saturation of waste to sampled "initial" brine
27 saturation

28 3) Set waste residual brine and gas saturations to their sampled
29 values

30 4) Set waste permeability to 1.0x10 -13 m2

31 5) Set waste porosity to "initial" value calculated from sampled
32 values of volume fractions of metal and combustibles

33 6) Set reactant concentrations to "initial" values
34
35 V. Adjust parameters for the DRZ 1) Change porosity to final sampled values (except for the creep
36 and Culebra closure and rock compressibility, simulating time-dependent
37 porosity is beyond current modeling capability)
38 2) Adjust brine saturation so brine content of DRZ is unchanged;

39 add gas to fill added pore volume
40 3) Reset DRZ pressure to 1 atm
41 4) Set DRZ permeability to 1.0 x 10 -15 m2 to account for

42 fracturing
43
44 VI. Resume calculation at 20 yr, 1) Begin creep closure
45 this is the time normally called 2) Allow gas generation to begin

46 t = 0 3) Pressures outside waste and DRZ start from 20- yr values
47
48 VII. Continue out to 10,020 yr,
,_9 i.e., 10,000 yr past the Time
5O normally called t = 0
51
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I relative to the pore pressure of MBI39, for which a sampled range of

2 12 to 13 MPa is used.

3

4 • Pressure at 20 yr before time zero in the waste and excavated regions

5 is atmospheric, and the waste pressure is reset to this value at the

6 end of the 20-yr period.

7

8 • Pressure in the Culebra at 20 yr before time zero is 1.053 MPa, and

9 the far- field pressure is held at that value over the 10,020-yr

10 calculation. (The Culebra has a fixed-pressure boundary condition,

11 whereas the rest of the mesh uses a no-flow boundary condition. )

12

13 • The starting brine saturation will be 1.0 everywhere except in the

14 waste panel (there are no other excavated regions in disturbed

15 scenarios except maybe the borehole, but it doesn't exist until i000

16 yr have elapsed), where the brine saturation starts at 0.0.

17

18 • At the end of the 20-yr operational period, the waste is emplaced

19 instantaneously and assigned its sampled value of initial brine

20 saturation, which will range from 0.0 to 0.14.

21

22 The initial-condition calculations themselves begin with initial

23 conditions similar to those used in 1991; perhaps the greatest difference is

24 simply in interpretation. What was called time zero last year is now called

25 -20 yr; this is the time of initial excavation. The performance calculations

26 begin at time zero (20 yr after the initial-condition calculation has

2z started); this corresponds to the time of sealing of the repository.

28

29 For the initial-conditions calculation, the permeability of the excavated

30 regions is assumed to be very high (I x i0 -I0 m 2) to simulate cavities. At

31 the end of the 20-yr operational period, any brine that has flowed into the

32 excavated regions is ignored, since it will have evaporated or will have been

33 pumped out of the repository. The sampled initial liquid saturation in the

34 waste is introduced. Pressures in all the excavated regions are reset to

35 atmospheric. Pressures there will generally be barely above atmospheric (by

36 a few hundred pasca]s); they are reset to atmospheric to reestablish

37 realistic conditions at time zero, since at the time of sealing, the

38 excavated regions should really be at atmospheric pressure. With the

39 exception of the DRZ pressures in all the surrounding formations, including

40 the transition zone and the apbvdrite..,_ il_terbeds, remain as they are at the

41 end of the 20 yr.

42

43 ]n the DRZ, at ].east the residual saturation of brine, and possibly more,

44 will remain, the rest having drained into the excavated region that will

45 later be filled with waste. At time zero, porosity is assumed to change from
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the initial iiltact halite value to the final sampled DRZ porosity. This

porosity change increases the void volume. In order to conserve the volume

of brine in the DRZ, the additional void volume is assumed to be filled with

gas. The pressures in the DRZ will typically be slightly above atmospheric

at time zero. If the pressures were left at those values when additional gas

is introduced at time zero, it could result in a gas-drive condition that

would cause brine to be expelled suddenly from the DRZ into the waste at time

zero. To prevent this unrealistic behavior, the pressure in the DRZ is also

reset to atmospheric at time zero.

The previously excavated regions will contain no brine except for the

initial liquid brought in with the waste. The surrounding formations will be

depressurized and dewatered to the extent expected after being exposed to

ventilated air at atmospheric pressure for 20 yr. All surrounding formations

are fully saturated with brine at time -20 yr. Generally, at time zero, they

will still be fully brine-saturated (except for the DRZ). Except for the

DRZ, the brine saturation in surrounding formations is not modified due to a

change in porosity at time zero.

The ca].culatioIls proceed from this calculated initial condition for the

lO,O00-yr performance period. The most important effect of these more

realistic initial corlditions is that ]es:; brine will flow into the excavated

regions (including tl_e waste), siI_ce t]_e initial "surge" of brine that occurs

upon excavatiot_ has been eliminated, and the pressure gradients in the

immediate vicinity of e::cavatiolls have beer_ greatly reduced.

5.2 Results and Discussion (Disturbed Performance)

As with the resul ts of the unclisturbeci performance calculations, some

general descriptions of the results for disturbed performance calculations

are provided here. Plots showing the time dependence of various resu]_ts

include all 70 realizations (vectors), which allows trends to be observed and

gross behavior comparisons to be made among all the vectors. Scenarios

analyzed (E2 and EIE2) are defined in Section 2.2 of this volume and

described in more detail in Section 4.2.3.2 of Vo].ume 2 of this report.

5.2.1 E2 Scenario

5.2.1.1WASTEPANELBEHAVIOR

The time deperlderlce of pressures in the waste pane], is shown in Figure

5.2-1 for all 70 realizations. In only two of the vectors does the peak
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Figure 5.2-I. E2 scenario, intrusion at I000 yr' volume average gas pressure
in was te.

8 pressure exceed lithostatic (-14.8 MPa), probably as a result of rapid gas-

9 generation rates and high initial brine content in the waste.

10

11 At the time of human intrusion, i000 yr, the waste panel pressure in all

12 of the vectors drops precipitously (except for two cases in which the

13 pressure was so low that intrusion had no immediate effect) . After

14 intrusion, two general types of behavior can be seen. The more common

15 L-esponse is for the pressure to continue to decrease after the intrusion.

I_ The other response is for the pressure to rise again relatively rapidly

17 following a period of low or s]owly decreasing pressure. The time lag

18 between intrusion and repressurization lasts from 500 to over 8000 yr.

19 During this time, gas that has filled the panel is driven up the intrusion

20 borehole as brine flows into the waste through the anhydrite layers

21 (principally MBI39). Once the panel is filled with brine (except for

22 residual gas and, in some cases, large trapped bubbles), brine begins to flow

23 up the borehole, eventually filling the borehole to the Culebra. Once the

24 borehole is filled with brine, the pressure in the waste reaches hydrostatic

25 relative to the Culebra pressure, and then levels off. Pressure fluctuations

26 can be seen in the pressure profiles in Figure 5.2-i with a rapid buildup in

27 pressure as the borehole fills with brine followed by the pressure leveling

28 off at hydrostatic, approximately 7 MPa. There are two realizations in which
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1 the pressure levels off at much higher values. It is not clear why in these

2 two realizations, the pressures level off at such high values. The only

3 parameter that distinguishes these two from the other 68 is that they have

4 the highest sampled anhydrite permeabilities, which would have provided good

5 communication to the higher far-field pressures. In these two vectors, there

6 are no other extreme values among all other parameters that were sampled.

7 However, vectors having similarly high anhydrite permeabilities did not

8 result in final pressures intermediate bet'._een the two high ones (>ii.I MPa)

9 and all the rest (<7.8 MPa). This may be a ,case where the model is extremely

10 sensitive to certain combinations of sampled parameters, and the sampling was

11 not sufficiently detailed in the range of parameters over which the model is

12 most sensitive.

13

14 Panel porosities follow the same trends as seen in the undisturbed

15 performance calculations. From the initial waste porosity of 669, the

16 porosity drops rapidly, bottoming out at 129 to 219 in 300 to i000 yr. All

17 vectors behave quite similarly, since the creep closure process, as currently

18 modeled, does not allow much deviation from a median closure rate. Only

19 vector 59 shows a different response; in this case, very high pressures were

20 obtained as a result of high gas-generation rates before the human intrusion

21 occurred, and the panel inflated to the maximum allowed porosity, 34_. None

22 of the other vectors indicated sufficient pressure before the intrusion to

23 cause inflation. As Figure 4.2-7 shows, the pressure in the waste must reach

24 at least 6 MPa at low gas-generation rates and as high as 18 MPa at high gas-

25 generation rates before expansion of the panel is noticeable. After

26 intrusion occurs, creep closure is no longer allowed; only compressibility of

27 the waste affects the porosity, and that effect can barely be detected in the

28 plots of waste pore volume (Figure 5.2-2). Thus, the porosity is nearly

29 r-.nstant after intrusion.

30

31

32 5.2.1.2 BOREHOLE INTRUSION EFFECTS

33

34 In 14 of the 70 realizations, brine from the waste flowed up the

35 borehole into the Culebra. The maximum cumulative brine flow from the waste

36 was 16,300 m 3 . As Figure 5.2- 3 shows, a group of five vectors has

37 substantial flows up the borehole over the lO,000-yr performance period

38 (ranging from 7200 m 3 to 16,300 m3); another group of nine vectors had much

39 lower flows (from 800 m3 to 2600 m3). Judging from the pressure profiles

40 (Figure 5.2-1) there were two more vectors in which brine flow occurred into

41 the borehole, but which had no release to the Culebra within i0,000 yr. In

42 all of the other vectors, the panel did not fill with brine, and therefore

43 there was no release up the borehole. In most of these cases, the

44 permeability of the surrounding formations was simply too low to allow enough

45 brine to flow in to fill the panel.
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1 5.2.1.3 FLOW IN ANHYDRITE LAYERS

2

3 It is hypothetically possible for contaminated brine to flow out one of

4 the anhydrite layers to beyond the WIPP boundaries. This possibility cannot

5 be ruled out completely based upon these BRAGFLO simulations alone, since

6 specific particles within the brine have not been tracked. However, it can

7 be shown to be highly unlikely given the assumptions of these calculations

8 using information on the amount of brine flow from the panel. Figures 5.2-4

9 and 5.2-5 show cumulative brine flow from and toward the panel, respectively,

10 in MBI38. The greatest outflow was only 120 m 3, which is not enough to fill

11 the pore space in MBI38 between the panel and the WIPP boundary. The

12 quantity of brine that flowed toward the panel in MBI38 varied from zero to

13 8000 m 3 . Given the low probability of contaminated brine even reaching

14 MBI38, which lie. arly 12 m above the panel, it appears to be unlikely that

15 contaminated brine can flow out as far as the WIPP boundary. Similarly,

16 Figure 5.2-6 shows that almost no brine flows out the anhydrite A and B

17 layer, while as much as 12,000 m3 may flow in (Figure 5.2-7). The most

18 likely conduit for contaminated brine flow from the waste is MBI39. Figure

19 5.2-8 shows that in one case 2500 m 3 of brine flowed out MBI39 from the waste

20 panel. Without tracking particles, it cannot be stated with complete

21 certainty that contaminated brine has not flowed out MBI39 to the WIPP

22 boundary. However, if the porosity is as low as can be expected, 0.001, this

23 brine would travel only 935 m radially from the panel, well short of the WIPP

24 boundaries. Note that MBI39 is the major conduit for brine inflow; as much

25 as 38,000 m3 of brine flowed into the waste via MBI39 in these calculations

26 (Figure 5.2-9). Based on these calculations, the only probable release

27 conduit from the waste is up the borehole. Some contaminated brine may

28 migrate outward along the marker beds, but not enough to constitute a release

29 to the accessible environment. This assumes that the anhydrite layers do not

30 fracture as the pressure in the waste increases and radial flow occurs along

31 a uniform front. The effects of fracturing will be accounted for in the 1993

32 PA calculations.

33

34

35 5.2.1.4 EFFECTS OF CREEP CLOSURE

36

37 The same set of 70 realizations described above was repeated with the

38 only change being that creep closure of the waste was not allowed to take

39 place. The objective was to determine what effect creep closure, as

40 currently implemented, has on the results. With creep closure, the panel

41 porosity was initially 669 and dropped to 129 to 219. In the calculations

42 without dynamic creep closure, the waste-panel porosity was initially 19&,

43 which is the median final-state porosity of the waste. (See Table 3.4-1 in

44 Volume 3 of this report.) The porosity was allowed to vary only as a result

45 of the non-zero compressibility of the waste; because the value used for
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I compressibility of the waste is very small (1,6 x 10 -9 pa'l), the porosity

2 varied less than 1.2_ even under high pressures (Figure 5.2-10). These

3 simulations are therefore referred to as tile "fixed-poroslty" case. This

4 analysis illustrates the sigr_ificance of creep closure, to the limit of

5 current modeling assumptions, In assessing the performance of the WIPP,

6 Although only the early time dynamics are accounted for in the current

7 implementation, it is during that time period when the greatest changes

8 occur, so it should be the period during which closure should have a major

9 impact on the performance of the WIPP.

10

11 Overall, dynamically modeling creep closure results In only minor

12 differences compared with using a fixed porosity. Transient behavior prior

13 to the intrusion, such as pressure i.n the repository, may be very different.

14 However, after lO,000 yr, to'_al gas production is nearly identical, and the

15 release of contaminated brine to the Culebra averages about I_ less with

16 dynamic creep closure. Comparisons of results are complicated because the

17 two sets of calculatlons must start with different initial conditions. The

18 closure calculations start with 66_ porosity and a sampled inltial brine

19 saturation in the waste, which translates into a certain initial brine

20 volume, Because the rate and volume of gas production |s strongly dependent

21 on the initial brine volume, the fixed-porosity calculations were initialized

22 with this same brine volume, rather than the same briI_e saturation. However,

23 because the pore volume in the fixed-porosit:y calculations is initially much

24 lower, the pressure in the waste rises more rapidly aI_d much higher, even to

25 unrealistic values. The alterrlative would be to start witl_ the sam(_ initial

26 brine saturation, but then the initial brilm volume would be less, so

27 pressures would rise much more slowly, and much less gas would be produced.

28

29 As expected, pressure profiles from t.lle fixed-porosity runs (Figure

30 5.2-11) show some major differences prior t.o hUlllan [rltruslon, The most

31 obvious differences are in t:l_e peak pressures, which now are as high as 38

32 HPa, compared with 22 MPa with creep closure. Pressures are: generally higher

33 without dyna,nic closure u1_t.il the intrusion occurs. This results, as

34 mentioned above, because the porosity used in the fixed-porosity eal.culations

35 i.s lower initially while the brine volume is the same. With less pore volume

36 in which to store the gas, pressures inrrt, ase more rapidly and go higher,

37 even though the amount generated is roughly the same.

38

39 Following intrusioi_, t:he waste pressures are very similar in both the

40 dynami.c c].osure and fixed-porosi, ty result:s, sillc(, by then t:l_e porosit:ies are

41 Of similar magnitude, much o[ t.t_(, bri,_e tl_at is il_[t:ial, ly present: has been

42 consumed, and the gas I_as I)ee1_ vented t_o t tie same low- pressure s i l_k ( the
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1 Culebra). Comparison of plots of t:he remaining iron and cellulose content

2 for the fixed-porosity runs wit}_ those for the runs that include dynamic

3 creep closure reveals a greater extent of reaction early on in the fixed

4 porosity set that seemed to affect: about a third of the realizations (Figure

5 5.2-12). However, except for lowering those particular curves, the general

6 shape of most of the plots is quit:e similar. This further illustrates that

7 the behavior in the two sets of runs differs little after intrusion.

8

9 Plots of the total cumulative gas generated show some distinct

10 differences (Figure 5.2-13), especially in the rat__._eeof gas generation (i.e.,

11 the slopes of the curves). However, after I0,000 yr, the amount of gas that

12 has been produced is approximately the same in both the dynamic closure and

13 fixed-porosity calculations. The fixed-porosity calculations started with

14 higher brine saturation. Since the gas generation rate is dependent on the

15 brine saturation, the rate is higher initially [n the fixed-porosity runs.

16 The initial reactant concentrations are the same ill both calculations, as is

17 the initial brine volume in the waste. Thus, the total gas produced is

18 nearly the same with and without dynamic closure.

19

20 The maximum amount of brine tllat flowed up the borehole is slightly less

21 with dynamic closure (Fi.gure 5.2-14). The largest: cumulative brine flow up

22 the borehole in the calculatiol_s with closure was 16,300 m 3' in the fixed-

23 porosity calculations, it was 17,800 m 3 Among the nonzero flows, the

24 average cumulative flow was 5490 m 3 in the dynamic closure calculations and

25 4850 m 3 in the fixed-porosity runs. In the dynamic closure calcu].ations, 14

26 of the 70 vectors showed some positive flow of brine to the Culebra; in the

27 fixed-porosity calculations, 16 vectors had some positiw_ cumulative flow,

28 although two of those amounted to less than 20 m 3. Among the other 14 fixed-

29 porosity nonzero- flow vectors, the average cumulative flow was 5540 m 3,

30 slightly more than the closure average. The net e[-l!ect of including dynamic

31 creep closure as it is currently implemented, therefore, is to decrease

32 slightly the estimated release of contaminated brine to the Cul.ebra, although

33 the difference is very small, averaging less than 1_.

34

35

36 5.2.1.5 COMPARISONS WITH THE 1991 PA RESULTS

37

38 It is useful to compare the 1 c:_¢_'_.,,_disturbed performat_ce calculations wi. th

39 those from the 1991 performance assessme_t. Significallt changes since 1991

40 include some parameter \,alue cllanges (in most cases, only the range of

41 sampled values changed; there was still some overlap in the parameter

42 ranges), and the inclusion of creep closure in ]992. In the 1991 performance
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I assessment, in the E2 scenario with an intrusion at I000 years, there were 17

2 instances of brine release up the borehole among the 60 vectors, or 289. In

3 the 1992 performance assessment, 14 of 70 vectors resulted in borehole

4 releases, or 209. The more detailed analyses described later in this report

5 indicate what parameter changes or conceptual model changes produced this

6 small difference in the number of releases. In 1991, the maximum release in

7 an E2 scenario was about 45,000 m3; in 1992 it is 16,300 m 3. Both volumes

8 are small relative to brine releases from the EIE2 scenario (Section 5.2.2).

9

10 The maximum pressure observed in the 1992 performance assessment, 22

11 MPa, is higher than that obtained in 1991, when the maximum was less than 17

12 MPa. However, peak pressures in excess of lithostatic were seen in only two

13 vectors in 1992; except for those two, the highest pressures seen were about

14 13 MPa. And except for the two vectors in which the pressure remained at ii

15 to 12 MPa for most of the i0,000 yr, the pressures in the waste settled into

16 a range from 1 to 7 MPa. In the 1991 performance assessment, more than lOp

17 of the vectors maintained pressures higher than 7 MPa. Under "norma]."

18 circumstances, if the borehole fills with brine, the waste pressure should

19 level off at around 7 MPa, which is hydrostatic relative to the Culebra,

20 where the pressure is modeled as constant at 1.05 MPa. When pressures remain

21 in excess of 7 MPa, the waste is either over-pressured with gas, or it is in

22 excellent communication with the far field, where fluid pressures may exceed

23 hydrostatic.

24

25

26 5.2.2 EIE2 Scenario
27

28

29 5.2.2.1 WASTE PANEL BEHAVIOR

30

31 The time dependence of pressures in the waste panel is shown in Figure

32 5.2-15. Up to the time of intrusion, I000 yr, the behavior is identical to

33 that in the E2 scenario. In only two vectors does the pressure rise above

34 lithostatic. In most cases, the pressure rises steadily, at widely varying

35 rates, until the intrusion occurs. From that point on, the behavior differs

36 greatly from the E2 scenario. In the majority of vectors, the pressure

37 undergoes some rapid transients immediately following the intrusion. In some

38 cases, there is a sudden depressurization when the intrusion borehole

39 connects the pressurized panel with the lower-pressure Culebra. In other

40 instances, the pressure in the waste is still low at the time of intrusion,

41 and it increases suddenly when the borehole connects the panel with the

42 pressurized Castile brine reservoir. In most of the runs, a relatively

43 steady pressure is attained fairly quickly at a value intermediate between

44 the pressure in the Castile and in the Culebra. These pressures range from

45 about 7.5 MPa to 13.7 MPa. In about one-third of the vectors,
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4 Figure 5.2-15. EIE2 scenario, intrusion at i000 yr" panel pressure.

5

6

7 there is a time lag between the intrusion and attainment of this steady

8 pressure. During this period, panel pressure is not yet strongly influenced

9 by the Castile pressure because of low borehole permeability, small borehole

10 diameter, or sufficient gas generation in the waste to retacd flow of brine

11 up the borehole. Whatever the cause, it takes anywhere from a few hundred to

12 several thousand years for good' communication to be established between the

13 Castile and the Culebra, which will occur once the borehole becomes

14 completely filled with brine from the Castile to the Culebra. A few vectors

15 show erratic pressure behavior over the full I0,000 yr. This behavior

16 results from borehole permeabilities that are too low to keep the waste pane]_

17 filled with Castile brine. Pressures in the waste in these realizations

18 fluctuate as some brine starts to flow up the boreho]e from the waste, but

19 then is displaced as gas generation consumes brine and newly generated gas

20 refills the borehole. Civen sufficient time (perhaps tens of thousands to

21 hundreds of thousands of years), these pressures would eventually level out

22 at hydrostatic pressure relative to the Culebra, after all gas generation

23 ceases and brine from the far field refills the panel.

24

25 Because creep closure is not modeled after the intrusion occurs, the

26 waste porosities in the FIE2 scenario are nearly identical to those in the E2

27 scenario. The only differences result from different pressure histories

28 after the intrusion, which affects porosity because the waste is still
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1 assumed to be compressible. However, the effects on porosity are

2 insignificant.

3

4

5 5.2.2.2 BOREHOLEINTRUSIONEFFECTS

6

7 In all but: two realizations, brine flows up the intrusion borehole from

8 the waste (Figur_ 5.2-16). Cumulative nonzero brine flows at I0,000 yr

9 range from 156 to 9.8 x 10 5 m 3 There is a strong correlation between

10 borehole permeability and cumulative brine flow up the borehole. The three

11 vectors with the highest brine flows also have the highest sampled borehole

12 permeabilities. It is assumed that all of this brine is contaminated with

13 radionuclides from the waste. As currently modeled, most of this brine would

14 flow directly from the Castile to the Culebra with little mixing with the

15 waste unless mixing was assumed. However, the EIE2 scenario involves lateral

16 flow through the waste, rather than simply vertical flow through the waste,

17 so all of the brine flowing up the borehole is assumed to flow through the

18 waste. (Calculation of radionuclide releases, using PANEL [see Table 2.4-i],

19 involves elemental solubility and radionuclide inventory, in addition to

20 brine flow rate.)

21

22 The amount of brine that flows through the waste is large compared to

23 the E2 scenario; the maximum cumulative flow is a factor of 60 higher. This

.0 --" ! " i " i • 1 " 1 .....
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Figure 5.2-16. EIE2 scenario, intrusion at I000 yr' cumulative brine flow

up the borehole.
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1 has a major effect on corrosion and biodegradation. The ready availability

2 of brine results in all of the iron content in the waste being consumed in

3 all but five realizations, and all of the cellulose being consumed in all but

4 two realizations (Figures 5.2-17 and 5.2-18). Compare this with the E2

5 scenario, in which the only brine available had to flow in from the far field

6 through the relatively impermeable (compared to the intrusion borehole)

7 anhydrite layers. In the E2 scenario, iron remained in the waste after

8 i0,000 yr in 55 of the vectors (Figure 5.2-17) and cellulose was unreacted in

9 30 vectors (Figure 5.2-18).

10

11 The effect of this greater consumption of degradable materials in the

12 waste is to generate more gas. Whereas the maximum cumulative gas generated

13 in the EIE2 scenario is nearly identical to that in the E2 scenario (3.60 x

14 10 6 m 3 H2 at reference conditions vs. 3.64 x 106 m3), the average cumulative

15 gas generated was 2.6 x 10 6 m3 , compared with 2.0 × 106 m 3 in the E2

16 scenario. Most vectors in the EIE2 scenario resulted in 1.4 × 10 6 m 3 to 3.3

17 x 10 6 m3 H 2 (Figure 5.2-19), compared to a lower arid broader range of 0.6 x

18 10 6 m 3 to 3.I x 10 6 m 3 for the E2 scenario (Figure 5.2- 19b) . However,

19 because of the much higher brine flow rates in the EIE2 scenario, the higher

20 gas- generation rates and volumes affected the release of brine up the

21 borehole less than in the E2 scenario, in which the presence of gas tended

22 more to interfere with the flow of brine.

23

24 5.2.2.3 BRINE FLOW IN ANHYDRITE LAYERS

25

26 The behavior of the anhydrite layers in the EIE2 scenario is essentially

27 identical to the E2 scenario. Only in four vectors was there any net outward

28 flow of brine from the waste panel, and the maximum amounted to only 68 m 3.

29 In all other vectors, the net cumulative flows were inward (Figures 5.2-20),

30 and ranged up to 36,000 m 3. The bulk of the flow (typically 65_), came in

31 from MBI39; about 20_ came in through anhydrite A and B, and the remainder

32 (about 15_) came through MBI38. In considering possible lateral flow of

33 contaminated brine to the accessible environment, it ,lay be more useful to

34 look at absolute outward flows, rather than net flows, since brine that has

35 flowed outward may leave adsorbed contaminants even after the flow has been

36 reversed. In this case, there were four vectors in which there was no

37 outward flow at all. The maximum cumulative outward flow in any of the

38 anhydrite layers was 2500 ,i3 in MBI39 (Figure 5.2-2].). Even at the minimum

39 porosity of 0.001, under the present modeling assumptions this brine could

40 have traveled out MBI39 no more than 500 m. So, as with the E2 scenario, it

41 is improbable that contaminated brine can reach the accessible environment

42 (2500 m from the panel) by Ineans of lateral f.low through the anhydrite

43 layers, assuming again that these layers do not fracture as the pressure in
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1 generated differs very little in the fixed-porosity calculations from the

2 calculations with dynamic creep closure.

3

4 The fixed-porosity calculations resulted in cumulative brine flows up

5 the borehole that were nearly identical to those from the c].osure

6 calculations (Figures 5.2-16 and 5,2-23). Whereas the maximum cumulative

7 flow in the closure calculations was 9.79 x 10 5 m 3, it was 9.77 x 10 5 m 3 in

8 the fixed porosity calculations. The average flow in the closure

9 calculations was 9.71 x 104 m3 and 9.70 x 104 m 3 in the fixed porosity

10 calculations, In both sets of runs there were only two vectors that produced

11 zero brine flow to the Culebra. Despite some major effects on transient

12 behavior (such as waste pressures), the current dynamic creep closure model

13 has no net effect on the performance assessment compared with the fixed-

14 porosity model.

18

16 5.2.2,5 COMPARISON WITH THE 1991 PA RESULTS

17

18 The maximum cumulative release of contaminated brine to the Culebra is

19 higher than in the 1991 performance assessment' 1.24 x 10 6 m 3, compared with

20 6.75 x 10 5 m 3 in the 1991 performance assessment. This can be attributed

21 almost entirely to the borehole permeabilities used in those particular

22 vectors, As long as pressure in the Castile is high enough to drive brine

23 all the way to the Culebra, and borehole permeability is high, then

24 cumulative flows to the Culebra are proportional to borehole permeability.

25 This observation reflects the dominant role that borehole permeability plays

26 in controlling flows in an EIE2 intrusion. Confirmation of that observation

27 is provided by the following results' The ratio of the maximum flow in the

28 1992 performance assessment to the maximum flow in the 199]. performance

29 assessment is 1.84; the ratio of the borehole permeability in the 1992 vector

30 with maximum flow (]..0 x I0 -II m 2) to the borehole permeability in the 1991

31 vector with maximum flow (5.5 x 10 -12 m 2) is 1.82. Under these conditions

32 (high borehole permeability and sufficiently high Castile pressure), none of

38 the other sampled parameters has much impact on releases to the Culebra.

34 However, when the borehole permeability is not high, other parameters come

35 into play. This is apparent when one considers that the average cumulative

36 flow to the Culebra calculated in the 1992 performance assessment is 126,000

87 m3, whereas the average obtained last year was 70,400 m 3, even though the

38 ranges of borehole permeabilities and diameters and Castile pressures that

39 were sampled were the same in 1992 as in 1991.

40

41 In the 1992 performance assessment, only two of the 70 realizations

42 resulted in zero flow to the Culebra. In the 1991 performance assessment,

43 there were also only two realizations (out of 60) with zero flow. In both

44 the 1991 and 1992 calculations, EIE2 intrusions almost always result in

45 releases to the Culebra.

46
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2 6. DISTURBED PERFORMANCE:
3 CULEBRA GROUNDWATEF_ FLOW AND TRANSPORT
4

5

6 This chapter describes the implementation of the 1992 PA model for

z groundwater flow and radionuclide transport in the Culebra Dolomite Member

8 of the Rustler Formation. The computer codes used are SECO-FLOW for

9 groundwater flow and SECO-TRANSPORT for radionuclide transport. Both codes

10 are described in Chapter 7 and Appendix C of Volume 2 of this report. Flow

11 is calculated in seventy different transmissivity fields that are described

12 in Chapter 7 and Appendix D of Volume 2 of this report and by LaVenue and

13 RamaRao (1992).

14

15

18 6.1 Conceptual Model
17

18 The conceptual model for flow in the Culebra Dolomite Member of the

19 Rustler Formation is essentially unchanged from that used in the 1990 and

20 1991 PA (Bertram-Howery ef al., 1990; WIPP PA Division, 1991b, Section

21 6.].). As discussed in Chapter 7 of Volume 2 of this report, conceptual

22 models for transport have been modified to a11ow a more complete

23 representation of the possible affect of clay linings in fractures on both

24 physical and chemical retardation. Geologic and hydrologic information

25 supporting the flow and transport models are described in Chapter 2 of

26 Volume 2 of this report. Major aspects of the models are as follows.

27

28 • Single-porosity Darcian flow. Results of hydrologic tests on wells

29 completed in the Culebra are consistent with the response of a

30 heterogeneous medium obeying Darcy's law (Jones et al., 1992). Results

31 of some well tests indicate dual-porosity response during the early

32 part of the tests (Beauheim, 1987; Jones et al. , 1992). This is

33 interpreted to be caused by disequilibrium between pressure in

34 coextensive fracture and matrix porosity sets. Because the time of

35 pressure equilibration between the porosity sets is much smaller than

36 the time scale of processes considered in the human-intrusion scenario,

37 the Culebra is modeled as a heterogeneous single-porosity medium for

38 the purpose of fluid- flow calculations. (Dual -porosity effects on

39 transport are considered, however, as discussed below.)

40

41 • Two--'.mensional flow. Most hydrologic test wells in the Culebra are

42 completed across the entire vertical extent of the unit. Parameters

43 derived from tests on these we].Is are therefore composite or average

44 values over the vertical e×tent of the member, Although flow is known

45 to be localized to particular elevations wi. thin the Culebra at several

46 wells (Mercer and Orr, 1979), there is insufficient information to
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Chapter 6: Disturbed Performance: Culebra GroundwaterFlow and Transport

1 characterize vertical variability of hydrologic properties within the

2 Culebra. A vertically integrated two-dimensional model has therefore

3 been adopted,

4

5 , No flow through upper and lower boundaries. Potentiometric differences

6 between the Culebra and other members of the Rustler Formation suggest

7 that vertical flow between the members is extremely slow over the WIPP

8 and in much of the surrounding study area (Beauheim, 1987', Brinster,

9 1991). The present conceptual model i,ncludes impermeable upper and

10 lower boundaries on the Culebra. The validity of the assumption that

11 leakage between the Culebra and the over- and underlying units carl be

12 neglected is uncertain, and the importance of posslble vertical flux

13 will be examined when information is available from regional three-

14 dimensional hydrologic modeling being conducted by the SNL Fluid Flow

15 and Transport Department.

18

17 • Flow in Nash Draw parallel to the axis of the draw. Nash Draw is

18 believed to be a major sub-surface drain for the Rustler Formation west

19 of the WIPP (Davies, 1989; grinster, 1991). Groundwater flow in the

20 draw is therefore assumed to parallel the topographic axis of the draw.

21 ' --

22 • Pressure equilibrium and flow prior to wiPP construction. Time

23 constants of pressure changes due to compression of the fluid and

24 matrix are small compared to time constants of fluid density changes,

25 transmissivity changes, or other transient processes affecting

26 pressure, For any subdomain of the Culebra, and in the absence of

27 fluid sources or sinks within the subdomain, the Culebra pressure is

28 assumed to be currently in equilibrium with pressures around the

29 boundary of the subdomain.

30

31 • Future flow-field transients induced by external changes, The future

32 state of the Culebra flow field is assumed to differ from the present

33 state through regional c]_imate change, Climate change is assumed to

34 affect recharge and di.scharge rates external to the model domain, and

35 therefore to influence flow within the model domain through a change in

36 boundary pressures (memorandum by Swift in WIPP PA Dtvisi.on, 1991c;

37 WIPP PA Division, 1991b; Swift, 1993).

38

39 • Transport decoupled from flow. In the human intrusion scenario, one or

40 more boreholes create a long-term connection between the repository and

41 the Cu!ebra. Hydrologic properties of the borehole limit potential

42 fluid discharge to the Culebra to approximately 80 m3/yr. This rate of

43 fluid injection is assumed to have no impact on the prevailing Culebra

44 flow field (Reeves et al., 1991). Fluid injected from the repository
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1 is also assumed to have no effect on Culebra fluid density. Estimation

2 of the Culebra flow field and estimation of radionuclide transport

3 through this flow field are, therefore, considered as separate

4 problems.

5

6 • Dual-porosity transport. Matrix and fracture porosities that are

7 coextensive and communicating can result in local disequilibrium

8 between radionuclide concentrations between the fracture and matrix

9 (Jones et al., 1992). The time constant associated with this

10 disequilibrium is determined by the rate of exchange of radionuclides

11 between the porosity set_ and the radionuclide storage capacity of the

12 fracture and matrix. Because this equilibration time may be

13 significant in comparison to the time scale of source-term

14 concentration change, a dual-porosity transport model has been adopted.

15 The 1992 conceptual model for dual-porosity transport differs from that

16 used in 1991 in that porosity of the clay linings within fracture is

17 modeled explicitly, and diffusion may occur in both the clay linings

18 end the dolomite matrix (see Section 7.6 of Volume 2 of this report).

19 Alternative conceptual models are examined with and without clay

20 linings and dolomite matrix porosity (see Section 5.1 of Volume 1 of

21 this report and Chapter 8 of this volume). Available information is

22 insufficient to confirm or refute these alternative conceptual models

23 at this time. Proposed tracer tests may provide additional information

24 to support a choice of transport model (Beauheim and Davies, 1992).

25

26 • Linear equilibrium sorption of radionuclides. In addition to

27 hydrodynamic processes, radionuclide concentrations in Culebra

28 groundwater are assumed to be affected by geochemical interactions with

29 the host rock. Reversible sorption is assumed to be the only mechanism

30 on interaction of the radionuclides with the rock (Tra_th et al.,

31 1992). Sorption is further assumed to follow a linear Freundlich

32 isotherm, with different coefficients describing sorption on the

33 dolomite matrix and the clay linings in fractures. Chemical

34 retardation of radionuclides by sorption is believed realistic, but, by

35 agreement between the DOE and the State of New Mexico, cannot be

36 considered in a final compliance evaluation unless supported by

37 experimental data (US DOE and the State of New Mexico, 1981, as

38 modified). Experimental programs are in progress or planned to reduce

39 these uncertainties, including laboratory-scale radioactive tracer

40 tests in core samples (US DOE, 1992, and references cited therein) and

41 nonradioactive tracer tests between well locations in the Culebra

42 (Beauheim and Davies, 1992).

43

44
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6.2 Model Geometry

6.2.1 Regional Domain

The regional domain (Figure 6.2-i) is 25 x 30 km, with the long axis

oriented 38 degrees east of north. The grid (Figure 6.2-2) consists of 50 x

57 x 1 (x,y,z) blocks and has varying spacing in the x-y plane, reflecting

the spatial distribution of transmissivity data from wells. Grid spacing

is finer in the central portion of the model in the vicinity of H-3, H-II,

WIPP-13, and the shafts. Grid-block dimensions range from 50 m near the

center of the site to approximately 2800 m at the model boundary. The

vertical dimension of the grid is 7.7 m, and is the mean thickness of the

Culebra Dolomite MembeL- of the Rustler Formation in the WIPP area (LaVenue

et al., 1988).

The rotated orientation of the grid and the location of a model boundary

along the axis of Nash D]Taw were chosen to take advantage of the draw as a

natural no- flow symmetry boundary. Locations and orientations of the

regional model boundaries are the same as those used in the 1991 PA (WIPP PA

Division, 1991b) .

6.2.2 Local Domain

The 5.75 x 6.625 km local domain (Figure 6.2-1) is oriented with its long

dirnension north-south, and the grid (Figure 6.2-2) consists of 46 x 53 x 1

(x,y,z) blocks, each of which is 125 x 125 m. The vertical thickness of the

blocks is 7.7 m, and is the same as the thickness of the regional grid. The

intrusion borehole is assumed to intersect the Culebra di_rectly over the

center of the disposal region (see the followi.ng Section 6.2.3 for a

discussion of the location of this point). The local, grid is positioned to

place the int_Tusior_ bor_-_,ho]e at a grid-block center. Fluid flow and !nass

transport in the ]oc_t] domain at-e so].ved usi.r_g reg.ional head so]_utions as

[x_put boundary condi tions.

6.2.3 Location of the Intrusion Borehole

The location of the intl.-usion borehole in the local domain is held

con: tant in all 70 real_izati.olls at a point directly above the cenrer of the

waste-disposa] region. Specifica].ly, the ir_tersection of the intrusion

borehole and the Cutebra is l_ocat:ed above the center of: the cerltral pillar

separating the: souti_ern and northern equivalent panels (panels 9 and 10 on

Figure 4,1-1). See Figure 3.1,2 in Volume 3 of this volume for a scale

drawing providing coordinates for this point,

i
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TRI.6342-612-11

Figure 6.2-i. Regional and local domains for groundwater flow and transport
calculations.
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ional Grid

Local Gr_
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TRI-6342-2680-0

Figure 6.2-2. Grids for regional and local domains for groundwater flow and
transport calculations.
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1 The choice of a fixed location for the intrusion borehole is an

2 assumption made for convenience in defining computational scenarios and

3 determining scenario probabilities (WIPP PA Division, 1991b, Chapter 2).

4 Spatial variability of future drilling events is assumed to be uniform, and

5 the straight-line distance between the center of the waste-disposal region

6 and the subsurface boundary of the accessible environment is therefore the

7 mean distance between an intrusion and a regulatory release point. As

8 discussed in the following paragraphs, this distance is approximately 2.4

9 km. Based on the planned dimensions of the waste-disposal region (Figure

10 3]? in Volume 3 of this report), the actual straight-line distance from a

11 randomly-located intrusion borehole to the accessible environment boundary

12 may be as much as approximately 315 m more or less than this mean distance.

13 As shown in Section 6.8.3 of this report, modeled flow does not occur along

14 straight lines, and transport distances are therefore somewhat greater than

15 the minimum distance.

16

17 The shortest horizontal distance from waste to the accessible environment

18 is a straight line south from any of the southern panels to the WIPP land-

19 withdrawal boundary at the southern _ge of either sections 32 or 33, T22S,

20 R31E (Figure 6.2-3). Based on the surveyed location of the southern end of

21 the South Drift (WEC, 1988) and the north-south dimensions of sections 29

22 and 32, T22S, R31E, as scaled from the Los Medafios 7.5 minute topographic

23 quadrangle (USGS, 1985a), this distance is estimated to be 2414 m (7916 ft).

24 Possible sources of error in this estimate are as follows:

25

26 • Gonzales (1989) noted that the WIPP survey coordinates for the

27 northeast corner of section 29, T22S, R31E give a location about 12 m

28 south of that indicated by the USGS coordinates for the same point.

29 Gonzales (1989) concluded that the WIPP survey was more reliable, and

30 the distance reported here is based on WIPP survey coordinates.

31

32 • Accuracy in scaling from the topographic map is estimated to be ± i0 m.

33

34 • No estimate is made here of the accuracy of either the WIPP survey or

35 the topographic map.

36

37 • No estimate is made of the precision "_th which future excavations will

38 match present design.

39

40 • Possible horizontal emplacement of remote-handled transuranic (RH-TRU

41 waste) in the southern walls of the southern panels is nut included in

42 this estimate.

43

44
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Figure 6.2-3. Position of the waste-emplacement panels relative to the WIPP
boundaries and surveyed sect_ion lines (US DOE, 1989).
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Boundary and initial Conditions

1 6.3. Material Properties
2

3 The most important hydrologic property used in modeling the flow and

4 transport pathways is the transmissivity of the Culebra. In the 1992 PA, 70

5 groundwater transmissivity fields (presented in Appendix C of Volume 3 of

6 this report) were generated using a multiple-realization technique to

7 account for spatial variability of the transmissivity field within the

8 Culebra (LaVenue and RamaRao, 1992; see also Section 6.8 of this volume and

9 Section 7.5 of Volume 2 of this report). Each of the 70 realizations in the

10 1992 PA used a different transmissivity field and a corresponding different

11 flow solution. All other hydrologic parameters were held constant, at

12 values described in Volume 3 of this report. The only sampled parameter

13 affecting flow within the transmissivity fields was the climate factor,

14 discussed in the following section. Sampled parameters affecting

15 radionuclide transport are described in Chapter 3 of this volume, and

16 include distribution coefficients for each radionuclide, fracture porosity

17 and spacing, matrix porosity, the fraction of fracture openings lined with

18 clay, and the porosity of the clay linings.

19

20

21 6.4 Boundary and InitialConditions
22

23 Three different types of boundary conditions were used for the regional

24 domain: no-flow, time-dependent head, and fixed head. Locations in which

25 these boundary conditions were applied are shown in Figure 6.4-1. As

26 previously noted (Section 6.2.1), a no-flow boundary was used along a

27 portion of the northwest side of the domain, coinciding with the axis of

28 Nash Draw beginning 4.0 kln NE of the origin of the domain at its western

29 corner and continuing to 18. 595 kln NE. No-flow boundaries were also

30 assigned to the NE portion of the domain, from 30 km NE, 17.3 kln SE to

31 27.240 km NE, 25 km SE. These northeastern no-flow boundary segments

32 correspond to a region of low permeability in the Culebra (see Chapter 2 of

33 Volume 2 of this report).

34

35 Time-dependent heads were used to simulate possible effects of

36 climatically varying recharge (see Sections 6.4.1 and 6.4.2, following), and

37 were assigned to a 21.505 km "recharge strip" surrounding the northern apex

38 of the regional domain. Specifically, time-dependent heads were used along

39 the northwestern boundary between 18.595 km NE, 0 km SE and 30 km NE, 0 km

40 SE, and along the northeastern boundary from 30 kln NE, 0 km SE to 30 km NE,

41 I0 km SE. Heads within this strip were prescribed as a function of a

42 sinusoidal climate function applied to the initial calibrated heads derived

43 from the steady-state solution for each transmissivity field (see Sections

44 6.4.1 and 6.4.2).

45
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Figure 6,4-1. Boundary conditions for regional domain.
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I All other boundary conditions were fixed (time-invariant) heads based on

2 the steady-state solution for each transmissivity field (see Section 6.8.2),

3 and therefore were different for each realization.

4

5 As with the fixed boundary heads, initial heads within the regional

6 domain were determined from the steady-state solution for each

7 transn, issivity field. No vertical flow (i.e., leakage) was allowed within

8 the model domain. Possible effects of leakage into or out of the Culebra

9 will be examined in future PAs when a three-dimensional model for regional

10 groundwater flow is available.

11

12 As previously noted, boundary and initial conditions for the local domain

13 were determined by the solution of flow in the regional domain. Because the

14 the local grid elements do not exactly overlay the regional grid elements,

15 SECO-FLOW interpolates boundary conditions for the local grid.

16

17

1_ 6.4.1 Climatic Variability
2e

22 As discussed in more detail iJ_ Swift (1993) and Section 2.2.3.2 of Volume

23 2 of this report, climate in southeastern New Mexico is likely to be wetter

24 than that of the present at some times during the next i0,000 yr. The

25 timing of future climatic changes is unknown, but the wettest plausible

26 climate during the next i0,000 yr is expected to be no wetter than that of

27 the late Pleistocene (20,000 yr ago), which was approximately twice as wet

28 as that of the present (Swift, 1993).

29

30 The effect of climatic changes on regional boundary conditions cannot be

31 modeled directly because of uncertainty in the location of present and

32 future recharge and uncertainty in the hydrologic properties affecting the

33 flow path from the recharge area to the regional domain boundary. Climatic

34 effects are instead approximated indirectly using information about

35 hydrologic conditions during past climatic conditions. Geologic evidence

36 (Bachman, 1985, p. 20-21) indicates that at some time or times during the

37 Pleistocene the water table was sufficiently high to sustain springs along

38 the east margin of Nash Draw and a lake in Clayton Basin north of Nash Draw

39 (see Figure 6.2-1). Rustler Formation outcrops in Clayton Basin have been

40 identified as a possible recharge area for groundwater in the Culebra at the

41 WIPP (Mercer, 1983), and the 1992 PA therefore uses the highest possible

42 lake elevation in Clayton Basin as a maximum boundary head condition that

43 could result from climatic change. The present elevation of the Clayton

44 Basin spill point (1007 m, in section Ii, T20S,R29E [USGS, 1885b]) is

45 assumed to be the maximum possible lake elevation. This elevation is used

46 as the maximum bead elevation at the northern apex of the regional model

47 domain, reached during future wet climates. Heads elsewhere along the
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1 "recharge strip" are scaled upward during wet climates proportional to the

2 amount head at the apex is raised.

3

4 The choice of the elevation of the Clayton Basin spill point as the

5 maximum head value represents a change from the 1991 PA, in which maxilnum

6 heads were allowed to rise to the ground surface (1030 m), scaled according

7 to the same climate function. The change was made to improve consistency

B with the confined-aquifer conceptual model,

9

10 Scaling of heads along the recharge strip is based on the calibrated

11 initial heads for each transmissivity field, a "climate factor" (CULCLIM in

12 Chapter 3 of this volume) derived from a sampled index parameter, and the

13 following sinusoidal function (Swift, 1991, memorandum in Appendix A of WIPP

14 PA Division, 1991c).

15

ii hf(t) 3A +l A -1 I 1

21 .... --- (COS et + _ COS Ct - sin _ _t) (6 4-1)22 h 4 2

_ P
25

26 defines time-dependent heads in the Culebra, where

27

28 hf(t) = head (m) in Culebra at time t (s),

29 hp = estimate of present-day boundary head in Cu]ebra (e.g., 880 m),

30 A = recharge amplitude factor (dimension]ess) [or Cu]ebra (i.e.,

31 CULCLIM),

32 _ = frequency (Hz) for Pleistocene glaciations" 1.7 x I0 "12 Hz (5.4 ×

33 10 5 yr]),

34 _b = frequency (tlz) f'o_- secorld-ot-der climatic fluctuations' 1.0 x 10-10

35 Hz (3.2 x 10 "3 yr-1),

36

37 and

38

39 t = time (s), with t:=0 corresporldirlg to decojllmi,ssion[rlg of the WIPP.

40

41

42 This function is not used to predict future climates, but rather is

43 designed to provide a simple way t-o examine the inf].uence of possible

44 climatic changes during the next I0,000 yr. The perioclicity of the function

45 _s based on approximately 30,000 yr of paleoclimatic data from southeastern

46 New Mexico and the surrounding region and the global record of Pleistocene

47 glaciations (Swift, 1993). Ti_e glacial frequency te_m @ p1"oduces a maximum

48 value of the function hf(t) at 60,000 yr, and has little effect during the

49 regulatory period. Most of the introduced variability results from second-
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Figure 6.4-2. lO,O00-yr history of climate function, evaluated at lO00-yr time
steps for the maximum value of CULCLIM.
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2 order fluctuations controlled by the higher-frequency term 4_. This

3 variability corresponds to the frequency of no=iglac|al climatic fluctuations

4 observed in both late Pleistocene and Holocene paleoclimatlc data. The

5 chosen value for _ results in a sinusoidal curve with three peaks in 10,000

6 years. Figure 6.4-2 illustrates the function as applied in the 1992 SECO-

7 FLOW calculations, with values calculated only at the I000 yr time steps.

8

9

_0 6.4.2 Time-Dependant Boundary Heads
11

12 The recharge amplitude factor CULCLIM used in Equation 6.4-i is a

13 dimensionless scaling factor that varies uniformly betweerl 1.07 and 1.00,

14 and is derived from a sampled climate index variable that varies uniformly

15 between 0 and I (see Section 4.4 of Volume 3 of this report). At 1500 yr

IS (not simulated by the i000 yr time steps), a maximum value of 1.07 for

17 CULCLIM results in the maximum head in the grid block at the northern apex

18 of the regional domain to rise from its initial elevation of 942.5 m

19 (LaVenue and RamaRao, 1992) to the elevation of the spill point of Clayton

20 Basin, 1007 m. Heads in other grid blocks within the "recharge strip" are

21 scaled using the same value for CULCLIM, and may therefore reach a maximum

22 elevation somewhat l_igher or lower than the head in the northernmost block,

23 depending on their initial elevations. At its minimum value (1.O0), CULCLIM

24 results in no change in boundary heads throughout tile I0,000 years.

25 Intermediate values of CULCLIM result in intermediate increases in boundary

28 heads. For all values of CULCLIM greater: than 1.O0, the maximum head

27 elevation occurs at the final, i0,000 yr climatic peak. Heads in earlier

28 peaks are slightly less, because of the effect of the glacial term in the

29 climate function.

30

31

32 6.5 Effect of Climatic Change on Groundwater Flow
33

34 The effects of climatically varying heads along the "recharge strip" is

35 different in each of the 70 realizations, because each realization uses a

36 different transmissivity field (Section 6.8). Changes in groundwater flow

37 are discussed here for two realizations that contained the largest sampled

38 value for the climate index factor and an intermediate value. The largest

39 sampled value for the climate index factor, 0.9966, occurred in realization

40 Ii and resulted in a value for CULCLIM of 1.068. The calculated head field

41 for this realization is displayed for- time zero (initial conditions)

42 (Figure 6.5-ia) and for I0,000 yr (Figure 6.5-ib). Vector representations

43 of the specific discharge (i.e., volume of _luid moving through a unit area

44 in a unit time) are shown for the corresponding velocity fields in Figures

45 6.5-ic and 6.5-Id. Similar plots are shown in Figure 6.5-2 for realization

46 20, which contained a sampled value for the climate index factor of 0.4519,
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Effectof Climatic Change on Groundwater Flow

WlPP Land

Boundary

Heads in m above /
mean sea level

a. TO

0 5 10 WlPP

i t Withdrawalt km
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mean sea level

b.T
10,000 yr

TRI-6342.2687-0

Figure 6.5-i, Head (Figures 6.5-1a,b) and specific discharge (Figures

6.5-Ic,d) plots for the SECO-FLOW regional domain for

realization Ii at time zero and I0,000 yr. This realization

contains the largest value for CULCLIM.
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I
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2 Figure 6.5-1. Head (Figures 6.5-1a,b) and specific discharge (Figures

3 6.5-ic,d) plots for the SECO-FLOW regional domain for

4 realization ii at time zero and i0,000 yr. This realization

5 contains the largest value for CULCLIM. (continued)
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Effectof ClimaticChangeonGroundwaterFlow
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Figure 6.5-2. Head (Figures 6. 5-2a,b) and specific discharge (Figures

6.5-2c,d) plots for the SECO-FLOW regional domain for

realization 20 at time zero and i0,000 yr. This realization
contains an intermediate value for CULCLIM.
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TRI-6342-2686-0

Figure 6.5-2. Head (Figures 6.5-2a,b) and specific discharge (Figures
6.5-2c,d) plots for the SECO-FLOW regional domain for

realization 20 at time zero and 10,000 yr. This realization
contains an intermediate value for CULCLIM. (continued)

6-18



Flow and Transport Model Coupling

1 resulting in a value for CULCLIM of 1.031. Examination of these figures

2 shows that the largest increases in head occur in the northern and

3 northwestern portion of the regional domain, and th. most of the increase

4 in groundwater flow occurs in and near Nash Draw. Some increase in

5 groundwater flow is observed within the land-withdrawal boundary. CULCLIM

6 does not, however, appear as an important parameter in stepwise linear

7 regression analyses (see Chapter 8) , and subsurface releases of

8 radionuclides are not sensitive to climatic variation of heads along the

9 modeled "recharge strip."

10

11

12 6.6 Flow and Transport Model Coupling
13

14 Radionuclide transport was modeled on the same computational grid used

15 for the local flow calculations. Flow fields generated from the first time

16 step by SEC0-FLOW were used as the initial and boundary conditions by SEC0-

17 TRANSPORT. The transient SECO-FLOW flow fields from subsequent time steps,

18 starting at i000 yr, were used for solute transport modeling. Radionuclide

19 release from the repository to the Culebra was from a single, time-dependent

20 source term located above the center of the waste-disposal region. Density

21 and volume of liquid injected into the Culebra was assumed to be negligible

22 relative to the total flow within the aquifer. Source -term flux was

23 therefore disregarded, and did not affect flux in the flow fields. Volume

24 and density affects of injecting brine into the Culebra will be examined in

25 future PAs.

26

27 SEC0-FLOW solves the time-dependent partial differential equation for

28 hydraulic head for a heterogeneous, isotropic aquifer, and provides the

29 specific discharge (volume of fluid moving through a unit area in a unit

30 time) for each grid element. Heterogeneity is introduced through each

31 spatially-varying transmissivity field. SECO-TRANSPORT models radionuclide

32 transport in a fractured medium under a variety of assumptions (see Section

33 7.6 of Volume 2 of this report) . The fluid is transported in fracture

34 porosity only, and not in the matrix porosity of the dolomite or clay

35 fracture linings. Matrix porosity affects diffusion into and storage in the

36 matrix. Therefore, dividing the specific discharge by fracture porosity to

37 obtain pore-water velocity within the fractures can result in relatively

38 fast travel times to the accessible environment boundary if other processes

39 (e.g., matrix diffusion and sorption) a rp not effective in retarding

40 radionuclide transport. However, if matrix diffusion and/or sorption are

41 effective in retarding radionuclide transport, travel times may be orders of

42 magnitude longer.

43

44

6-19



Chapter 6: Disturbed Performance: Culebra Groundwater Flow and Transport

1 6.7 Coupling the Repository/Shaft and Culebra Models
2

3 Radionuclide releases into the Culebra were modeled for E2- and EIE2-type

4 intrusions (see Section 4.4.2.4 of Volume 2 of this report) . Solute

5 concentration and rate of discharge was dependent on parametrically

6 described geochemical and physical processes and interactions. The code

7 PANEL (see Section 7.4 of Volume 2 of this report) calculated the solute

8 concentration and pulse length. Sampled parameters affecting these

9 processes were used in both PANEL and BRAGFLO, and each realization

10 therefore had a specific suite of source files which consisted of a source

11 term having varying pulse lengths and concentrations for each radionuclide.

12 The source files, from PANEL and located on a separate CAMDAT data base,

13 were imported and attached to the local velocity flow fields by the SECO-

14 TRANSPORT preprocessor for the transport calculations.

15

16

17 6.8 Transmissivity Fields
18

19 The synthetic transmissivi ty fields generated by LaVenue and RamaRao

20 (1992) represent an improvement over the fields used in 1991 (WIPP PA

21 Division, 1991b), in that they more accurately characterize the uncertainty

22 due to spatial variability in aquifer properties, and, therefore, result in

23 better characterization of uncertainty in groundwater flow. A discussion of

24 the 1992 transmissivity field results, extracted from LaVenue and RamaRao

25 (1992), follows.

26

27

28 6.8.1 Ensemble Mean Transmissivities
29

30 Each of the 70 fields were calibrated to steady-state al_d transient head

31 data using conditionally simulated (CS) fields (presented in Appendix C of

32 Volume 3 of this report) composed of an underlying kriged field to which

33 different conditional random error fields were added. Thus, each of the

34 calibrated CS transmissivity fields has a different spatial distribution of

35 transmissivities. For example, in some cases there is a broad zone of

36 higher transmissivity that extends from the DOE-I borehole west to H-14 (see

37 Figure 6 .2- 1 for borehole locations ) . In other cases , the high -

38 transmissivity zone has a narrow, tortuous and in some instances,

39 discontinuous nature.

40

41 An ensemble mean calculation was performed across the realizations to

42 determine the average transmissivity value at each grid block. The

43 resulting ensemble transmissivity field (Figure 6.8-i) has features which

44 are very similar to the 1990 kriged transmissivity field that was used as
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1 the basis for generating the transmissivity fields for the 1991 PA

2 calculations. Outside the land-withdrawal area, the re-entry of high

3 transmissivities from the Nash Draw area occurs south of the WIPP near the

4 H-7 borehole in both the 1990 results and in the ensemble mean field. The

5 high-transmissivity zone within the land-withdrawal boundary, as represented

6 in the ensemble mean field (Figure 6.8-2), extends northward from the P-17

7 borehole where it narrowly lies between the P-17 and H-17 boreholes. Once

8 crossing the southern land-withdrawal boundary, the high-transmissivity zone

9 widens significantly extending westward to the H-3 borehole. The eastern

10 extent terminates approximately I00 in east of the H-II and DOE-I boreholes.

11 The nature of the high-transmissivity zone as determined in the 1990 study

12 (Figure 6.8-3) is quite similar to the ensemble mean field with a narrow

13 width toward the southern land-withdrawal boundary, which widens in both the

14 east and west directions as it extends northward toward the H-15 borehole.

15

16

17 6.8.2 Ensemble Steady-State Head Differences
18

19 A root-mean squared error (RMSE) between calculated and observed steady-

20 state heads was calculated in order to summarize the fit of each realization

21 to the steady-state data. The RMSE values at each of the boreholes that had

22 steady-state observed head data were then summed within each simulation to

23 obtain an average RMSE. A histogram of the average RMSE value for each of

24 the 70 simulations (Figure 6.8-4) depicts a mean RMSE value within the

25 simulations between 2.0 and 5.0 in. Uncertainty in the steady-state heads is

26 approximately 1.5 m. The simulation with the worst steady-state head fit is

27 shown to have an average RMSE value between 6.5 and 7.5 m. This particular

28 realization illustrates a situation in which the difference field (added to

29 the kriged field during the CS process) significantly reduced the ability of

30 the code to calibrate the field to steady-state conditions within 50

31 calibration steps. This situation occurs when the initial CS field

32 generated has features that produce significantly high initial-head

33 differences. The code then has to add more pilot points to modify the CS

34 field to bring the head field into agreement with the observed data than may

35 be necessary for an initial CS field which produces initial head differences

36 that are low. Because a fixed number of pilot points were specified for

37 calibrating to the steady-state data, some fields had smaller RMSE values

38 than others.

39

40 RMSE values were also calculated to determine average head differences

41 over the ensemble of realizations at each borehole location. Figure 6.8-5
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I contains a contour surface of the RMSE values over the model domain. The

2 maximum average difference between the calculated and observed data occurs

3 at the H-7 borehole where the RMSE value is -4.3 m. (Note: The sign of the

4 RMSE was assigned after evaluating the ensemble differences.) The head

5 differences in the southern portion of the regional domain and tlle central

6 portion of the land-withdrawal area also have negative signs with average

7 values ranging between -0.7 m and -2.8 m. The regions that have positive

8 head differences occur in the area immediately adjacent to the 11-11 borehole

9 and in the area between the P-14 and WIPP-26 boreholes. The average head

10 differences in these regions are less than 2.0 ,n. The difference at the H-

11 17 borehole is the highest with a positive value of 3.4 m.

12

13 The average head differences illustrated in Figure 6.8-5 indicate that

14 the boundary conditions specified along the southern and western boundaries

15 are not consistent with the observed heads. Several iterations were made to

16 the boundary conditions prior to beginning the calibration exercise. The

17 iterations were necessary due to the difficulty in matching the H-7, USGS-1,

18 and H-9 observed heads while properly fitting the heads in the rest of the

19 model domain. The difficulty arises from the existence of the no-flow

20 region along the Nash Draw axis and the extremely flat hydraulic gradients

21 in the southern area. If the specified heads are increased along the

22 southern Loundary to fit H-7 and USCS-1, the southern boundary converts from

23 a discharge boundary to a recharge boundary. However, the Pecos River, and

24 the Malaga Bend region in particular, has been determined to behave as a

25 discharge region for regional flux from the Rustler (Mercer, 1983). While

26 no absolute conclusions may be made yet concerning the direction of

27 groundwater flow in the southern portion of the regional domain, the results

28 determined in this study have indicated that there is an iI_consistency

29 between the observed heads in this area if regional groundwater flow is to

30 the south. This may indicate a groui_dwater divide occurs between the H-9

31 borehole and the H-8 borehole south of the model domain.

32

33

34 6.8.3 Ensemble Groundwater Travel Times
35

36 The groundwater travel time from a point above the center of the waste-

37 disposal region (Section 6.2.3) to the land-withdrawal boundary was

38 calculated for each of the calibrated CS fields. This groundwater travel

39 time is not the same as the radionuclide transport travel times calculated

40 by SECO-TRANSPORT, which are used as input to the CCDF calculations. The

41 purpose of the groundwater- travel- time calculations described here is to

42 characterize the transmissivity fields, not to predict transport of

43 radionuclides. These travel times were calculated assuming advection of

44 groundwater through a single-porosity medium without fracture flow--i.e. ,
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1 total porosity was equal to a matrix porosity of 0.16. Travel times are

2 therefore substantially longer than those calculated assuming transport in

3 fractures, witl_ an average fracture porosity of 0.001.

4

5 Matrix trave]-time distributions are displayed as a cumulative

8 distribution functio_ (CDF) that represeI_ts the probabi] ity of various

7 travel times occurring (Figure 6.8-6). This CDF shows, for example, that

8 90_ of the travel times were longer than 1,2,000 yr, 50_ of the travel times

9 were longer than 18,000 yr, and i0_ of the travel times were longer than

I0 27,000 yr. The histogram shown in Figure 6.8-7 also conveys the narrow

11 distribution of groundwater travel times.

12

13 The travel paths that correspond to the travel times contained in the CDF

14 are illustrated in Figure 6.8-8. Most of the travel paths follow a

15 southeaster]y direction until reaching the DOE_I vicinity at which point the

16 paths travel directly south to the land-withdrawal boundary. A few paths

17 travel directly south from the starting point while several others have an

18 east-southeasterly d[l-ection prior to m_ving south toward the land-

_9 withdrawal boundary. The travel paths are indicative of the southerly

20 groundwater-flow direction observed today. Should significant changes occur

21 in the future in the dire.ction of the hydraulic gradient, t_rave], paths would

22 also change.

23

24 Assumiz_g the numerical model used to simulate a system proper].y accounts

25 for the physics and scale of the prot0lem of itlt.erest , t.ll_, uncert.ainty of

26 model results sho_ld decrease as t:}_e data set to which the model is

27 colldit:ioned increases. (]ot_ditiorlir_g a tra_lsmissi\,ity field used in a model

28 to observed steady- state p_-essure data reduces urlcertai_ntv in the

29 transmissivity estimates away from the observed locations. Condi. tior_ing to

30 t:ransient-presst_re data furt.her _educes uncertainty in the transmissivity

31 est |mates between pressure-measurement location,s due to the inc. rease in

32 informat ion regarding the transmi ssivi ty betwee.rl these two 1orations. The

33 reductiorl in the uncertainty ot: t:he. travel time due to t-l_e condit:ioning of

34 the Cul ebt'a model to the tra1_s ient pressure data base is illustrated in

35 F'igure 6.8 - 9 wt_ere t:|_e CI)F of traw:,l t imes det_rmJ.l_ed from the _:ransient-

36 calibrated model (referred to herein as the TCDF) and the CDF determined

3r from the steady-state calibrated model (referred to herein as the SCDF) are

38 shown. Tile CDF of the steady-state mode], was calcul.ated by removing all the

39 pilot points added during transient calibrat, ion from the input: data sets of

40 each of the realizations.

41

42 AS i ] lustrated in Fi gure 6.8-9, t!,_. SCI)F has a muct_ broader cange of

43 t:rave _, t imes __}_ari t}_e TCDF. The minimum values between the two are

44 approximately the same; however, the median arid maxim_tm travel times are

6-28



68 Transmissivity Fields

o o I , I i t , I_
0 10 20 30 40 50 60

Travel Time (103 yrs)

TRI-6342-334o-0

Figure 6.8-6. Travel time cumulative distribution function (CDF) determined

from the 70 calibrated fields (assuming matrix porosity of

169).
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1 quite different. As mentioned above, 50% of the travel times in the TCDF

2 were greater than 18,000 yr and 10% were greater than 27,000 yr. In the

3 SCDF, 50% of the travel times are greater than 25,000 yr and 10% are greater

4 than 37,500 yr. The maximum travel times for the steady- state and

5 transient-calibrated fields are 57,000 yr and 33,000 yr, respectively. The

6 histogram of travel times using only the steady-state calculated models also

7 illustrates this point (Figure 6.8-10).

8

9 Thus, the calibration to the transient-pressure data has significantly

10 reduced the magnitude and range of observed travel times. The extension of

11 the high-transmissivity zone toward the H-15 borehole and the subsequent

12 effect the extension has upon the reduction in travel distance from the

13 starting point (above the center of the _aqte-disposal region) to a region

14 of higher transmissivities has reduced the uncertainty in the tcavel times.

15 The reduction in uncertainty occurs, as stated above, because of the

16 modifications to the CS transmissivity fields in the southeastern region of

17 the land-withdrawal area, which are necessary to match the observed

18 transient pressures in this region.

19

20 For comparison purposes, the travel paths that correspond to the travel

21 times contained in the SCDF are illustrated in Figure 6.8- ii. Like the

22 travel paths shown in Figure 6.8-8, most of the travel paths follow a

23 southeasterly direction until reaching the DOE-I vicinity at which time the

24 paths travel dire_tly south to the land-withdrawal boundary. A few more

25 paths traveldirectly south from the starting point while several others have

26 an east-southeasterly direction prior to moving south toward the land-

27 withdrawal boundary. In general though, the distribution of paths seems

28 very similar to those illustrated in Figure 6.8-8.
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z 7. DISTURBED PERFORMANCE:
3 DIRECT RELEASES TO THE GROUND SURFACE DURING DRILLING
4

5

6 This chapter describes the implementation of the 1992 PA model CUTTINGS

7 for calculating the quantity of radionuclides removed c_irectly to the

8 surface due to an intrusion event. Only exploratory drilling for

9 hydrocarbons is considered. Present-day rotary drilling methods are assumed

10 to persist throughout the regulatory period. Cuttings are estimated based

11 on the drill-bit diameter which is a sampled variable with a CDF constructed

12 from past drilling history in the Delaware Basin (Section 4.4.2 of Volume 3

13 of this report). Cavings, comprised of waste material eroded from the

14 borehole wall by drilling fluid, are also removed to the surface with the

15 cuttings. The amount of cavings removed depends on the assumption that

16 erosion occurs when the calculated drilling fluid shear stress excel'is the

17 effective shear strength of the consolidated waste, as estimated from

18 analogue data (Table 3.4.1 of Volume 3 of this report). The quantity of

19 waste material spalled from the borehole wall when the drill bit penetrates

20 a gas-pressurized waste panel has no_ been included because this mechanism

21 is not yet sufficiently understood. Modeling and laboratory work are

22 presently investigating this phenomenon. When constant As are used, the

28 assumption that p_esent-day drilling technology and practice persists for

24 i0,000 yr is consistent with the philosophy that the risk to future

es generations should be equally weighted with that to the present generation.

26 The assumptions concerning future levels of technolc,gy made by the Futures

27 Panel (memorandum by Hora in Appendix A of Volume 3 of this report) and used

28 for constructing time-varying As, however, indicate a lower risk to future

29 generations that is not wholly consistent with this philosophy. The volume

80 of waste brought to the ground surface will depend upon the physical

31 properties of the compacted, decomposed wastes, the drilling p_-ocedures

82 used, and the pore pressures encountered. Because of radioactive decay, the

88 radioactivity of the removed waste (in curies) will also depend upon the

34 time of intrusion.

35

36

37 7.1 Current Drilling Practices
38

39 In standard rotary drilling, a cutting bit attached to a series of hollow

40 drill collars and drill pipes is rotated at a fixed angular velocity and is

41 directed to cut downward through the underlying strata. To remove the drill

42 cuttings, a fluid is pumped down the drill pipe, through and around the

48 drill bit, and up to the surface within the annulus formed by the drillpipe

44 and the borehole wall (Figul-e 7.1-I). In addition to the removal of

45 cuttings, the drilling fluid (mud) serves to cool and clean the bit, reduce

46 drilling friction, i_aintain borehole stability, prevent the inflow of
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Mechanismsfor WasteRemoval

1 unwanted fluids from permeable formations, and form a thin, low-permeability

2 barrier on the surface of penetrated formations. When drilling through

3 salt, a saturated brine is often used as the drilling fluid to prevent

4 excessive erosion of the borehole wall through dissolution (Berglund, 1990;

5 Pace, 1990). For a gauge borehole, the volume of cuttings removed and

6 transported to the surface is equal to the product of the drill-bit area and

7 the drill depth. Thus, to estimate the total volume of waste removed due to

8 the cutting action of the drill-bit, it is only necessary to know the

9 compacted repository height and the drill-bit area. The cuttings volume

10 calculated in this manner is a lower bound to the total quantity of waste

11 removed by drilling.

12

13 After passing through the drill bit, the drilling fluid flows up the

14 annulus formed by the borehole wall and the drill collar (or drill pipe).

15 In the annulus, the motion of the drilling fluid has both a vertical and

16 rotational component, the latter caused by the rotating drill string.

17 Depending on fluid properties, annulus geometry, and flow rates, the fluid

18 flow within the annulus may be smooth and laminar or turbulent.

19

20

21 7.2 Mechanisms for Waste Removal
22

23 There ae at least two mechanisms that can be identified as contributing

24 to the removal of waste to the accessible environment over and above that

25 transported by the direct cutting of a gauge borehole. The first is the

26 erosion of the borehole wall caused by the action of the upward-flowing

27 drilling fluid within the annulus. This eroded material is referred to as

28 cavings. The second arises from the effect on the waste of waste-generated

29 gas escaping to the lower-pressure borehole. Material released by this

30 mechanism is referred to as spallings. Both of these phenomena and models

31 for them are discussed in detail by Berglund (1992). In the case of

32 erosion, Berglund (1992) has developed a quantitative model that is based on

33 an effective shear strength for erosion of the compacted, decomposed waste.

34 In the absence of specific experimental data, waste removal from the

35 borehole wall into the drilling fluid due to gas flow is much more difficult

36 to address. For this latter mechanism, Berglund (1992) discusses the general

37 phenomenology, but no quantitative model is available.

38

39

4o 7.2.1 Mechanism I: Erosion within the Borehole Annulus
41

42 Although a number of factors exist that may influence borehole erosion,

43 Berglund (1992) identifies the effects of fluid shear acting on the borehole

44 wall and the character of the fluid flow (laminar or turbulent) as the most

45 important. To consider these effects, it is necessary to know the threshold
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1 fluid shear stress acting o11 the borehole wall that will initiate erosion.

2 This "effective" borehole shear strength for erosion must be determined by

3 experiment and may be different for laminar and turbulent flow. In

4 Berglund's (1992) analysis, it is assumed that borehole erosion is caused

5 primarily by the magnitude of the fluid shear stress acting on the borehole

6 wall. Other effects are generally ignored, except insofar as they may

7 influence the experimentally determined effective shear strength for erosion

8 of the repository material.

9

10 In the annulus formed by the collars or drill pipe and the borehole wall,

11 the flow of the drilling fluid has both a vertical and rotational component.

12 Within this helical flow pattern, shear stresses are generated by the

13 relative motion of adjacent fluid regions and by the action of the fluid on

14 the borehole wall. It is assumed that if the fluid shear stress at the wall

15 exceeds the effective shear strength for erosion of the wall material (caked

16 drilling fluid or compacted repository wastes), erosion of the wall material

17 will occur, increasing the diameter of the bored hole. The eroded material

18 will then be passed to the surface in the flowing drilling fluid.

19

20 Flow in the annulus between the drill pipe and borehole wall is usually

21 laminar (Darley and Gray, 1988). Adjacent to the collars (Figure i-i),

22 however, the flow may be either laminar or turbulent as a consequence of the

23 larger collar diameter and resulting higher mud velocities (Berglund, 1990;

24 Pace, 1990) . For laminar flow, the analysis lends itself to classical

25 solution methods. Turbulent flow, where the flow is assumed to be axial

26 with no rotational component, requires a more approximate approach. For

27 both cases, erosion is assumed to be axisymmetric. The following discussion

28 of these two cases is taken from Berglund (1992).

29

30

31 7,2.1.1 LAMINAR FLOW

32

33 Below Reynolds numbers I of about 2100 for Newtonian fluids and 2400 for

34 some non-Newtonian fluids (Walker, 1976), experiments have shown that the

35 flow of a fluid in a circular pipe or annulus is well. behaved and can be

36

38 i. The Reynolds number (Re ) is defined as
39

48 where D e is the equivalent hydraulic diameter, _ is the drill fluid

49 density, V is the average fluid velocity, and _ is the average fluid

50 viscosity.
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1 described using a well-dezined relationship between the velocity field and

2 the fluid shear stress. This type of flow is called laminar.

3

4 Some of the early work on laminar helical flow of a non-Newtonian fluid

5 in an annulus was performed by Coleman and Noll (1959), and Fredrickson

6 (1960). The laminar helical flow solution procedure used in the CUTTINGS

7 code is, for the most part, an adaptation of methods described in a paper by

8 Savins and Wallick (1966).

9

10 One of the principal difficulties in solving for the shear stresses

11 _ithin a helically flowing drilling fluid is the shear-rate dependence of

12 the fluid viscosity. This non-Newtonian fluid behavior necessitates

13 choosing a functional form for the variation of viscosity with shear rate

14 for the fluid. There are several functional forms for the viscosity of

15 drilling fluids that can be assumed. For example, in the oil and gas

16 industry, the Bingham and power law models are often used to approximate the

17 shear rate dependence of the fluid viscosity. An alternative form is that

18 chosen by Oldroyd (1958) and used in the analysis by Savins and Wallick

19 (1966) . Oldroyd assumed that the viscosity varied according to the

20 functional relation

21

_22 1+ o'2 f' 2
25 r/ = r/ , (7.2-2)

o i+olr2

I! where o I and o 2 are constants, To is the limiting viscosity at zero rate of

33 shear and V is the shear rate. The viscous shear stress is described by r =

34 r/F.

35

36 Using the Oldroyd viscosity, Eq. 7.2-2, the viscous shear stress can be

37 illustrated graphically as in Figure 7.2-2. This is a rate softening

38 (pseudoplastic) model that has an initial slope of rlo and a limiting slope

3g of _= for large shear rates, where N_ (defined as 7o(O2/Ol)) is the limiting

40 viscosity at infinite rate of shear.

41

42 The Oldroyd model cannot account for drilling fluids that exhibit a yield

43 stress. However, above a shear rate of zero, parameters can be chosen so

44 that the model can be made to approximate the pseudoplastic rate response of

45 many drilling fluids (see Figure 7.2-i).

46

47 Savins and Wallick (1966), expanding on the work of Coleman and Noll

48 (1959) and Fredrickson (1960), showed that the solution for laminar helical

49 flow of a non-Newtonian fluid in an annulus could be written in terms of

50 three nonlinear integral equations.
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Oldroyd

slope = rl=,

! _" Real Drilling Fluid

Fluid yield stress '''_'
=..._

Shear Rate F

TR,-6_2-_72-0

Figure 7.2-1. Viscous shear stress for Oldroyd and real drilling fluids.

5 These three nonlinear integral equations must be solved numerically

6 (Berglund, 1992). A Fortran computer CUTTINGS code was written to perform

7 the necessary computations for a solution to the problem of laminar helical

8 flow in an annulus. This code was partially verified by comparing its

9 results against those published by Savins and Wallick (1966).

10

11 For the specific case of borehole erosion, once a solution to the three

12 integral equations is found, the shear stress in the fluid at the wall can

13 be calculated. By changing the outer radius of the hole, the fluid shear

14 stress can be forced to equal the repository effective shear strength for

15 erosion. The required outer hole radius is determined by iteration as shown

16 in Figure 7.2-2.

17

18 The effective shear strength for erosion equals the threshold value of

19 fluid shear stress required to sustain general erosion at the borehole wall.

20 Partheniades and Paaswell (1970), in discussing investigations on the

21 erosion of seabed sediments and in channels, have noted that this effective

22 soil shear strength is not related to the soil shear strength as normally
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_ Material Eroded

1st
Iterationm

iRt

® _= 2nd Effective Shear Strength"6 ¢n " Iteration
_ _ _ \ for Erosion of

._ \ Repository W_lstes = _ fail

'' J\ I
\j

Initial Drillhole Final Hole
Radius Radius

Outer Radius R

Figure 7.2-2. Iteration procedure for finding the final hole radius.

5 determined from conventional soil tests. The effective shear strength for

6 erosion based on seabed data, as determined by Partheniades and Paaswell

7 (1970), is on the order of I to 5 Pa and is thus smaller by several orders

8 of magnitude than the macroscopic soil shear strength.

9

10

11 7.2.1.2 TURBULENT FLOW

12

13 For Newtonian fluids with Reynolds numbers greater than about 2100, flow

14 in _ circular pipe or annulus starts to become more or less random in

15 character, which makes orderly mathematical analysis of the flow difficult,

16 if not impossible. With increasing Reynolds numbers, this random behavior

17 increases until, at a Reynolds number of about 3000, the flow becomes fully

18 turbulent. In fully turbulent flow, momentum effects dominate and the fluid

19 viscosity is no longer important in characterizing pressure losses.

20

21 For Newtonian fluids, the value to use for the viscosity is clear because

22 the viscosity is constant fo_- a] I rates of shear. Non-Newtonian fluids

23 exhibit a changing viscosity with shear rate and present a special problem

24 in calculating Re. For f]uids that exhibit a limiting viscosity at high

25 rates of shear (such as the Bingham model and in our case the Oldroyd
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I model), it has been suggested (Broc, 1982) that the limiting viscosity (fi =

2 N_0) be used in calculating the Reynolds number.

3

4 The Reynolds number for an Oldroyd fluid in an annulus can then be

s written as (Broc, 1982)

B

i 0 8165DV-_
R = " (7 2-3)I e - ' '

14

_ where the hydraulic diameter is expressed as D = 2(r-ri), where r is the

17 radius of the drill bit and r i is the radius of the drill collar (see Figure

18 7.1-1).

19

20 The most important influence viscosity has on the calculation of pressure

21 losses in fully turbulent flow of non-Newtonian fluids appears to be in the

22 calculation of the Reynolds number. A far more important parameter is the

23 surface roughness past which the fluid must flow. As previously noted, the

24 Reynolds number, however, does have a role in determining the onset of

25 turbulence; for Newtonian fluids this critical number Rec is about 2100.

26 For non-Newtonian, rate-thinning fluids, Rec tends to be greater than 2100

27 but less than 2400 (Walker, 1976). For our purposes, a value of 2100 will

28 be used to represent Rec for the Oldroyd fluid model. Because turbulent

29 flow is more effective in generating fluid shear stresses at the borehole

30 wall, this assumption is conservative.

31

32 A transition region exists beyond Rec before the development of fully

33 turbulent flow. In this regime, the flow has the character of both laminar

34 and turbulent flow. However, because pressure losses increase rapidly in

35 turbulent flow and affect borehole shear stresses more severely, it will be

36 assumed that beyond Rec the flow is fully turbulent.

37

38 Turbulent flow is very complex and, thus, to characterize the turbulent

39 flow regime, the great bulk of analysis has concentrated on empirical

40 procedures. For axial flow in an annulus, the pressure loss under turbulent

41 conditions can be approximated by (Broc, 1982)

42

4_ 2/L_ 2

4_ AP = (0.8165)D ' (7.2-4)
47

_ where / is the coefficient of pressure head loss (Fanning friction factor)

50 and L is the borehole length.

51

52 If the shear stress due to the flowing fluid is assumed to be uniformly

53 distributed on the inner and outer surfaces of the annulus, it can be easily
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1 shown using Eq. 7.2-4 that the shear stress is related to the average fluid

2 velocity through the relation

3

r -- 2(0.8165) ' (7.2-5)
8

I_ The Fanning friction factor is empirically related to the Reynolds number

11 and relative roughness by the equation (Whittaker, 1985)

12

14 i _ 1.255

15 --= "41°glO " + Re_/ )_ ,[7 3.72D ' (7.2-6)

_ where _/D is the relative roughness. For circular pipes, D in this equation

23 represents the inside diameter and _ is the absolute roughness or the

24 average depth of pipe wall irregularities. In the absence of a similar

25 equation for flow in an annulus, it: will be assumed that this equation also

26 applies here, where D is the hydraulic diameter as defined earlier and _ is

27 the absolute roughness of the waste-borehole interface.

28

29 Using a relative roughness and a calculated Reynolds number, a Fanning

30 friction factor can be determined by iteratively solving Eq. 7.2-5. The

31 value of the shear stress acting on the borehole wall can then be determined

32 from Eq. 7.2-4. Using an iterative procedure similar to that for the

33 laminar flow problem (Figure 7.2-2), the fluid shear stress can be forced to

34 equal the repository shear strength for erosion (trail) to obtain the final

35 eroded borehole radius.

36

37 In the actual solution sequence employed in CUTTINGS, the Reynolds number

38 is calculated first to determine which solution regime (laminar or

39 turbulent) should be initiated. For Reynolds numbers initially less than

40 Rec , the code calculates the flow as laminar. Any increase in diameter of

41 the borehole calculated during the laminar calculation will cause the

42 Reynolds number to decrease as a result of a velocity decrease, ensuring

43 that the calculation remains laminar. If the initial Reynolds number is

44 greater than Rec, the turbulent formulation is used to calculate borehole

45 erosion. When the turbulent calculation is complete, a check is again made

46 to determine whether the Reynolds number still exceeds Rec. If it does not,

4z the laminar calculation is performed starting with a "critical" borehole

48 radius. The critical borehole radius corresponds to a Reynolds number of

49 Rec and is given by

50

51
52 7Q
53 R. - R., (7.2-7)

crit 1286_ z
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1 7.2.1.3 EROSION CALCULATIONS

2

3 The equations governing t_osion based on laminar and turbulent flow were

4 combined into a single Fortran computer code called CUTTINGS. Using

5 appropriately selected input based on the physical properties of the waste

6 and other drilling parameters, this code calculates the final eroded

7 diameter of the borehole that passes through the waste. The drilling

8 parameters chosen must reflect data typical of that valid near the WIPP

9 repository. Berglund (1992) provides a discussion of suitable parameter

10 values and model sensitivity to uncertainty in those parameters. Drill bit

11 diameter (DBDIAM) is the most important parameter, and is the only parameter

12 used with the CUTTINGS code that is sampled in the 1992 PA. Values for

13 other model parameters are given in Berglund (1992) and Chapter 4 of Volume

14 3 of this report.

15

16

17 7.2.2 Mechanism I1: Waste-Gas-Induced Borehole Spall
18

19 The storage, compaction, and brine-induced corrosive degradation of

20 transuranic waste is not directly analogous to any known phenomenon that has

21 occurred in nature. However, considerable information exists in the

22 literature on the exploration for and production of fossil fuels and the

23 problems encountered during these activities. The failure, sloughing, or

24 spalling of borehole walls is a common occurrence in oil and gas drilling

25 and can be caused by a number of different mechanisms, including an

26 encounter with a geopressurized formation. Available literature, summarized

27 by Berglund (1992), supports the need to study the potential for gas-induced

28 spall in waste, The problem is complex, involving the flow of gas in a

29 moving waste matrix, changing stress states, changing porosity and

30 permeability of the waste, waste failure, and, when the waste interacts with

31 the drill bit, turbulent mixing of the three phases - solid waste, drilling

32 fluid, and gas. Berglund (1992) describes simplifying assumptions and

33 modeling approaches that could be used for the WIPP PA. Spalling has not

34 been included in the 1992 PA, and implementation of any of the available

35 models will require additional information about the material properties of

36 decomposed and compacted wastes. Tests are planned to provide this

37 information (US DOE, 1990, in revision) . Until such information is

38 available, estimates of releases due to spalling are speculative. Berglund

39 (1992) concludes, however, that "it does not appear unreasonable that

40 volumes of waste several times greater than the lower bound volume [bit area

41 times waste thickness] could eventually reach the ground surface" as a

42 result of spalling. The volumes of waste removed as cavings in the 1991 and

43 1992 PAs are also several times greater than cuttings volumes. As shown in
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I Section 5. i of Volume I and Section 8.5 of this volume, the cuttings

2 releases (including cavings but not yet including spallings) control the

3 location of the CCDF (and therefore regulatory compliance) if retardation by

4 either matrix diffusion or sorption occurs in the Culebra Dolomite Member of

5 the Rustler Formation.

6

7

8 7.3 Radionuclide Inventory Availablefor Removal
9

10 Figure 7.3-i shows the EPA-normalized inventory of the repository,

11 radionuclide by radionuclide, as a function of time (based on the most

12 recent Integrated Data Base [IDB; US DOE, 1991] as reported in the

13 memorandum by Peterson in Appendix A of Volume 3) . Time-dependent

14 inventories are shown to 104 yr, which is the end of the regulatory period

15 specified by 40 CFR 191B. All radionuclides shown in Figure 7.3-1 are

16 included in the estimation for cuttings release in the 1992 PA.

17 Radionuclides whose normalized inventories never exceed 10 -2 during 104 yr

18 cannot result in releases greater than 10 -2, and are not considered in

19 analyses of subsurface transport for 40 CFR 191B.

20

21 Figure 7.3-Ia shows that the normalized inventories of Pu-239, Pu-240,

22 Am-241, U-233, U-234, Np-237, Th-229, Th-230, and Ra-226 all exceed 10 .2

23 during the 104-yr period. Figure 7.3-Ib shows an additional radionuclide

24 with normalized inventory exceeding 10 -2 , Pu-238, which is significant only

25 early in the regulatory period. PA modeling for 1991 examined subsurface

26 transport to the accessible environment of 7 of these radionuclides (Pu-239,

27 Pu-240, Am-241, U-233, U-234, Np-237, and Th-230) (WIPP PA Division, 1991c,

28 Section 6.5.2. i0). Subsurface transport of two of the remaining

29 radionuclides is modeled in 1992, Th-229 and Ra-226. Transport of Pu-238 in

30 the Culebra will not be modeled because of its short half-life (87.7 yr).

31 Pb-210, which reaches an EPA-normalized inventory of 10 -2 at late times

32 approaching 10 5 yr, may be considered for subsurface transport in future

33 dose calculations as a daughter product created in the Culebra. Groundwater

34 transport of Pb-210 is not modeled here because of its low inventory at 104

35 yr and short half-life (22.3 yr), and consequent low impact on 40 CFR 191B

36 compliance. Transport of both Pu-238 and Pb-210 in brine brought directly

37 to the ground surface following intrusion (not yet included in performance

38 assessments) also has the potential to contribute to doses.

39

40 Table 7.3-1 lists the initial inventory of waste used in the 1992

41 calculations, Table 7.3-2 lists the decay chains used for transport

42 calculations in the Culebra Dolomite, and Table 7.3-3 lists the activity

43 levels considered in the estimation of cuttings releases.

44
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Figure 7.3-i. Decay histories expressed in EPA units (i.e., the normalized

units used in showing compliance with 40 CFR 191) for the

present IDB inventory for a sing]_e waste panel. The total

WIPP inventory used in the 1992 PA is ten times the values

shown in this figure. Figure 7.?l-la sllows radionuclides

included in groundwater transport calculations. Figure

7. 3-1b shows radionuclides riot: included in groundwater

transport because off low inventory or short half-life. All

radionuclides shown are included in estimates of cuttings
releases.
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1 The cuttings releases used in the 1992 WIPP performance assessment were

2 calculated with the program CUTTINGS for waste of average activity level.

3 Then, the releases for activity levels 1 through 5 shown in Table 7.3-3 were

4 obtained by multiplying the average activity level releases by scale factors
5 of the form

6

7 SFi2 = ALi2/ALi, (7.3-i)

8

9 where

10

11 ALi2--projected radioactivity (Ci/m 2) contained in waste of activity

12 level 2 at time i, where 1 - 125 yr, 2 - 175 yr, 3 - 350 yr, 4 -

13 I000 yr, 5 - 3000 yr, and 6 - 7250 yr,

14

15 and

16

17 AL i = projected radioactivity (Ci/m 2) contained in waste of average

18 activity at time i.

19

20 For example, the scale factor

21

22 SF24 = 184.01/7.9658 = 23.100 (7.3-2)

23

24 is used to convert from a release of average activity at 3000 yr to a release

25 of activity level 4 at 3000 yr.

26

27
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2 Table 7.3-1. Potentially Important Radlonuclldes Associated with Initial Contact-Handled Waste
3 Inventory Used In Calculations for Cuttings Removal and Release to Culebra Dolomite
4 (from memorandum by Peterson In Appendix A of Volume 3)
5

8 Radlonuclide t 1/2(yr) Curies
10
11 Pu-238 8.77x101 3.06x106
12 Pu-239 2.41xl 04 3.35x 105
13 Pu-240 6.53xl 03 1.00x 105

14 Pu-242 3.76x 105 2.35x 101
15 U-233 1.59x105 1.53x103
16 U-234 2.44x105 0
17 U-236 2.34xl 07 0

18 Am-241 4.32x 102 7.14xl 05

19 Np-237 2.14xl 06 2.08x 101
20 Th-229 7.43x103 0
21 Th-230 7.70x104 0

22 Ra-226 1.60x103 0
23
a8
27

28

29

3e Table 7.3-2. Simplified Radionuclide Decay Chains Used for Transport Calculations in the Culebra

32 Dolomite (from Figure 3.3.1 of Volume 3 of this report)
8g
35

36 (1) Pu-240
37

38 (2) Am-241 -, Np-237 -_U-233 --*Th-229
39

4o (3) U-234 -, Th-230 --*Ra-226
41

42 (4) Pu-239
4._

48
47
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2 Table 7.3-3. Projected Activity Levels (CI/m2) in the WIPP Due to Waste that is Currently Stored

3 and May Be Shipped to the WlPP (based on Memorandum by Peterson tn Appendix A
4 of Volume 3 of this report)
5
B

e Activity Proba- Tlme (yr)
10 Level Typea bllityb 0 125 175 350 1000 3000 7250
12

13 1 CHc 0.3968 2.7578 0.7994 0,6468 0.3884 0.2078 0.1387 0.1156
14 2 CH 0.3572 27.578 7.9941 6.4683 3.8844 2.0782 1.3867 1.1559
15 3 CH 0.1259 275.78 79.941 64.683 38.844 20.782 13.867 11.559

16 4 CH 0.0060 2757.8 799.41 646.83 388.44 207.82 138.67 115,59
17 5 RHd 0,1141 124.70 7.7110 3.3430 1.1180 0.8210 0.7080 0.6280
18 Average for CH Waste: 70.145 20.333 16.452 9.8800 5.2860 3.5270 2.9400
19

22 a CH designates contact-handled waste; RH designates remotely-handled waste

23 b Probability that a randomly placed borehole through the waste panels will intersect waste of activity
24 level 2, 2 = 1,2,3,4,5.

25 c CH activity levels based on 111,520 m2 total surface area

26 d RH activity levels based on 14,360 m 2 total surface area
27
a0
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1 8. UNCERTAINTY AND SENSITIVITY ANALYSIS RESULTS
2

3

4 8.1 Scenario Probability
5

6

8 As indicated in Section 2.3, drilling intrusions into the repository are

9 assumed to follow a Poisson process in the 1992 WIPP performance assessment.

10 Both stationary (i.e., constant _) and nonstationary (i.e., time-dependent _)

11 processes are considered. The rate term in these processes is treated as

12 being uncertain; the sampled variable LAMBDA in Table 3-1 is used to identify

13 the % used for each sample element. For the stationary case, the actual

14 used in the analysis is assumed to be uniformly distributed on the interval

15 [0, 3.78 x 10 -4 yr'l]. For the nonstationary case, the _(t)°s used in the

16 analysis were developed in an expert review process (memorandum by Hora,

17 Appendix A, pp. A-69 to A-99, of Volume 3) and are listed in Appendix D of

18 Volume 3.

19

20 This section contains two illustrations of the uncertainty in scenario

21 probability. Probabilities for the scenarios

22

23 S(O,0), S(I,O) ..... S(6,0) (8.1-I)

24

25 used in conjunction with the risk representation R 1 defined in Eq. 2.5-i are

26 shown in Figure 8.1-1. Figure 8.1-I shows scenario probabilities determined

27 with both constant A's and time-dependent Ats. As a reminder, the risk

28 representation R 1 uses time intervals of [0, 2000 yr] and [2000, i0,000 yr]

29 as indicated in Eq. 2.5-2. For both the constant and time-dependent cases,

30 the individual A's are assumed to equal 0 yr "I after 2000 yr. The actual

31 formulas used to calculate the probabilities are given in Eqs. 2.5-4 and

32 2.5-6. As examination of Figure 8.1-1 shows, scenario probability decreases

33 rapidly with increasing number of drilling intrusions. Further, the use of

34 the time-dependent A's results in considerably lower scenario probabilities

35 for scenarios involving drilling intrusions than the use of constant _'s.

38

37 Probabilities for the scenarios

38

39 S(O,O,O, 0,0, O),S(1,O,O,O, 0,0),S(O, 1,0,0,0,0) ..... S(O,O,O,O,O, 1) (8.1-2)

4O

41 used in conjunction with the risk representation R 2 defined in Eq. 2.5-8 are

42 shown in Figure 8.1-2. Figure 8.l-2 shows scenario pl-obabilities determined

43 with both constant A's and time-dependent A's. As a reminder, the risk

44 representation /_2 uses time intervals of [0, ]50 yr], [150, 200 yr],
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Figure 8.1-I. Uncertainty in probability of scenarios S(0,0), S(I,O) .....
S(6,0) used in conjunction with the risk representation R1
defined in Eq. 2.5-I with an assumed i00 yr period of
administrative control in which dri].ling intrusions cannot
occur.
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8,1 ScenarioProbability
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TRI-6342-2584-0

Figure 8,1-2. U nc e r t a in ty in p ro b ab i l i ty o f s ce na r i o s
S(O,O,O,O,O,O) ,S(1,O,O,O,O,O) ,S(O, 1,0,0,0,0) .....
S(O,O,O,O,O, I) used in conjunct ton with the risk

representation R2 defined in Eq. 2,5-8 with an assumed i00 yr

period of administrative control in which drilling intrusions
cannot occur.
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Chapter 8: Uncertaintyand SensitivityAnalysis Results !

I [200, 500 yr], [500, 1500 yr], [1500, 4500 yr] and [4500, I0,000 yr] as

2 indicated in Eq. 2.5-9. The formula used to calculate the probabilities is

3 given in Eq. 2.3-1 and specializes to

4

pS(n) - II [_(t t - ti_l)]n(i)/n(i)_ exp [-,_(tnT-tO) ] (8.1-3)
i=1

for the constant )_ case. The differences in probability between scenarios in

15 Figure 8.1-2 result from the use of unequal time Intervals in scenario

16 definition.

17

18 The probabilities in Figure 8.1-2 are for exactly i intrusion over I0,000

19 yr, with that intrusion occurring in a specified time interval. As indicated

20 in Tables 2.5-3 and 2.5-4, many different combinations of drilling intrusion

21 times are used in the definition of the risk representation R 2 given in Eq.

22 2.5-8. Because of the large number of scenarios involved, box plots of the

23 form shown in Figure 8.1-2 cannot be presented for all scenarios contained in

24 R 2. However, due to the effects of radioactive decay, the cuttings releases

25 for a scenario are often dominated by the time at which the first drilling

26 intrusion occurs. For this reason, it is useful to examine the probability

27 of drilling intrusions in specified time intervals regardless of the drilling

28 intrusions that may occur in subsequent time intervals. Specifically, Figure

29 8.1-3 presents probabilities for the scenarios

30

3_ S(>_l,>_O,>_O,>_O,>_O,_>O), S(O,>_l,>_O,>_O,>_O,>O), s(O,O,>_l,>O,>_O,>_O) ,

32 S(O,O,O,>_I,>O,>__O), S(O,O,O,O,_>.l,>_O), S(O,O,O,O,O,>_l), (8.1-4)

33

34 where the notation >n(i) in expressions of the form

35

36 S(>_n(1), >n(2), >_n(3), _>.n(4), >_n(5), >_n(6)) (8.].-5)

37

38 indicates that the number of drilling intrusions in the ith time interval

39 (i.e., [ti.l, ti] ) equals or exceeds n(i) . For example, the scenario

40 S(O,aI,>_O,aO,>O,>O) appearing in Eq. 8.1-4 consists of all time histories

41 contained in the sample space S defined in Eq. 2.2-1 in which 0 drilling

42 intrusions occur in the time interval [0, 150 yr] , 1 or more drilling

43 intrusions occur in the time interval [150, 200 yr], and O or more drilling

44 intrusions occur in each of the time intervals [200, 500 yr], [500, 1500 yr],

45 [1500, 4500 yr], and [4500, I0,000 yr]. The defining formulas for the

46 scenario probabilities in Figure 8.1-3 are given in Table 8.1-I. The box

47 plots in Figure 8.1-3 are displaying the uncertainty in the probability that

48 the first drilling intrusion occurs in each of the time intervals used in the

49 definition of the risk representation R 2. As shown in Section 8.2, the size

50 of the cuttings removal release decreases with time.

51
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8.1 ScenarioProbability

SCENARIO CONSTANT K's

> >O-'.. > >0 -s (_>.1,_o.... o,_o,_,) t-----[3_ -

S (0,_>1,>0,_>0,_>0,_>0,)_ - II [_ _

S (0,0,.>-1,_>0,->0,->0,) - II []_H -

s(o,o,o,_>1,_>o,_>o)- F ......_ -

s(o,o,o,o,_>l,_>_o)- t------_ -

s(o,o,o,o,o,_>l) - × ,¢-_! -
l Jlillnl I 1 *t|ml t lllHul I pIml_ I =Jln.I , lJinn_ i llmul = lil,.li i itlll,i I linnil

TIME-DEPENDENT _.'s

' '"'"7 ...... ,'1 ' '"""I .......I .......'1 ........I ....... i .......'1 ......._ '_.......r

S(>1,_>0,._-O,_>0,_>0,_>0,)- _ x -

s(o,_>1,_>o,>o,_>o,_>o,)- I I--_j'-#_ × --

S (O,0,_>1,>_O,>_0,_>0,) _x × -

s (o,o,o,_>I,_O,_>o) - [____-_ -

S (O,O,O,O,_>l,zO) - _ x -

s (o,o,o,o,o,_>1) - 1.t-¢,< -

10"10 10 .9 10.6 10.7 10.6 10.5 10 .4 10.3 10.2 10"1 100

PROBABILITY

Min {1.5x Box, Largest Obs}
.,_k_.f h

Key'.t / / I_ ,k IX X _X25 th 75 th Extreme Obs
Percentile Median Mean Percentile

TRI.6342-2585.O

Figure 8.1.-3. Unc e r t:a i_tl t.y i n p co bab i 1 i t: i es o [ s c e na c i_o s
S(_>l,.>_0,_>.0,_>__O,.>_.O,_O) , S(O,_>.l ,._>.0,_>_0,>0,_>.0) , , . . ,
S(O,O,O,0,O,_]) associat:ed wit:h _:i.sk cet)resentat:ior_ R2 (:le[J_ned
in Eq. 2.5-8 with an assumed 100 yr period o1! administcat:ive
control in which (tri] ling intcusions cannot: occur.
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Chapter 8: Uncertaintyand SensitivityAnalysisResults

z Table 8.1-1. Probability of Scenarios S(>l,_O,_O,>_O,>_O,_O), S(0,>_1,>_0,_>0,>_0,>_0)..... S(O,O,O,O,O,>_l)

3 Associated with the Risk Representation R 2 Defined in Eq. 2.5-8.
i

_ pS (__1 ,_0,_0,__0,_0,__0)

8

9 m m _ m m _
tO = Z Z Z Z Z Z pS(i,i ....k I .I n)
11 i=l j=O k=O l=O m--.-O n=O J
12
13
14

15 rtl _(t)dt]
16 = 1 - exp ['Jr.17
18 0
19
2O

21 pS(O,_>_l >0,_>_0 _0 ._0)
22

23 m _o oo m

24 = Z Z Z Z Z pS(O,j k ],,,,,n)25 j--1 k 0 1 0 ,n-'=O ,1=0 ' '
26
27
28

29 rtl ,x(t)dt]) {l-exp I-f t2 l(t)dt])
30 = (exp [-at31 t
32 0 ]
33
34
35 pS(O,O,_l ,_(),>0,>0)
36

37 m m m m
38 = E g Z Z pS(O,O,k,l,ln,n)
39 k = l 1=0 m=0 n--0
40
41
42
43 t

_r 2 _(t:)dt}) {1 e:.:p [ f44 = (exp [ ot - - '3 A(t)dt])
45 t t
46 0 2
47
48
49 •
50
51 *
52
53
54
55
56 pS(O, O, O, O, 0,>1 )
57

58 m
59 = Z pS (0, O, O, 0,0, _)
60 n = 1
61
62
63
64 t

r
5 _(t)dt]} (l e::p i f65 _-_ (exp t-o t - - 6 X(t)dt:]}

66 t " t '
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8.2 Cuttings Removal

1 8.2 Cuttings Removal
2

3

8 The risk representation R 2 defined in Eq. 2.5-8 is used to display the

6 effects of cuttings removal. The releases associated with single intrusions

7 into waste of average activity at different times are summarized in Figure

8 8.2-1. As discussed in Section 7.3, the releases shown in Figure 8.2-1 are

9 then scaled to determine the releases associated with intrusions into waste

10 of different activity levels. Further, as discussed in Section 2.4, the

11 releases in Figure 8.2-1 are also used in the construction of the cuttings

12 releases assigned to scenarios that invo].ve more than one drilling intrusion.

13

14 The cuttings releases shown in Figure 8.2-1 are initially (i.e., at i00

15 yr) centered around approximately 3.2 x 10 -2 EPA release units. The size of

16 the release then decreases due to radioactive decay, with release being

17 reduced to values centered around 5.5 x 10 .3 EPA release units by 3000 yr.

18 An additional reduction to about 4 x ]0 -3 EPA release units occurs by i0,000

19 yr.

2o

21 The isotopes associated with the releases at 100 yr and lO00 yr are shown

22 in Figure 8.2-2. The release at 100 yr is dominated by Pu-238, with

23 additional contributioi_s from Am-241, Pu-239 and Pu-240. Due to the short

24 half-life of Pu-238 (i.e., 88 yr), the dominant contributor to the cuttings

25 release at i000 yr is Pu-239, with additional contributions from Am-241 and

26 Pu-240. Due to the 432 yr half-life of Am-241, the cuttings releases at

27 later times are dominated by Pu-239, with a small contribution from Pu-240.

28

29 The only sampled variable that affects cuttings removal is DBDIAM

30 (drillbit diameter). As shown in Figure 4.3-i of Helton et al. (].992), an

31 almost linear relationship exists between DBDIAM and the cuttings release to

32 the accessible environmezlt. The relationship is actually quadratic.

33 However, due to the range of values for drillbit diameter under consideration

34 (i.e., 0.267-0.444 m), the relationship is c]ose to being linear.

35

36 For a given set of analysis input, the risk representation R2 defined in

37 Eq. 2.5-8 leads to a single CCDF for cuttings removal to the accessible

38 environment. The 1992 WIPP performance assessment considered two imprecisely

39 known variables that affected the CCDF for cuttings removal: drillbit

40 diameter (DBDIAM) and the rate term in the Poisson model for drilling

41 intrusions ([.AMBDA). As discussed in Section 2.1, the uncertainty in these

42 variables leads to a distribution of CCDFs. Actually, two cases were

43 considered: constant rate terms and time-dependent rate terms. The
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Chapter 8: Uncertainty and Sensitivity Analysis Results

ASSUMED
INTRUSION CUTTINGS

SCENARIO TIME(yrs) , , , ', ", , , ' i ' " '..... ' ' " "'"'' '

100 - _ -

S (1,0,0,0,0,0) 125 - _ -

S (0,1,0,0,0,0) 175 - _ -

s (0,0,1,0,0,0) 550 - _ -

S (0,0,0,1,0,0) 1000 - _ -

S (0,0,0,0,1,0) 3000 - _

S (0,0,0,0,0,1) 7250 - _

10000 - _

I ,I 1, ,,J I I 1 I J I l I I J _ J J

10.3 10-2 101

RELEASE TO ACCESSIBLE ENVIRONMENT

Min {1.5x Box, Largest Obs}
...._ .

Key:l /_j /_.... _ L_' " IXX /4'XI25 th 75 th Extreme Obs
Percentile Median Mean Percentile

TRI-6,342-2586-0

Figure 8.2-1. Total normalized release to the accessible environment due to

cuttings removal from waste of average activity level.
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8.2 CuttingsRemoval

CUTTINGS: 100 YR
..... "1 ...... "1 ...... "I ...... "I ...... "1 ...... "1 ...... "1 ..... "1 ' ..... "1 ' ' .....

Am-241 USEDINGROUNDWATERTRANSPORTII
Np-237 I
Pu-239
Pu-240
Ra-226 s
Th-230 I
Th-232
U-233 w
U-234 _

Cm-244 _-.... -m-......................... -
Cm-248 - m • -
Pb-210 - NOTUSEDIN GROUNDWATERTRANSPORT -
Pu-238 - m -
Pu-241 - •
Pu-242 - • -
U-235 - •
U-236 - m
U-238 - •

1011 10.9 10.7 105 10.3 101
RELEASE TO ACC ENVIRONMENT

TRI-6342-2587-0

CUTTINGS: 1000 YR
...... '1 ...... "I ..... "1 ..... "1 ' '"""1 ' '""1 ...... "I ...... "1 ...... "1 .......

Am-241 USEDIN GROUNDWATERTRANSPORT_W
Np-237
Pu-239
Pu-240 L
Ra-226
Th-230 -.
Th-232 -
U-233 -
U-234 -.................................

Cm-244 NOTUSEDINGROUNDWATERTRANSPORT
Cm-248 •
Pb-210 _,
Pu-238 ,_ -
Pu-241
Pu-242 _ -
U-235 •
U-236 • -
U-238 • -

.... ._1 i J,._l , J,,,_l ...... ,,I ...... J ...... J ...... .I , ..... J ...... J ......

101 10.9 10.7 10.5 10.3 101

RELEASE TO ACC ENVIRONMENT
TR1-6342-2588-0

Figure 8.2-2. Norma].ized releases to the accessible environment for

individual isotopes for cuttings removal resulting from a

single borehole intersecting waste of average activity level
at i00 yr and tO00 yr.
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Chapter 8: Uncertainty and SensitivityAnalysis Results

1 distributions of CCDFs that result for these two cases are shown in the two

2 left frames of Figure 8.2-3: summaries based on mean and percentile curves

8 are shown in the two right frames. Due to the use of a sample of size 70 in

4 the 1992 WIPP performance assessment, the individual plots in Figure 8.2-3

S are based on 70 CCDFs.

6

7 As examination of Figure 8.2-3 shows, the CCDFs for cuttings removal fall

8 substantially below the EPA release limits. Further, the CCDFs constructed

9 with the time-dependent rate terms obtained through an expert-review process

10 fall below the CCDFs constructed with constant rate terms. As a reminder,

11 the constant rate terms were obtained by generating a uniformly-distributed

12 sample from the interval [0, 3.75xi0 "4 yr-l], where 3.75xi0 -4 yr -I

18 corresponds to the maximum drilling rate of 30 boreholes/km2/lO,000 yr

14 specified by the EPA.

15

16 The variability in the CCDFs shown in Figure 8.2-3 is due primarily to

17 uncertainty in the rate term in the Poisson model for drilling intrusions

18 (i.e., in the function A(t) appearing in Eq. 2.3-i), with a small additional

19 contribution from drillbit diameter (DBDIAM) o Sensitivity analyses based on

20 partial correlation analysis or regression analysis produce results similar

21 to those shown in Figures 4.6-i and 4.6-2 of Helton et al. (1992). In

22 particular, there is a strong positive correlation between exceedance

23 probability and the rate term in the Poisson model for drilling intrusions

24 (LAMBDA), and a positive but less strong correlation between exceedance

25 probability and drillbit diameter.

26

27 The steps appearing in the individual CCDFs in Figure 8.2-3 result from

28 the discretization of the waste into five activity levels for the calculation

29 of cuttings removal. The use of more activity levels would cause these steps

30 to be eliminated but would not significantly alter the distributions of CCDFs

31 for cuttings removal. Additional discussion of this pattern is provided in

32 conjunction with Figure 4.6-3 of Helton et al. (1992).

88

84

3s 8.3 Release to Culebra
36

37

38 Due to constraints imposed by computational cost, the 1992 WIPP

40 performance assessment performed groundwater transport calculations only for

41 intrusions occurring at I000 yr. As discussed in Section 2.4 and in more

42 detail in Chapters 4 and 5, the first step in these calculations is the use

43 of the BRAGFLO model to determine time-dependent releases into the Culebra

44 Dolomite. The integrated (i.e., total) values for these releases over i0,000

45 yr are summarized in Figure 8.3-i for scenarios S(I,O) and S+(2,0), which
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8.3 Releaseto Culebra

CUTTINGS CUTTINGS

10° 10° ........................... ' ..... " ......

rr 191.13 (a) tr I
A 10"I-- t___ ^ 10. I __.1
LU UJ I

co u) MEDIAN _,.'_ i.,,,--
10.2 ',_uJ 10-2

,,, ,,-I,
u_ 10.3 10th
O _) 10"3
>- _ PERCENTILE 1
I--
-3 10.4 - 90th

10.4

m< m< tt PERCENTILEO 0.5 O 10"5rr 1
n CONSTANT _.'s n

10.6 10"6 CON STA NT_.'s _1]
0 10-4 10.3 10.2 10"1 100 101 102 103 0 10.4 10.3 10.2 10"1 100 101 102 103

RELEASE TO ACC ENVIRONMENT, R RELEASE TO ACC ENVIRONMENT, R
TRI-6342.2637.0 TRI-6342-2636-0

CUTTINGS CUTTINGS

10° 10° ............... , ..... .--,......._ .............. ..-,......

TIME-DEPENDENT _"S ] 191 13 (a)rr" '
A 10"1 rr . 90th [A 10"1

09LU _ _yNTILELU< 10 "2- W< 10 .2 -
LU
rr rr"

u_ 10-3 _) 10-3O ,_

__. 10-4 10-4
m
<
m

O 0. 5

rr 1 10.5
n

10.6 106
0 10.4 10 .3 10.2 10"1 100 101 102 103 0 10 -4 10.3 10.2 10 "1 100 101 102 103

RELEASE TO ACC ENVIRONMENT, R RELEASE TO ACC ENVIRONMENT, R

TR1-6342.263G.0 TRI-6342-2638-0

Figure 8.2-3. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr for cuttings removal constructed

for the risk representation R 2 defined in Eq. 2.5-8 with

constant (upper two frames) and time-dependent (lower two

frames) rate terms in the Poisson model for drilling
intrusions.
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PANEL PANEL
r ,,.m_ , 1,,,_ ' '1'1_ T ' ''T'_ ' 1'1_ 1 I'''_ ' ''1'_ ...... q ...... _ ' ' '_'w _ 1 1 I II I ! ! 1 I I' T II _ "'

Am-241 ×=x_× ,<_, _, - Am-241 _ x x x

Np-237 × × x _: × >'_':× × - Np-237 _
Pu-239 L _ _._ × _._ ,, × h!

Pu-239
t'"

PU-240 - ," -" =_ ,,
pu-24oi'*

Ra-226 _==,,_.",, :
Ra-226 ::_* • x ,

Th-229 -[_
Th-230 ", .-........... ">: ×× ,

Th-230 - [_ _xU-233 _ ,< =._, _<

U-234 ,.==×._,: U-233 i I "[, "i H

TOTAL ,, .,,, _._._ U-234 i I "1' }{I
..... J ..... ,,=1..... .1 ...... J ..... J ..... ,,.I ..... ,..I ..... _ , , ,,,_.,1.... I I I ! 1 1 1 i I I

10.8 10"6 10 .4 10.2 10° 02 0 10 20 30 40 50 60 70 80 90 100

RELEASE TO CULEBRA: S (1,0) % TOTAL RELEASE TO CULEBRA: S (1,0)

TRI-6342-25gO-0 TR:-6342-258g-O

PANEL PANEL
.... '_ '"""I _""_"q ..... "I ..... "I "'"_"'1 ...... "1 ...... "1 ..... "i' "'"'_ "| ! I ! ! | ! ! ! !

Am-241 [_[-----]-('_=" '1 Am-241 i..[ " • ] '" t

Np-237 {- I d-4= Np-237 [_,,. ,,

Pu-239 _ i ..... il-_ '¢='= _" Pu-239 _ × × ,, _,, × × _ ,o,

Pu-240 ----_ 'i _ _'== * × Pu-240 ]_ ,,-"

Ra-226 _ Ra-226 [_× × ×
Th-229 ------L__ I ..

Th-229 _=,
Th-230 ------4 I ________ H

Th-230 _,oo,,,_
U-233 {_

U-234 [_ U-233 _ ]. H

TOTAL E]_]H=.,., U-234 4 ..... [" 'i. "m

...... a ...... .a ..... ,,.a ..... .a ..... _ ..... J ...... a ...... a ..... ,,a ..... I I I , I 1,, ,L I _ ! I

10 .8 106 10.4 10.2 10° 02 0 10 20 30 40 50 60 70 80 90 100

RELEASE TO CULEBRA: S *(2,0) % TOTAL RELEASE TO CULEBRA: S+'(2,0)

TRI-6342-2592-0 TRI-6342-2591-O

Min {1.5x Box, Largest Obs}

f .... .--*_ ,

Key:} _ ,/ qD,_, {X X /4,X25 th _ 75 th Extreme Obs

Percentile Median Mean Percentile

Figure 8.3-1. Normalized releases to the Culebra Dolomite over 10,000 yr due
to groundwater transport :for scenarios S(I,0) and S+-(2,0)

used in conjunction with the risk representation RI defined in

Eq. 2.5-I with intrusion occurring at I000 yr.
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8,3 Releaseto Culebra

I are used in conjunction with the risk representation R I defined in Eq. 2.5-1

2 to develop CCDFs for normalized release to the accessible environment due to

3 groundwater transport.

4

5 Only 14 of the 70 sample elements used in the analysis resulted in

6 nonzero releases to the Culebra for scenario S(I,O). Thus, the individual

7 box plots in Figure 8.3-1 for scenario S(I,O) are based on a maximum of 14

8 nonzero normalized releases. The total normalized release to the Culebra for

9 scenario S(I,O) is always less than i, with the total release being dominated

10 by U-233, U-234 and Am-241. As shown by the scatterplot in Figure 8.3-2,

11 zero releases to the Culebra tend to be associated with the smaller values

12 for Salado halite permeability (SALPERM). This pattern occurs because the

13 repository fails to fill with brine for smal.l values of SALPERM, with the

14 result that there is no brine flow, and hence no radionuclide transport, up

15 an intruding borehole.

16

17 In contrast to scenario S(],O), only two sample elements resulted in no

18 release to the Culebra for scenario S+'(2,0). As examination of Figure 8.3-1

19 shows, half the sample elements haw_ total normalized releases to the Culebra

20 that exceed 0.6 EPA release units. Further, 9 sample elements have total

21 normalized releases that: exceed lO. As for scenario S(],O), the total.

22 release tends to be dominated by Am-241, U-233 and U-234, with Pu-239 also

23 making a large contribution to the total release for some sample elements.

24 The larger brine flows associated with scenario S+'(2,0) permit radionuclides

25 with short half-lives to be transported out of the repository before they are

26 lost due to radioactive decay. Because of this, Am-241 is a larger

27 contributor to the total release for scenario S +- (2,0) than it is for

28 scenario S(I,O).

29

30 As shown in Table 8.3-1, stepwise regression analysis can be used to

31 investigate which of the sampled variables listed in Table 3.1 dominate the

32 uncertainty in the releases to the Culebra summarized in Figure 8.3-i for

33 scenario S+'(2,0). The results contained in Table 8.3-I and other similar

34 presentations in this report were calculated with the STEPWISE program (Iman

35 et al., 1980) with rank-transformed data (Iman and Conover, 1979). The

36 rationale for using rank-transformed data is that this transform enables the

37 analysis to identify the extent to which variables tend to increase and

38 decrease together, which is typically the question of interest in a

39 sensitivity analysis. Further, use of the rank transform avoids some of the

40 technical problems associated with oti_er transforms (e.g., appropriately

41 weighting outliers and the tceatment of zeros).

42

43 For Am-241, the uncertainty iI_ the integrated release to the Culebra is

44 dominated by BHPERM (borehole permeability) and SOLAM (solubility for Am),
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PANEL

100 ..... _+"= ' ' +"+"1 ......... 1 ........ = .... _"=
• • "

10"1 • ". ,,. • •

10"2

O • •

•- 0-3

rr 10-4rn
W
.J
D O.So 1
0
F- 0 6LU 1
03

.J 10 .7
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10-8

10-9

............ "l........... 7"
10-10 I , A,,l,,I , , ,,,,, ........ I ..... I ........

10-24 10.23 10.22 1021 10.20 1019

SALADO PERMEABILITY (SALPERM, m2)

TRI-6342.2593-0

Figure 8.3-2. Scatterplot for total, normalized release to the Culebra

Dolomite over I0,000 yr versus Salado Permeability (SALPERM)

for scenario S(I,0) with intrusion occurring at i000 yr.
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8.3 Releaseto Culebra

1 Table 8.3-1. Stepwlse Regression Analyses with Rank-Transformed Data for Integrated Release to the

2 Culebra Dolomite over 10,000 yr for Scenario S' +-(2,0) with Intrusion Occurring 1000 yr

3 after Repository Closure.

4

5

111 Variablea R2b Variable R2 Variable I R2 Variable ] R2 !

lg Step c ' Am-241 Np-237 Pu-239 Pu-240 I2(}

2=' 1 BHPER M 0.42( + ) SOLNP 0.75( + ) SOLPU 0.86( + ) SOLPU 0.86( + )

, 27 2 SOLAM 0.81(+) BHPERM 0.90(+) BHPERM 0,94(+) BHPERM 0.94(+)

28 3 DBDIAM 0.83(+) DBDIAM 0.95(+) DBDIAM 0,95(+)
29

3(} Step Ra-226 Th-229 Th-230 U-233

32

31 1 BHPERM 0.21(+) SOLTH 0.77(+) SOLTH 0.77(+) BHPERM 0.41(+)

39 2 SOLTH 0.33(-) BHPERM 0.89(+) BHPERM 0.88(+) SOLU 0.60(+)
40

4_ Step U-234 Total

48

48 1 BHPERM 0.41 (_) BHPERM 0.48(+ )

50 2 SOLU 0.60(+) SOLAM 0.60( + )
52

53

54 aVarlables listed In order of selection In regression analysis

55 bCumulative R2 value with entry of each variable into regression model, with "_" and ,v, indicating

56 positive and negative regression coefficients, respectively

57 CSteps In stepwise regression analysis

58

60

62

63 with the release tending to increase as each of these variables increases.

64 These positive effects result because increasing BHPERM reduc.es resistance to

65 flow up the boreholes and increasi_ig SO[7kM increases the amount of Am-241

66 that carl be dissolved in brine. The regression model with BHPERM and SOLAM

67 can account for 81_ (i,e. , R2 = 0.81) of the variability in the Am-241

68 release to the Culebra, The re].ease patterns that result in the selection of

69 BHPERM and SOLAM in the regression analysis for Am-241 summarized in Table

70 8.3-1 at-e shown in Figure 8.3-3 for both log-transformed and rank-transformed

71 data. The flattening associated with large values of SOLAM is due to

72 inventory limits; as shown in Figure 7.3-I, the amouilt of Am-241 in one waste

73 panel at i000 yr is approximately 40 EPA release mlits. The regression

74 analysis for Am-241 in Table 8,3-i also indicates a smal] positive effect for

75 DBDIAM (drill bit diameter), which results because increasing DBD]AM increases

76 the diameter of the intruding boreholes and thus produces a larger area

71 through which brine flow can take p]_ace.
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8.3 Releaseto Culebra

I The radionuclides Np-237, Pu-239, Pu-240, Th-229 and Th-230 show release

2 patterns similar to those shown by Am-241, although the solubility limits

3 (i.e., SOLNP, SOLPU, SOLTfl) tend to be more important than borehole

4 permeability (BHPERM). In the analysis for Am-241, solubility and borehole

5 permeability were of approximately equal importance. This difference in

6 importance for BHPERM results from the relatively short half-llfe of Am-241

7 (i.e., 432 yr), which inakes reduced flow rates up an intruding borehole more

8 important for Am-241 than for Np-237, Pu-239, Pu-240, Th-229 and Th-230 due

9 to loss resulting from radioactive decay. As an example, the scatterplot for

10 Pu-239 release to the Culebra versus SOLPU in Figure 8.3-4 shows less spread

11 than the corresponding scatterplot for Am-241 in Figure 8.3-3. Also, the

12 scatterplot for Pu-239 in Figure 8.3-4 does not suggest the presence of any

13 effects due to inventory limitations as is the case for Am-241 in Figure

14 8.3-3.

15

16 The regression analysis for Ra-226 summarized in Table 8.3-I is not very

17 successful, with two varlab]es selected and an R2 value of only 0.33. In

18 particular, the analysis indicates that the release of Ra-226 to the Culebra

19 tends to increase as BHPERM (borehole permeability) ilmreases and tends to

20 decrease as SOLTH (solubility of Th) ilmreases. The patterns that give rise

21 to these selections are shown in the scatterplots in Figure 8.3-5 with both

22 log-transformed and rank-transformed data. The positive effect indicated for

23 BHPERM in Table 8.3-i and Figure 8.3-5 results because increasing BHPERM

24 increases brine flow out the intruding boreholes, and the negative effect

25 indicated for SOLTH results because increasing SOLTH increases the amount of

26 Th-230 removed from the waste pane], and thus decreases the amount of Ra-226

27 that will be produced within the pane] by radioactive decay. The solubility

28 limit for radium (SOLRA) is assigned a lligh range of values (i.e., 2 to 18.2

29 tool/L). As a result, all available Ra-226 goes into solution, and thus SOLRA

30 does not show up as an important variable in the regression analysis for Ra-

31 226 release to the Culebra. As examination of the box plots for Ra-226 in

32 Figure 8.3-i and the range of Ra-226 releases on the coordinates in Figure

33 8.3-5 shows, the high values for SOLRA result in a smaller range of release

34 values for Ra-226 than ix the case for tl_e other isotopes considered in this

35 study due to a complete removal oI! the available Ra-226.

36

37 The scatterplots i.n Figure 8.3-5 suggest that a regression analysis with

38 log.-transformed data may indicate a stronger relationship between Ra-226

39 release to the Culebra and the vat-iables BIIPERM (borehole permeabil, ity) and

40 SOLTH (solubility of Th) tha1_ was observed with rank-t.ransformed data. The

41 two sample elements with zero release to the Culebra were dropped from the

42 analysis and the remaining 68 sampl.e elements were used in a regression

43 analysis with log-transformed data. This produced the regression model
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1 log y = 0.762 + 0.289 log BttPERM - 0.052 log SOLTH, R2 = 0.24 (8.3-1)

2

3 where y is the., normalized release of Ra-226 to t:he Culebra. Thus, the use of

4 log-transformed data does _ot improve the regression results for Ra-226

5 (i .e., R 2 = 0.33 with ra_k-traz_sformed data and R2 = 0.24 with log-

6 _:ral_s formed data).

7

8 The regression allalyses for U-233 and U-234 summarized in Table 8.3-1

9 produce simi]ar results, witl_ release tending to increase as BHPERN (borehole

1.0 permeability) and SOLU (solubility for U) increase. However, the regressions

11 with these two variables have R 2 values of only 0.60. Scatterplots for U-233

12 release to the Culebra versus BIIPERN and SOI,U are shown in Figure 8.3-6. The

_3 lines of appro×imately equal _-eleases across the tops of these scatterplots

14 correspond to the U-233 inventoiy in a single waste panel_ (i.e.,

15 approximately 0.4 EPA release units as show_ in Figure 7.3-1). A similar

16 pattern also occurs in the corresponding scatterplots for U-234. Thus, the

17 larger values for bot:h BHPERM and SOLU result in a complet:e removal of U-233

18 and U-234 fro,, the waste panel, which creates a pattern that is not we11-

19 captured by the regression techniques in use. Similar behavior was also

20 observed for U-233 anti U-234 i_ t.l_e 1991 W1PP performalme assessment (e.g.,

21 see ttelton et al., lq92, Figures 4.5-2 aT_d 5. 1-6).

22

23 The last regressiorl az_al','sis sunwmari;-e.d ii_ Table 8.3-1 is for the total

24 normal ized release to tlhe C_llet)ra. This avlat\,sis iv_dic'ates that the., total

25 release tends t:o incr_ase as eac'}_ of BltPF, RH (borehole. permeability) and SOLAM

26 (solubility for Am) increases. "I't_e regression model with t.hese two variables

27 has an R 2 value of 0.60. w}_ic't_ is not particularly good. As showT_ in Figure

28 8. 3- l , U-233 and U-234 arc, importatlt contribt_tors to total release. Thus,

29 tile low R2 value iI_ the regressioll aTlalysis f.or total release is due in part

30 to the ii_vent.orv-related patterl_s shown iv_ t;'igt_re 8,3-6 for U-233 and similar

31 patterns for U-234.

32

33 The radionuclide releases to t.l_e Culebra analyzed in Table 8.3-1 result

3a from brine flow up thc, t:wo it_tru¢ling boreholes associated wit:h scenario

35 S + (2,0). These [lows are summarized in Figure 5.2-16. The uncertainty in

1 1 .,, . .36 the ca;nutative bri_e flow to tt_e (:_._lebra show_ i_ F:ig_re 5 2-16 results from

37 the uncertai_t v in t.l_v to1 ]r)wiv_g 2.1 variables coz_tait_ed in Table 3-i"

38 BIt PERM, BPPRES, B PS'I'(IR, BRSAT, BCBRSAT, B(:EXP, BCFL(;, BCCSSAT, DBDIAM,

39 CRCORtlF, CRCORI, CRMICttF, (;RMl(;I. MBI'EP, M. MBPOR, SAI.PERM, SAI.PRES, STOtCCOR,

40 STOICMIC, VMETAI. AND VWOOD. "l'}_v PC(]SR,(; t) l'(')gl'alll (Ima)_ et al., 1985) c.an be

4_ used to determine which of th,_ saH_t) led variables domi_ates the m_certainty in

42 the cumulative britle flows s}_>',.'_ J_l Figt_r_-, 5.2-16. In particular, PCCSRC can

43 be used t,. calc.ulatie ttl_: t)artial rank correlation coe. ffic. ients (PRCCs)

44 between the cumulative briile flow appeari_g above tixed times on the abcissa

8-20



8.3 Release to Culebra

PANEL: LOG-TRANSFORMED DATA PANEL: RANK-TRANSFORMED DATA
10 ° ......... , ....... , ........ 70 ......

...-,...
""? O • %
O • •

• .;, ?.."..,,:_.'., ,..... • .. _ • • .
10 "1 " 4- 60 . . "-

09 • • p =w

. • • " _ 50 ". .
rr 10-2 . m " •
133 . • LM . •LM -J •
•-J " :D 40 " ."
::D • O • "
(D 10 .3 " • "

O • "

O _ 30 • " "
I-- uJ " = .
LU u3 ° •
o9 10 .4 .< " . •
'< U.J •
LU . 20 .. "
._1 UJ ."
UJ • rr •
rr 10 "5 • • "

m 1003 03 • •
03 C_I • o

• • :5 " • •
:D 10-6 .... ,,,,f ........ , ' ' ..... 0 " _ I I I I I

10 -14 10"13 10-12 10"11 0 10 20 30 40 50 60 70

BOREHOLE PERMEABILITY tBHPERM, m 2) BOREHOLE PERMEABILITY (BHPERM)

TR1-6342-2604 ..0 TRI-6342.2606-0

PANEL: LOG-TRANSFORMED DATA PANEL: RANK-TRANSFORMED DATA
10 ° ........ .....-_ ..... , ,,,-, ....-_ .....-, ....... ....-., .....-, ..... 70 ...., .......-.-'.,- •

O _" • •

cJ """""" _"""X-"": "" _ ' "
• . ;'-_60 ' • .

09 10 I • 09 • "

._ • ... . .,_ , •
• • rr 50 ""

rr 0 2 . ,.m 1 _ m . .
LU -. . UJ = •
..j --J • . ,,

• D 40 • .

0 0 3 . , 0 • ,0 1 0 " . • "
I-- I-.- , •
LU LU 30 •

(I) " •

09 0. 4< I < • " .
Lil UJ •
. _J 20 " •
ILl LLI " • o
lie lie ".
03 10 .5 03 • , •
03 m 10 ",
04 04 o•

:5 • • :5 .,'"
1 0 .6 ..... a , ......a , ,,,,a ..... a ..... a ...... -' ...... -, ..... ,a r ,...a , ,,. 0 I I I " I " I I

10-10 10-8 10-6 10-4 10-2 100 0 10 20 30 40 50 60 70

U SOLUBILITY (SOLU, mol/..o) U SOLUBILITY (SOLU)

1 RI.6342-2605-0 TRI-6342-2607-0

Figure 8.3-6. Scatterplots with log-trans_crmed data and rank-transformed

data for normalized release of U-233 to the Culebra Dolomite

over i0,000 yr for variables BHPERM (borehole permeability)

and SOLU (solubility of U) for scenario S+-(2,0) with

intrusion occurring 1000 yr after repository closure.
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1 and the previously indicated variables in Table 3-i. The values for these

2 PRCCs can be p]otted above the corresponding times and then connected to form

3 continuous curves. As shown in Figure 8.3-7, the most important variables

4 identified in this analysis are BHPERM (boreho]e permeability), DBDIAM

5 (drillbit diameter) and BPPRES (brine pocket pressure), with cumulative brine

6 flow tending to increase as each of these variables increases. These

7 positive effects result because increasing B}IPERM reduces the resistance to

8 brine flow in the intruding boreholes, i_creasing DBDIAM increases the

9 diameter of the intruding boreholes, and i11creasing BPPRES increases brine

10 pressure within the waste panel. A small negative effect is also indicated

11 for CRCORI (gas-generation rate for corrosiotl of steel under inundated

12 conditions) between 1500 and 3000 yr, although CRCORI appears to have little

13 or no effect on cumulative brine flow at later t:imes. This pattern probably

14 results from the effect of CRCORI in reducing the amount of brine in the

15 waste at the assumed intrusion tilne of 1000 yr, with the result that more

16 brine is required to enter the repository before flow up the boreholes can

17 commence than might be the case otherwise. As indicated by PRCCs of

18 approximately one, BHPERM is the most important variable with respect to the

19 uncertainty in brine flow.

20

21 Stepwise regression analysis can a]so be used to investigate brine flow

22 out of a waste panel through the intruding boreho]es associated with scenario

23 S+-(2,0). In particular, a stepwise regression analysis for cumulative brine

24 flow over i0,000 yr (i.e., for the cumulative briI_e flows appearing above

25 10,000 yr in Figure 5.2-16 is presented in Table 8.3-2. As previously

26 indicated by the PRCCs in Figure 8.3-7, BIIPERM (borehole permeability) is the

27 dominant variable with all R2 value of 0.9/4. Further, the addition of DBDIAM

28 (drillbit diameter), BPPRES (bril_e pocket pressure) alld BPSTOR (brine pocket

29 storativity) results in a regression model wittl all R2 value of 0.99. These

3C results indicate that brine flow ix domirlated by variables affectirlg borehole

31 properties (BHPERM, DBDIAM), with smal 1 additional effects coming from

32 variables that define britle pocket properties (BPPRES, BPSTOR). The

33 relationship between BItPERM and cumttlative brille fIow is shown in the

34 scatterplot in Figure 8.3-8.

35

36 For a given set of analysis irlput., the risk representation R] defined in

37 Eq. 2.5-1 leads to a single CCDF for release to the Culebra. The I992 WIPP

38 performance assessme_lt considered the following 29 imprecisely known

39 variables de fined ill Table. 3-1 that affect the CCDF for release to the

40 Culebra: BHPERM, BPPRES, BPSTOR, BPAREAFR, BRSAT, BCBRSAT, BCEXP, BCFLC,

41 BCCSSAT, DBDIAM, CRCORItF, C,RCORI , CRMICHF, CRMICI, LAMBDA, MBPERM, MBPOR,

42 SALPERM, SALPRES, SOI.AM, SOLNP, SOLPU, SOLRA, SOLTH, SOLU, STOICCOR,

43 STOICMIC, VMETAI. and VWOOD. As discussed in Section 2.1, the uncertainty in
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1 Table 8.3-2 Stepwise Regression Analysis with Rank-Transformed Data for Cumulative Flow of Brine

2 into a Borehole Over 10,000 yr for Scenario s 4--(2,0) with Intrusion at 1,000 years.
3

I

6 Steps a Variable b R 2 c

9 1 BHPERM 0.94 (+)
10

11 2 DBDIAM 0.97 (+)
12

13 3 BPPRES 0.99 (+)
14

15 4 BPSTOR 0.99 (+)
16

17 aSteps in stepwise regression analysis

18 bVariables listed in order of selection in regression analysis

19 CCumulative R 2 value with entry of each variable into regression model, with "+" and "-" indicating

20 positive and negative regression coefficients, respectively
21

m!

25

26 these variables leads to a distribution of CCDFs. As previously noted in the

27 discussion of cuttings releases, two cases were considered in the analysis

28 for the rate term (i.e., A) in the Poisson model for drilling intrusions:

29 constant rate terms and time-dependent rate terms. The distribution of CCDFs

30 that result for these two cases are shown in the two left frames of Figure

31 8.3-9; further, summaries based on mean and percentile curves are shown in

32 the two right frames. Because a sample size of 70 is used in the 1992 WIPP

33 performance assessment, the individual plots in Figu_-e 8.3-9 are based on 70

34 CCDFs.

35

36 As examination of the upper two frames in Figure 8.3-9 shows, the use of

37 constant-valued rate terms in the Poisson model for drilling intrusions

38 results in most CCDFs falling below the EPA release limits. Further, the

39 mean and percentile curves also fall beneath the EPA release limits, although

40 both the mean and 90 th percentile curves come close to intercepting the

41 release limit at the (i0, 0.001) point. As shown in the two lower frames in

42 Figure 8.3-9, tile use of time-dependent rate terms in the Poisson model for

43 drilling intrusions produces CCDFs that are shifted down from those obtained

44 with constant-valued rate terms. In particular, the mean and 90 th percentile

45 curves obtained with time-dependent rate terms fall approximately two orders

46 of magnitude below the corresponding curves obtained with constant-valued

47 rate terms. Due to the skewed nature of the distributions shown in Figure

48 8.3-9 and other similar figures, it is possible for parts of the mean curve

49 to be located above the 90 th percentile curve. Such behavior occurs when a

50 distribution has a few very large values and many small values.
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Figure 8.3-.9. Distribution of CCl)Fs for zlot'lnalized release to the Cul.ebra

Do] olni t.e ov(._: 1 0 , 000 y_ coils t_l:uc t c'd [o1" t:he risk

represe[lt.ati on f_l. defined il-i Eq. 2.5- 1 wi t:l-i col_stant (upper

two frames) and Lime- depeIldel_t. ( 1ow_,r Lwo frames) rate t:erlns

in the Poissoll nlodel for drill in,, ii_t. rusi.orts. As the release
urldel" corisi_deration is to t_he (.;u]eb]ra, t:lle (:(:l)Fs shown in LhLs

figure are not: t:he CC;I)l;'s used for compari, sor_ wit:h the bounds

given in qO CFR 191., Subpart. B.
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8,4 Groundwater Transport to Accessible Environment

1 As discussed in conjurmtion with Figure 8.3-/, the PCCSRC program (Iman

2 et al., 1.985) can be used to determine which of the sampled variables

3 dominates the uncertainty tn the CCDFs sl_own in the upper left frame of

4 Figure 8.3-9. [n partic'ular, PCCSRC can be useci to calculate PRCCs between

5 the exceedance probabilities appearing above fixed release values on the

6 abcissa and the variables in Table 3.1. The values for these PRCCs can be

7 plotted above the correspon(lill_- release values and then c.onnected to form

8 continuous curves. As sl_owt_ i l_ Figure 8.3-10, the three most important

g variables identified in this analysis were IAMBDA (rate constant in Poisson

10 model for drilling intrusiolls), BttPERM (borehole permeability), and SOIAM

11 (solubility for Am). No other variabl, es were iclentified as having a

12 substantial, effect on t.he it_dicated distribution of CCDFs. The variable

13 IAMBDA defines the probability of having one or more drilling intrusions and

14 hence controls the initial horizontal sectioll of t:he CCI)Fs. The. variables

15 BIIPERM ancl SOIAM control t:tle, size of releases algol hence det.ermine how far the

16 individual CCI)Fs extend t:o tl_e rigl_t before they drop to the abc. i.ssa.

17

18 The two lower plots in l,'igure 8.3-9 were gerlerat.ed with the same releases

19 to the Culebra as the upper two pl_ots but with time-dependent rather than

20 constant rate terms in the Poisson model for drilling intrusions. Thus, the

21 downward shift of the CCDFs associated with the two lower frames is

22 indicative of the impact of the time-dependent: rate terms developed in an

23 expert review process as part of the WIPP performance assessment (Hora et

24 al., 1_991; memorandum by tlora in Appendix A, pp. A-69 to A-99, in Volume 3 of

25 this report).

26

27

_e 8.4 Groundwater Transport to Accessible Environment
3O

31

32 As indicatecl in Table. 8.4-1, seven alternative moclelir_g assumptiolls for

34 radiontlcl ide tl'allsport ill L|IC' Culebra were evaluated. Transport results

35 wit:bout chemic:al retarclation are presentect in Sectiorls 8.4.1 and 8.4,5 and

36 transport: rest_l.t.s with chemical retardation are presented in Sect:ions 8.4.2,

37 8 ./4 . 3 a n cl 8 . 4 . 4 . T h e r t.,s u 1 t s i n S e c t i o n 8 . 4 . 1 a r e f_o r n o c h e m i c a 1

38 retardation, no clay lirli.ng i.n fractures and no matrix diffusion, with the

39 result that releases to the Culebra are transported unimpeded to the

40 accessible environment:. This is bel. ieved to be the most conservative set of

41 assumptions for model, ing radionuc l_ide transport in the Culebra. Several

42 variants on the assumption of no chemical retardation are presented in

43 Section 8.4.5. 1'he most: important of these variants assumes diffusion into

44 the Dolomite matrix and thus illustrates the effect of physical retardation

45 (i.e., retardation in the Dolomite matrix) in the absence of chemical

46 retardation. The analyses in Sections 8.4.2, 8.4.3 and 8.4.1-, with chemical

47 retardation illustrate the effects of assuming fracture only (i.e., no matrix
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Figure 8.3-10. Partial rank correlation coefficients for exceedance

probabilites associated with individual CCDFs in Figure 8.3-9
for release to the Culebra Dolomite with constant rate terms

in the Poisson model for drilling intrusions.
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8.4 Groundwater Transport to Accessible Environment

Table 8.4-1. Alternative Modeling As,,' lmptlons for Radlonucllde Transport In the Culebra Dolomite.

J
/

No chemical sorption and no movement to dolomite matrix. Illustrates most8.4.1 - - -
conservative modeling assumptions.

8.4.2 + + - Chemical sorption in fractures only and no movement of dolomite matrix.
.......... IIIustr_ate_s_.tr_an__p_ort inf____ra_ct_ures_ .................

8.4.3 + - + Chemical sorption in dolomite matrix only.
Chemical sorption in fractures and dolomite matrix. Believed to be most

8.4.4 + + + realistic case.

8.4.5 - + - No chemical sorption and no movement to dolomite matrix.

No chemical sorption with movement to dolomite matrix. Illustrates physical
8.4.5 - - + retardation in dolomite matrix.

8.4.5 - 4'- "t- No chemical sorption with movement to dolomite matrix.
.......
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Chapter 8: Uncertainty and Sensitivity AnalysisResults

1 diffusion) and dual porosity (i.e., diffusion into the dolomite matrix)

2 transport. The case in Section 8.4.4 with chemlcal retardation In both the

3 fractures and tile dolomite matr|x is believed by the WIPP performance

4 assessment project to be the most appropriate model for radionucllde

5 transport in the Culebra.

8

7

8 8.4.1No Chemical Retardation,No Clay inFractures,No MatrixDlffuslon

12 This section presents results calculated with the assumptions that all

13 fluid flow within the Culebra takes place in fractures, no clay is present: in

14 the fractures, and no chemical retardation occurs witl_in the fractures.

15 Thus, radlonuclides released into the, Culebra are transported unimpe.ded to

16 the accessible environment, As shown by the scatterp]ot ill Figure 8,4-1,

17 these assumpt|ons result: il_ the releases to the accessible ellvironment bei.l_g

18 essentially idet_tical to t.he releases to the Cul.ebra. Thus, the. discussions

19 in Sect ion 8.3 for release to the Culebra also apply to release to the

20 accesslble environment for no chemical retardation and no matrix d|ffusion.

21 In part:icul_ar, the distribution of CCI)Fs for release t:o the accessible

22 enviro_unent due to groundwater transport: with no chemical ret:ardation, no

23 clay and no matrix diffusion are visually indistinguishable from t.hose

24 appearing in Figure 8,3-9 for release to the Culebra.

25

26

28 8.4.2 Chemical Retardation, Clay-Lined Fractures, No Matrix Diffusion
3O

31 This section presents results calculatc, d wt t}_ tl_e assumptions that. all

32 fluid flow within the Culebra takes place ill fract:ures and t}_at these

33 fractures are 1.ined with el ay tl_at cai_ sorb radi OllUC 1 ides. The variable

34 CULCLYF (cl_ay-filling fraetioll ill (;ulebra) determilms t.he total thieklmss of

35 tile clay lining in fractures [i_ the Culebra Dolomite. As indicated i.n Table

36 3-1 and Figure 3-1, this variable was assiglmd a distributiozl ill the 1992

37 WIPP performance assessment t.hat implies with a certain degree of belief

38 (i.e., 0,5) that no fractures in the Culebra have a clay lil_i_ng. As the

39 purpose of this section is specifically to investigate the effects of clay-

40 lined fractures, only calculations performed for the 35 sample el. ements that

41 have a non-zero value for CULCI,YF will be collsidered. The calculations

42 performed for the 35 sample elements in which CUI,CLYF = 0 produce results

43 identical to the results obtained for these sample elements in the

44 calculations for Secti.ol_ 8,4.1.

45

48 The scatterploe in Figure 8.4-2 provides a comparison of releases to the

47 accessible environment calculated with and without a clay lining in the

48 fractures. The signi fi cance of the presence of a clay l ining is that
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Figure 8.4-1. Scatterplot for total normalized release to Culebra over

i0,000 yr versus total normalized release to the accessible

environment due to groundwater transport with no chemical

retardation and no matrix diffusion for scenario S+'(2,0) used

in conjunction with the risk representation R1 defined in Eq.

2.5-I with intrusion occurring at 1000 yr after repository
closure.
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SECOTP: S +'(2,0)
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Figure 8.4-2. Scatterp]ot for total normalized release to the accessible

environment over 10,000 yr due t:o groundwater transport wi.t|_
no chemical retardation and no matrix diffusion versus total

normalized release to the accessible environment over lO,O00

yr due to groundwater transport with chemical retardation,

clay- lined fractures and no matrix diffusion for scenario

S+'(2,0) u._ed in conjunction with the risk representation /_i

defined in Eq. 2.5-i with intrusion occurring i000 yr after

repository closure.
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1 chemical retardation takes place in the presence of clay-lined fractures but

2 is assumed not to take place in the absellce of a clay lining Irl the

3 fractures. As indicated in the preceding paragraph, this scatterplot: is

4 based on the 35 sample elemerlts for which CULCLYF _ 0. The large number of

5 points falling below the diagolla] lille in Figure 8,4-2 indicate that the

6 presence of a clay lining in fractures has the potential to reduce releases

7 from those that would be obtained without a (:lay lining. This reduction is

8 due to radionuclide sorption.

9

10 As shown by the box plots in Figure 8.4-3, the releases to the accessible

11 environment for this case are dominated by U-234 and tJ-233, with adclitional

12 contributions from Np-237, Th-230 and Th-229. In cont:rast, tile. correspondil_g

13 release to the accessible elwironment i.n the abselme of clay-l, ined fractures

14 is dominated by Am-241, with le,._ser cont:ributiolls from Pu-239, U-233 arid U-

15 234 (i,e., see Figure 8.3-1 and discussion in Sectioll 8.4.1).

16

17 As indicated by the scatterplot in Figure 8.4-4 for U-233, the entire

18 uranium release to the Culebra is transported to the accessible envirorunent

19 over the lO,O00-yr period tulder consideration for most samp]e elements. A

20 more extensive reduction between release to the Culebra arm release to the

21 accessible environment is shown by the scatterplot for Np-237. This

22 difference in behavior results from the fracture disLributioll coefficients

23 (FKDU and FKDNP) assigned to titanium alid nept/urliunl, which have median values

24 of 0.001. and 1 m3/kg, respectively. Tile points in Figure 8.4-4 that indicate

25 that the Np-237 release t:o the accessible envi. rolmlent exceeds the Np-237

26 release to the Culebra result from the decay of Am-241 t:o Np-237 within the

27 Cu].ebra. As shown by the scat:terplot in Figure 8.4-5, the releases of Np-237

28 to the accessible- envll, onnleilt are zero for w_lues of FKDNP above 0.1 m3/kg.

29 The higher fract-ure distrib_ltioll coefficierlt:s assigned to americiunl and

30 plutonium result ill essential ly iio Am- 241 , I-'u-239 alld Pu-240 beillg

31 transported to t.he accessible ellvirotmleilt, Radiuin and t:lloriu,] display

32 patterns intermediate to tllose displayc, d by uraliitun allcl Ilel)t:urliuln.

33

34 As shown i II Figure 8.4-6, tile C('DFs for re [ease to tile accessi bl_e

35 environment generated for gromldwater tralisport witl_ cllemical reLardatioil,

36 clay- lined frac ttlres , llo ilia t r i x di ffus i on alid collst:ant ra t:e t:erms ill the

37 Poisson model for di-i 11 illg llltrusiolls fal 1 below tile. EPA release ltllliLs.

38 Further, these CCDFs al;'e sill fted down and to the lett wheli t:ilne-dependent

39 rate terms are used.

40
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Figure 8.4-3. Normalized releases to the accessible environment over i0,,000

yr due to groundwater transport with chemical retardation,

clay lining in fractures and no matrix diffusion for scenario

S+-(2,0) used in conjunction with the risk representation R1

defined in Eq. 2.5-1 with Jlltrusion occurring I000 yr after

repository closure.
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PANEL, SECOTP: CHEM RETRD, CLAY, NO MATRIX DIF PANEL, SECOTP: CHEM RETRD, CLAY, NO MATRIX DIF
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Figure 8.4-4. Scatterplots for total normalized release to the Culebra over

i0,000 yr versus total normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, clay-lined fractures and no matrix

diffusion for U-233 and Np-237 for scenario S+-(2,0) used in

conjunction with the risk representation R 1 defined in Eq.

2.5-1 with intrusion occurring i000 yr after closure.
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SECOTP: CHEM RETRD, CLAY, NO MATRIX DIF
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Figure 8.4-5. Scatterplot for normalized release of Np-237 to the accessible

environment over I0,000 yr due to groundwater transport with

chemical retardation, clay-lined fractures and no matrix

diffusion versus FKDNP (fracture distribution coefficient for

Np) for scenario S+-(2,0) used in conjunction with the risk

representation R 1 defined in Eq. 2. 5-1 with intrusion

occurring ]000 yr after repository closure.
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Figure 8.4-6. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, clay-lined fractures and no matrix

diffusion for risk representation R 1 defined in Eq. 2.5-1 with

constant (upper two frames) and time-dependent (lower two

frames) rate terms in the Poisson mode], for drilling

intrusions.

8-37



Chapter 8: Uncertainty and Sensitivity Analysis Results

1

2 8.4.3 Chemical Retardation, No Clay Lining in Fractures, Matrix Diffusion
8

6 This section presents results calculated with the assumptions that

7 diffusion occurs into the dolomite matrix, chemical retardation occurs in the

8 dolomite matrix, and no clay lining is present in the fractures. Due to the

9 absence of a clay lining, no chemical retardation occurs in the fractures.

10 As shown by the scatterplot in Figure 8.4-7 for scenario S+-(2,0), these

11 assumptions result in releases to the accessible environment that are

12 substantially less than the releases to the Culebra. Specifically, only 21

13 sample elements result in releases to the accessible environment that exceed

14 1 x I0 "I0 EPA release units and the largest release is approximately 0.i EPA

15 release units. As shown by the box plots in Figure 8.4-8, the nonzero

16 releases to the accessible environment tend to be dominated by U-233, U-234,

17 Th-229, Th-230 and Ra-226, although all the releases tend to be small (i.e.,

18 less than 0.i EPA release units).

19

20 As indicated by the two scatterplots in Figure 8.4-9 for U-233, release

21 to the accessible environment is controlled primarily by processes associated

22 with the dolomite matrix. In particular, the left scatterplot indicates that

23 U-233 releases occur only for values of MKDU (matri× distribution coefficient

24 for U) that are less than approximately 10 -3 m3/kg, and the right scatterplot

25 indicates that releases occur only for values of CULFRSP (Culebra fracture

26 spacing) that exceed 1 m. Increasing CULFRSP decreases the number of

27 fractures and thus also decreases the total surface area through which

28 diffusion can take place from the fractures to the dolomite matrix. As a

29 result, the nonzero releases associated with the ].arger values of CULFRSP

30 result from decreased diffusion into the dolomite ,latrix. The effect of

31 distribution coefficients is element specific but increasing surface area for

32 diffusion affects all elements. As shown in Figure 8.4-10, the occurrence of

33 nonzero releases to the accessible environment is strongly associated with

34 the larger values for CULFRSP.

35

36 The CCDFs for release to the accessible environment due to groundwater

37 transport with diffusion into the dolomite matrix, chemical retardation in

38 the dolomite matrix, and no clay lining in the fractures are presented in

39 Figure 8 .4- i] . As examination of this figure shows, the indicated

40 assumptions lead to CCDFs that are significantly below the EPA release

41 limits. Indeed, only 8 out a possible 70 CCDFs appear in the upper ].eft

42 frame when constant rate terms are used, and only 1 out of a possible 70

43 CCDFs appear in the lower right frame when time-dependent rate terms are
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Figure 8.4-7. Scatterplot for total normalized release to Culebra over

i0,000 yr versus total normalized release to accessible

environment over I0,000 yr due to groundwater transport with

chemical retardation, no clay lining in fractures and matrix

diffusion for scenario S+-(2,0) used in conjunction with the

risk representation R I defined in Eq. 2.5-1 with intrusion

occurring at i000 yr.
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Figure 8.4-8. Normalized re].eases to accessib].e environment over i0,000 yr

due to groundwater transport with chemical retardation, no

clay lining in fractures and matrix diffusion for scenario

S+-(2,0) used in conjunction with the risk representation RI

defined in Eq. 2.5-i with intrusion occurring at 1000 yr after

repository closure.
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Figure 8.4-9. Scatterplots for normalized release of U-233 to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, no clay lining in fractures and matrix

diffusion versus variables MKDU (matrix distribution

coefficient for U) and CULFRSP (Culebra fracture spacing) for

scenario S+-(2,0) used in conjunction with the risk

representation R 1 defined in Eq. 2.5-1 with intrusion

occurring i000 yr after repository closure.
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Figure 8.4-10. Scatterplot for total formalized release to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, no clay lining in fractures and matrix

diffusion versus CULFRSP (Culebra fracture spacing) for

scenario S+- (2,0) used in conjunction with the risk

representation NI defined in Eq. 2.5-i with intrusion

occurring i000 yr after repository closure.
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Figure 8.4-Ii. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, no clay lining in fractures and matrix

diffusion constructed for the risk representation R I defined

in Eq. 2.5-I with constant (upper two frames) and time-

dependent (lower two frames) rate terms in the Poisson model

for drillin_ intrusions.
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I used. As a reminder, only 21 sample elements produce releases to the

2 accessible environment that exceed i x 10 "10 EPA release units for scenario

3 S+-(2,0), and only 14 sample elements produce nonzero releases to the Culebra

4 for scenario S(I,0), with these releases being smaller than the corresponding

5 releases for scenario S+'(2,0).

6

7

8 8.4.4 Chemical Retardation, Clay Lining In Fractures, Matrix Diffusion
9

10 This section presents results calculated with the assumptions that

11 diffusion occurs into the dolomite matrix, clay-lined fractures are present,

12 and sorption takes place in both the dolomite matrix and the clay lining of

13 the fractures. As discussed in Section 8.4.2, only half the sample elements

14 used in the 1992 WIPP performance assessment have clay-lined fractures.

15 Therefore, the results presented in this section involve only the 35 sample

16 elements that have clay-lined fractures (i.e., those sample elements for

17 which CULCLYF_0). At present, the WIPP performance assessment project

18 believes this is the most appropriate set of assumptions to use for

19 radionuclide transport in the Culebra.

20

21 As a reminder, only 21 out of 70 sample elements result in releases to

22 the accessible environment that exceed 1 x i0"I0 EPA re].ease units for

23 chemical retardation, no clay lining in fractures and matrix diffusion.

24 Thus, approximately two-thirds of the sample elements produce no release to

25 the accessible environment in the absence of clay-lined fractures. As shown

26 by the scatterplot in Figure 8.4-12, the releases calculated with clay-lined

27 fractures tend to equal or exceed the releases calculated without clay-lined

28 fractures. This pattern probably results because the clay lining of the

29 fractures slows diffusion into the dolomite matrix. However, it should be

30 recognized that this comparison is based on only 9 nonzero releases to the

31 accessible environment out of a total of 35 sample elements that have clay-

32 lined fractures.

33

34 As 26 of the 35 sample elements with clay-lined fractures result in no

35 releases to the accessible environment for scenario S+'(2,0), most of the

36 resultant CCDFs for comparison with the EPA release limits are degenerate.

37 The few nonzero CCDFs that do result are shown in Figure 8.4-13. As

38 comparison of Figures 8.4-11 and 8.4-13 shows, the presence of matrix

39 diffusion in conjunction with chemical retardation results in releases that

40 fall substantially below the EPA release limits regardless of whether or not

41 a clay lining is present in the fractures.

42

43
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Figure 8.4-12. Scatterplot for total normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, no clay-lined fractures and matrix
diffusion versus total normalized release to the accessible

environment over i0,000 yr due to groundwater transport with
chemical retardation, clay- lined fractures and matrix

diffusion for scenario S+-(2,0) used in conjunction with the

risk representation R1 defined in Eq. 2.5-1 with intrusion

occurring i000 yr after repository closure.
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Figure 8.4-13. Distribution of CCDFs for normalized release to the accessible

environment over I0,000 yr due to groundwater transport with

chemical retardation, clay- lined fractures and matrix

diffusion for risk representation R I defined in Eq. 2.5-1 with

constant terms in the Poisson model for drilling intrusions.

The use of time-dependent rate terms in the Poisson model

results in all CCDFs being outside the plotting limits in use.

The plots in this figure are based on 35 sample elements

rather than 70 sample elements as in Figure 8.4-1 and other

similar figures.
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1 8.4.5 No Chemical Retardation
2

3 Calculations without chemical retardation were performed for three

4 additional sets of assumptions: (I) clay-lined fractures and no matrix

5 diffusion, (2) no clay lining in fractures and matrix diffusion, and (3)

6 clay-lined fractures and matrix diffusion. The releases to the accessible

7 environment for Assumption (I) were essentially identical to the results

8 obtained for release to the Culebra (Section 8.3) aild for release to the

9 accessible environment with no chemical retardation, no clay lining in

10 fractures and no matrix diffusion (Section 8.4.1). The releases to the

11 accessible environment for Assumptions (2) and (3) were similar to each

12 other. Further, as shown in Figure 8.4-14, the releases for Assumptions (2)

13 and (3) were larger than the corresponding releases obtained with chemical

14 retardation and matrix diffusion (Sections 8.4.3 and 8.4.4) and, as shown in

15 Figure 8.4-15, often smaller than the releases obtained with chemical

16 retardation and no matrix diffusion (Section 8.4.2).

17

18 The releases of the individual radionuclides to the accessible

19 environment due to groundwater transport with no chemical retardation, no

20 clay lining in fractures and matrix diffusion are summarized in Figure

21 8.4-16. As examination of this figure shows, the total release is dominated

22 by Pu-239, with additional contributions from Am-241 and U-233. The

23 corresponding results for chemical retardation, no clay-lining in fractures

24 and matrix diffusion appear in Figure 8.4-8, while the results for chemical

25 retardation, clay-lined fractures and no matrix diffusion appear in Figure

26 8.4- 3. As comparison with Figures 8.4- 3 and 8.4- 8 shows, the removal of

27 chemical retardation increases the importance of Pu-239 in the release to the

28 accessible environment.

29

30 Because of the large number of zero releases, no regression-based

31 sensitivity analyses were presented for groundwater transport to the

32 accessible environment with chemical retardation. However, such analyses

33 have the potential to be more revealing for the transport results in the

34 absence of chemical retardation due to the occurrence of a larger number of

35 nonzero releases. The results of such analyses for no chemical retardation,

36 no clay lining in fractures and matrix diffusion are presented in Table

37 8.4-1. As examination of Table 8.4-1 shows, the variable with the largest

38 influence on release to the accessible environment is CULFRSP (Culebra

39 fracture spacing), with release tending to increase as CULFRSP increases.

40 This positive effect results because increasing CULFRSP reduces the surface

41 area over which diffusion into the dolomite matrix can take place. Positive

42 effects are also indicated for BHPERM (borehole permeability) and the

43 solubilities of individual elements (i.e., SOLAM, SOLNP, SOLPU, SOLTH, SOLU).

44 Increasing BHPERM decreases resistance to brine flow up an intruding
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Figure 8.4-14. Scatterplot for total normalized release to the accessible

environment over i0,000 yr with and without chemical

retardation for groundwater transport with matrix diffusion

and no clay lining in fractures for scenario S+'(2,0) used in

conjunction with the risk representation R 1 defined in Eq.

2.5-i with intrusion occurring I000 yr after repository
closure.
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Figure 8.4-15. Scatterplot for total normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

no chemical retardation, clay-lined fractures and matrix
diffusion versus total normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

chemical retardation, clay- lined fractures and no matrix

diffusion for scenario S+-(2,0) used in conjunction with the

risk representation R 1 defined in Eq. 2.5-i with intrusion

occurring i000 yr after repository closure.
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Figure 8.4-16. Normalized releases to accessible environment over i0,000 yr

due to groundwater transport with no chemical retardation, no

clay lining in fractures and matrix diffusion for scenario

S+-(2,0) used in conjunction with the risk representation R I

defined in Eq. 2.5-1 with intrusion occurring at i000 yr after

repository closure.
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1 Table 8.4-1. Stepwise Regression Analyses with Rank-Transformed Data for Integrated Release to the
2 Accessible Environment over 10,000 yr due to Groundwater Transport with No Chemical
3 Retardation, No Clay Lining in Fractures and Matrix Diffusion for Scenario S +-(2,0) with
4 Intrusion Occurring 1000 yr after Repository Closure.
5
6

11 Variable a R2b Variable R2 Variable I R2 Variable ,,! R2,
28 Step c Am-241 Np-237 Pu-239 Pu-240
22

2! 1 CULFRSP 0.54(+) CULFRSP 0.56(+) CULFRSP 0.42(+) CULFRSP 0.42(+)
28 2 BHPERM 0.64( +) BHPERM 0.64(4-) SOLPU Io.64(+) SOLPU 0.64(+)
29 3 SOLAM 0.70(4-) SOLNP 0.68(+) BHPERM 0.71(+) BHPERM 0.71(+)
30 4 CULPOR 0.74 (-) CULTRFLD 0.74 (-) CULTRFLD 0.74 (-)
31 --,

3,t Step Ra-226 Th-229 Th-230 U-233
3_

eo 1 CULFRSP 0.60(+) CULFRSP 0.53(+) CULFRSP !0.54(+) CULFRSP 0.57(+)
41 2 BHPERM 0.69(+) BHPERM 0.63(+) BHPERM 0.64(+) BHPERM 0.67(+)
42 3 CULPOR 0.72 (-) SOLTH 0.68(+) SOLTH 0.69(+) SOLU 0.70(+)
43 4 CULTRFLD 0.74 (-)
44

46 Step U-234 Total
48

§0 1 CULFRSP 0.58(+) CULFRSP 0.58(+)

54 2 BHPERM 0.68(+) BHPERM 0.68(+)
55 3 CULTRFLD 0.72 (-)
56 4 SOLPU 0.74(+)
58
59

6o aVariables listed in order of selection in regression analysis
61 bCumulative R2 value with entry of each variable into regression model, with "+" and "-" indicating

62 positive and negative regression coefficients, respectively
63 cSteps in stepwise regression analysis
64
o6
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1 borehole, and increasing the solubilities increases the amount of dissolved

2 radionuclides that can be transported by a given volume of brine. Small

8 negative effects are indicated for CULPOR (matrix porosity in Culebra) and

4 CULTRFLD (transmissivity field for Culebra). Increasing CULPOR increases the

5 amount of radionuclide that can be held in the dolomite matrix and thus tends

6 to decrease release. The variable CULTRFLD is actually the travel time to

7 the accessible environment for the individual transmissivity fields used in

8 the analysis. Thus, increasing CULTRFLD increases the amount of time

9 required to transport a radionuclide from its release point into the Culebra

10 to the acccss_u±e environment, which in turn tends to decrease the amount of

11 a radionuclide that can be transported to the accessible environment over

12 i0,000 yr.

J3

14 Examination of scatterplots often provides an additional perspective on

15 regression-based sensitivity analysis results of the form presented in Table

16 8.4-1. The regression analyses in Table 8.4-i consistently identify CULFRSP

17 (Culebra fracture spacing) and BHPERM (borehole permeability) as being

18 important variables, with CULFRSP being the first variable selected in every

19 analysis. As an example, scatterplots for CUL-i:_SP and BHPERM for the release

20 of Am-241 to the accessible environment are presented in Figure 8.4-17.

21 Consistent with the regression results in Table 8.4-i, a stronger positive

22 relationship between release to the accessible environment and CULFRSP can be

23 seen in Figure 8.4-17 than between release to the accessible environment and

24 BHPERM.

25

26 The ana]yses for Pu-239 and Pu-240 in Table 8.4-1 differ from the

27 analyses for the other radionuclides in that solubility of plutonium (SOLPU)

28 is indicated as being more important for release to the accessible

29 environment than is solubility for the other elements (i.e., SOIJuM, SOLNP,

30 SOLRA, SOLTH, SOLU). To a great extent, this importance results from the

31 very large range of values (i.e., 2.5 x 10 -].7 to 5.5 x 10 .4 tool/2) assigned

32 to SOLPU. As shown in Figure 8.4-18, there is an interplay between the

33 effects of CULFRSP (Culebra fracture spacing) and SOLPU. In particular, the

34 value assigned to CULFRSP is a major determinant of whether or not a release

35 to the accessible environment will occur. However, given that there is a

36 release, the size of this release tends to increase as SOLPU increases.

37

38 Distributions of CCDFs for release to the _cessible environment

39 generated for groundwater transport with no chemical retardation, no clay

40 lining in fractures and matrix diffusion are shown in Figure 8.4-19. The

41 upper two frames show results for constant rate terms in the Poisson model

42 for drilling intrusion, and the lower two frames show results for time-

43 dependent rate terms. As already suggested by the comparison in Figure

44 8.4-14, the assumptions of no chemical retardation and matrix diffusion lead
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Figure 8.4-17. Scatterplots for normalized release of Am- 241 to the

accessible environment over i0,000 yr due to groundwater

transport with no chemical retardation, no clay lining in
fractures and matrix diffusion versus variables CULFRSP

(Culebra fracture spacing) and BHPERM (borehole permeability)

for scenario S+-(2,0) used in conjunction with the risk

representation R I defined in Eq. 2.5-i with intrusion

occurring i000 yr after repository closure.
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Figure 8.4-18. Scatterplots for normalized release of Pu-239 to the

accessible environment over i0,000 yr due to groundwater

transport with no chemical retardation, no clay lining in
fractures and matrix diffusion versus variables CULFRSP

(Culebra fracture spacing) and SOLPU (solubility of plutonium)

for scenario S +" (2,0) used in conjunction with the risk

representation R I defined in Eq. 2.5-i with intrusion

occurring 1000 yr after repository closure.
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Figure 8.4-19. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr due to groundwater transport with

no chemical retardation, no clay lining in fractures and

matrix diffusion constructed ior the risk representation R I

defined in Eq. 2.5-1 with constant (upper two frames) and

time-dependent (lower two frames) rate terms in the Poisson

model for drilling intrusions.
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1 to CCDFs that are closer to the EPA release limits than the CCDFs in Figure

2 8.4-11 obtained with chemical retardation and matrix diffusion. Further, as

3 suggested by the comparison in Figure 8.4-15, the assumptions of no chemical

4 retardation and matrix diffusion leads to a distribution that is similar to

5 the one obtained with chemical retardation, clay-lined fractures and no

6 matrix diffusion, although the assumption of matrix diffusion produces more

7 small releases.

8

9

10 8.5 Total Release to Accessible Environment
11

12

13 As shown in Eqs . 2.4 -i0 through 2.4 -14, the total release to the

14 accessible environment is obtained by combining a release due to cuttings

15 removal and a release due to groundwater transport. Summaries of this total

16 release, and the cuttings removal and groundwater transport compone,_ts from

17 which it is constructed, are given in Figures 8.5-1 and 8.5-2 for scenarios

18 S(I,O) and S+'(2,0) used in conjunction with the risk representation R I

19 defined in Eq. 2.5-1 and the various alternative modeling assumptions

20 considered in the 1992 WIPP performance assessment.

21

22 For scenario S(I,0), only 14 out of the 70 sample elements result in a

23 release to the Culebra. Further, most of these releases (i.e., ii out of 14)

24 fall between 0.I and 1 EPA release units. This narrow range of nonzero

25 releases results from an almost complete removal of U-233 and U-234 from the

26 waste (i.e., see Figures 8.3-i and 7-4). As a result, the releases for the

27 alternative modeling assumptions shown in F_gure 8.5-i for scenario S(I,O)

28 tend to be dominated by the cuttings release component, although in a few

29 sample elements the groundwater transport release does exceed the cuttings

30 release.

31

32 For scenario S+- (2,0) , 68 out of the 70 sample elements result in

33 releases to the Culebra. Further, most (i.e., 58 out of 68) exceed 0.i EPA

34 release units. As a result, scenario S+" (2, O) provides a more revealing

35 comparison of releases than scenario S(I,0). Each of the alternative

36 modeling assumptions without manrix diffusion produces releases that are

37 dominated by the groundwater transport component. In contrast, the release

38 is almost completely dominated by the cuttings component when chemical

39 retardation and matrix diffusion are assumed. For no chemical retardation

40 and matrix diffusion, both the groundwater component and the cuttings

41 component are important contributors to the total release.

42

43 Due to the large number of nonzero releases to the Culebra that result

44 for scenario S+'(2,0) , Figure 8.5-2 also provides a convenient
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Figure 8.5-I. Summary of total normalized releases to the accessible
environment over 10,000 yr for scenario S(I,O) used in
conjunction with the risk representation R1 defined in Eq.
2.5-i with intrusion occurring 1000 yr after repository
closure. Box plots for results without a clay lining in
fractures in the Culebra Dolomite are generated with 70
observations; box plots for results with a clay lining are
generated with 35 observations (i.e., the observations in
which CULCLYF=O have been dropped).
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Figure 8.5-2. Summary of total normalized releases to the accessible

environment over i0,000 yr for scenario S+-(2,0) used in

conjunction with the risk representation R1 defined in Eq.

2,5-i with intrusion occurring I000 yr after repository

closure. Box plots for results without a clay lining in

fractures in the Culebra Dolomite are generated with 70

observations; box plots for results with a clay lining are

generated with 35 observations (i.e., the observations in
which CULCLYF=O have been dropped),
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1 comparison of the effects of the alternative modeling assumptions. In

2 particular, no chemical retardation and no matrix diffusion produce releases

3 to the accessible environment that are essentially identical to the release

4 to the Culebra. The assumption of chemical retardation and no matrix

5 diffusion lowers the releases to the accessible environment somewhat and has

6 a noticeable effect on reducing the largest releases. Further, the

7 assumption of chemical retardation and matrix diffusion leads to very small

8 releases, with most releases being less than 1 x 10 .8 EPA release units. The

9 assumption of matrix diffusion in conjunction with no chemical retardation

10 produces releases that are generally larger than those obtained with chemical

11 retardation and matrix diffusion and smaller than those obtained with

12 chemical retardation and no matrix diffusion, although the largest releases

13 for matrix diffusion in conjunction with no chemical retardation exceed the

14 largest releases for chemical retardation and no matrix diffusion.

15

16 The CCDFs constructed in the 1992 WIPP performance assessment for

17 comparison with the EPA release limits are based on releases for each

18 scenario that include both groundwater transport and cuttings removal

19 components. As suggested by the results in Figures 8.5-1 and 8.5-2, the

20 CCDFs for a particular set of modeling assumptions are often dominated by

21 either the cuttings release or the groundwater release.

22

23 Before presenting CCDFs for total releases due to both cuttings removal

24 and groundwater transport, it is useful to review the cuttings removal

25 results presented in Section 8.2. In particular, the CCDFs for cuttings

26 removal presented in Figure 8. 2-3 were constructed for the risk

27 representation R 2 defined in Eq. 2.5-8. This representation uses the six

28 time intervals in Eq. 2.5-9 in the definition of scenarios. Due to

29 computational constraints, the CCDFs presented in Sections 8.4 and 8.5 for

30 releases due to groundwater transport are constructed for the risk

31 representation R 1 defined in Eq. 2.5-i, which uses the two time intervals in

32 Eq. 2.5-2. Further, the rate term _ in the Poisson model for drilling

33 intrusion is assumed to equal 0 yr "l after 2000 yr in the calculation of

34 scenario probabilities for R 1. In contrast, no such constraint is placed on

35 the A's in the determination of scenario probabilities for R2, although some

36 of the time-dependent A's obtained in the expert review process do go to zero

37 before i0,000 yr (see Appendix D in Volume 3).

38

39 The CCDFs for total release (i.e., cuttings removal and groundwater

40 transport) presented in this section use the risk representation R 1 defined

41 in Eq. 2.5-1. To facilitate comparisons between groundwater releases,

42 cuttings releases and total releases, CCDFs are presented in Figure 8.5-3 for

43 the cuttings release to the accessible environment constructed for R 1 with
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1 the rate term A in the Poisson model for drilling intrusions equal to 0 yr "I

2 after 2000 yr. The corresponding results for the risk representation R 2

3 defined in Eq. 2.5-8 with no restrictions on A are presented in Figure 8.2-3.

4 As the more explicit comparison in Figure 8.5-4 shows, use of the risk

5 representation B 1 with constant A's produces mean and 90th percentile curves

6 for cuttings removal that are shifted down and to the left by factors of

z approximately 3 or less from the corresponding curves obtained with the risk

8 representation _2; similar shifts also occur for time-dependent _'s.

9

10 The CCDFs for total release to the accessible environment with no

11 chemical retardation, no clay lining in fractures and no matrix diffusion are

12 presented in Figure 8.5-5. For comparison, the associated releases due to

13 cuttings removal only and groundwater transport only appear in Figures 8.5-3

14 and 8,3-9, respectively. As a reminder, the CCDFs for release to the Culebra

15 shown in Figure 8.3-9 are essentially identical to the CCDFs for release to

16 the accessible environment for groundwater transport with no chemical

17 retardation, no clay lining in fractures and no matrix diffusion (see Section

18 8.4.1). As comparison with Figure 8.5-3 shows, the larger releases to the

19 accessible environment associated with the CCDFs in Figure 8.5-5 are due to

20 groundwater transport. However, because of the zero releases associated wit!_

21 scenarios of the form S(I,O), S(2,0) .... for many sample elements, large

22 parts of many CCDFs are still dominated by the cuttings release. This effect

23 can be seen in the similarity of parts of the CCDF plots on the left side of

24 Figure 8.5- 5 to the corresponding plots in Figure 8.5- 3. Although the

25 inclusion of groundwater transport releases does cause a shift to the right

28 of the cuttings removal only CCDFs in Figure 8.5-3, most CCDFs still fall

27 below the EPA release limits for constant rate terms in the Poisson model for

28 drilling intrusi.on, and all CCDFs fall considerably below the EPA release

29 limits for time-dependent rate terms.

30

31 The removal of the assumption that the rate term in the Poisson model for

32 drilling intrusions is equal to 0 yr "I after 2000 yr would cause the CCDFs in

33 Figure 8.5-5 and other similar figures in this section to be shifted up and

34 to the right. However, as the comparisons in Figure 8.5-4 show, these shifts

35 would probably not move the CCDFs up or to the right by more than a factor of

36 3. The shifts in the CCDFs for groundwater transport are anticipated to be

37 similar to those for cuttings removal because the scenario probabilities are

38 undergoing the same change. Thus, although the use of the risk

39 representation RI, delined in Eq. 2.5-1, does produce lower risk results than

40 the representation R2, defined in Eq. 2.5-8, results obtained with R 1 do

41 provide insights in comparisons with the EPA release limits.
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Figure 8.5-3. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr for cuttings removal constructed

with the risk representation R I defined in Eq. 2.5-1 with

constant (upper two frames) and time-dependent (lower two

frames) rate terms in the Poisson model for drilling
intrusions.
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2 Figure 8.5-4. Comparison of mean and 90th percentile curves for cuttings

3 removal over I0,000 yr obtained for risk representations R1

4 (Eq. 2.5-1) and R 2 (Eq. 2.5-8) with constant (_) and time-

5 dependent (A(t)) rate terms in the Poisson model for drilling
6 intrusion.

7

8

9

10 The CCDFs for total release to the accessible environment with chemical

11 retardetion, clay-lined fractures and no matrix diffusion are presented in

12 Figure 8.5-6. As discussed in Section 8.4.2, these CCDFs are based on 35

13 sample elements. As shown by the box plots in Figures 8.5-1 and 8.5-2, this

14 analysis alternative produces releases to the accessible enviro_nent that are

15 somewhat smaller than the corresponding releases to the Culebra. Further,

16 when releases to the Culebra occur, they are often larger than the

17 corresponding cuttings release for waste of average activity level. However,

18 as is the case for all of the alternative analyses, most sample elements

!9 (i.e., 56 out of 70) result in no release to the Culebra for scenarios of the

20 form S(I,O), S(2,0) .... The overall result is that the CCDFs in Figure

21 8.5-6 tend to fall somewhat farther to the right than the CCDFs for cuttings

22 removal only in Figure 8.5-3 and yet display much of the structure present in

23 Figure 8.5-3 for CCDFs based on cuttings removal only. The mean and 90th

24 percentile curves in Figure 8.5-6 constructed with constant values
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Figure 8.5-5. Distribution of CCDFs for normalized release to the accessible

environment over I0,000 yr due to cuttings removal and

groundwater transport with no chemical retardation, no clay

lining in fractures and no matrix diffusion for risk

representation /_I defined in Eq. 2.5-1 with constant (upper

two frames) and time-dependent (lower two frames) rate terms

in the Poisson model for drilling intrusions.
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Figure 8.5-6. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr due to cuttings removal and

groundwater transport with chemical retardation, clay-lined

fractures and no matrix diffusion for risk representation R 1

defined in Eq. 2.5-i with constant (upper two frames) and

time-dependent (lower two frames) rate terms in the Poisson

model for drilling intrusions.
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I for the rate constant I in the Poisson model for drilling intrusions fall

2 substantially below the EPA release limits. Further, as is the case

3 throughout this analysis, the use of the time-dependent A's produces CCDFs

4 that are farther from the EPA release limits than those obtained with the

5 constant Ats. As comparison with the results in Figure 8.5-5 for groundwater

6 transport with no chemical retardation, no clay lining in fractures and no

7 matrix diffusion shows, the addition of chemical retardation causes a

8 noticeable shift of the CCDFs away from the EPA release limits.

9

10 The CCDFs for total release to the accessible environment with chemical

11 retardation, no clay lining in fractures and matrix diffusion are presented

12 in Figure 8.5-7. As suggested by the very small releases shown in Figures

13 8.5-1 and 8.5-2 for this analysis alternative, the CCDFs in Figure 8.5-7 for

14 total release are essentially identical to the CCDFs in Figure 8.5-3 for

15 cuttings removal only. Although not shown, the CCDFs for total release to

16 the accessible environment with chemical retardation, clay- lined fractures

17 and matrix diffusion are also essentially identical to the CCDFs for cuttings

18 removal only in Figure 8.5-3.

19

20 The CCDFs for total release to the accessible environment with no

21 chemical retardation, no clay lining in fractures and matrix diffusion are

22 presented in Figure 8.5- 8. As shown in Figures 8.5- l and 8.5- 2, most

23 releases due to groundwater transport for this analysis alternative are less

24 than the corresponding releases due to cuttings removal, although there are

25 some sample elements for which the groundwater release exceeds the cuttings

26 removal release. The result is that the CCDFs in Figure 8.5-8 for total

27 release are similar to the CCDFs in Figure 8.5-3 for cuttings removal only,

28 with a few CCDFs for total release being shifted closer to the EPA release

29 limits than the corresponding CCDFs for cuttings removal only.

30

31 As shown in Figures 8.5-1 and 8.5-2, releases to the accessible

32 environment due to groundwater transport calculated with and without a clay

33 lining in fractures in conjunction with no chemical retardation and matrix

34 diffusion are similar. The box plot in Figure 8.5-2 for groundwater

35 transport with no chemical retardation, no clay lining in fractures and

36 matrix diffusion appears to have' more extreme values than the corresponding

37 plot for results obtained with clay-lined fractures. This difference is due

38 to the use of 35 and 70 sample elements, respectively, to generate the box

39 plots for the cases with and without clay-lined fractures. As comparison of

40 the box plots shows, similar mean, median and 75th percentile values are

41 obtained for releases calculated with and without clay-lined fractures. As a

42 result, the CCDFs for total release to the accessib].e environment with no

43 chemical retardation, clay- lined fractures and matrix diffusion are

44 essentially the same as the CCDFs in Figure 8.5-8 for total release to the

45 accessible cnvironment with no chemical retardation, no clay lining in

46 fractures and matrix diffusion, and thus are not shown.

47
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Figure 8.5-7. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr due to cuttings removal and

groundwater transport with chemical retardation, no clay

lining in fractures and matrix diffusion for risk

representation R 1 defined in Eq. 2.5-1 with constant (upper

two frames) and time-dependent (lower two frames) rate terms

in the Poisson model for drilling intrusions.
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Figure 8.5-8. Distribution of CCDFs for normalized release to the accessible

environment over i0,000 yr due to cuttings removal and

groundwater transport with no chemical retardation, no clay
lining in fractures and matrix diffusion for risk

representation E1 defined in Eq. 2.5-i with constant (upper
two frames) and time-dependent (lower two frames) rate terms

in the Poisson model for drilling intrusions.
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z 9. DISCUSSION
8

5

6 As described in Volumes i and 2 of this report, major modeling

7 improvements have been made since the 1991 preliminary comparison with 40 CFR

8 191 (WIPP PA Division, 1991a, 1991b, 1991c). These improvements include the

9 following" coupling creep closure of the repository to gas generation and

10 two-phase flow; accounting for spatial variability in the transmissivity

11 fields of the Culebra Dolomite Member of the Rustler Formation in a way that

12 each field reproduces exactly measured transmissivity data at well locations

18 and is also calibrated to steady-state and transient-pump data; more

14 accurately simulating radionuclide transport in the Culebra; and accounting

15 for the effects of passive marker systems through time-varying drilling

16 intensities within the Poisson model for calculating intrusion probabilities.

17 As described in Volumes 2 and 3 of this report, other improvements have been

18 made throughout the modeling system and data base. Improvements remain to be

19 made in many areas, including the following: modeling of possible pressure-

20 dependent fracturing of anhydrite interbeds in the Salado Fo[mation; modeling

21 of three-dimensional groundwater flow in the Rustler Formation including the

22 effects of subsidence of potash mine excavations; incorporating effects of

28 plug degradation in intrusion boreholes; understanding and modeling spalling

24 phenomena; modeling of gas-generation processes; acquiring experimental data

25 for actinide solubilities and retardations; and determining the most

26 appropriate conceptual, model for radionuclide transport in the Culebrao

27

28 Consideration of alternative models for the probability of human

29 intrusion and radionuclide transport in the Culebra provides insights into

80 the relative impacts on performance of specific components of the natural and

31 engineered barrier system and institutional controls at the Waste Isolation

32 Pilot Plant (WIPP). Resulting CCDFs, grouped into major barrier effects, are

83 presented in Figure 9-1.

84

35 The uppermost CCDF in Figure 9-1, labeled (I) and calculated without any

36 transport in the Culebra and with constant rate term _, represents an

87 estimate of the performance of the disposal system with no contribution from

38 the natural barrier provided by retardation in the Culebra and no

89 contribution from the potential institutional barrier that could be provided

40 by passive markers, as required by the Assurance Requirements (§ 191.14c).

41 For the modeling system and data base used in ].992, the mean CCDF for this

42 case lies below the EPA limits.

43

44 The CCDF in Figure 9-1 labeled (2) represents an estimate of the

45 performance of the disposal system if physical retardation by diffusion into
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Figure 9-1. A comparison of mean CCDFs by barrier effect. CCDFs are

constructed using releases from intrusions occurring at i000 yr.

CCDFs display the impact of including specific components of the

engineered, natural, and institutional barrier systems as shown.
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Chapter 9: Discussion

1 the pore volume of the Culebra is included as a part of the natural barrier

2 system. The area between the first and second CCDFs is a measure of the

3 potential regulatory impact of including physical retardation. Similarly,

4 the next CCDF in Figure 9-I, labeled (3) , represents an estimate of

5 performance of the disposal system if both physical and chemical retardation

6 in the Culebra are included in the natural barrier system. Because the

7 location of this CCDF is determined entirely by cuttings releases, it

8 represents the largest possible shift to the left because of including the

9 barrier effect of non-Salado ,'nits.

10

11 The CCDF in Figure 9-1 labeled (5) represents an estimate of the

12 performance of the disposal system only considering subsurface releases to

13 the accessible environment, i .e., cuttings are not included. These

14 subsurface releases plus cuttings releases result in the previous CCDF,

15 labeled (3). Comparison of these two CCDFs shows the importance of cuttings

16 releases in the CCDF labeled with (3) representing Lhe combined barrier

l"f effect of sorption and physical retardat-ion.

18

19 The CCDF in Figure 9-1 labeled (4) shows the effect of including expert

20 judgment on the efficacy of passive markers in reducing the probability of

21 human intrusion. This final CCDF (number 4) in Figure 9-1, also determined

22 entirely by cuttings releases, was calculated using what the WIPP PA

23 Department believes at this time to be the most realistic conceptual model

24 for the disposal system, based on models and data available in 1992. As

25 indicated previously, results are preliminary, and none of the curves shown

26 in Figure 9-1 are believed sufficiently defensible for use in a final

27 compliance evaluation.

28

29 The CCDFs in Figure 9-1 represent a barrier-effect display of the status

30 of WIPP PA with respect to the Containment Requirements (§ 191.13). The

31 barrier effects are represented by "total" (cuttings plus subsurface) CCDFs

32 for the repository/shaft barrier labeled (i); the zero-sorption, physical

33 retardation barrier effect of the Culebra labeled (2); the nonzero sorption,

34 physical retardation barrier effect of the Culebra labeled (3); and the

35 passive-marker-barrier effect CCDF labeled (4). Other important displays are

36 CCDFs for cuttings alone [coincident with (3)] and subsurface releases alone

37 (5). Important parameters for each of these cases will now be discussed

38 barrier by barrier in the context of a pussible approach to defending a

39 closure decision for compliance.

40

41 Cuttings are a part of each CCDF that represents a viable comparison with

42 the Containment Requirements. As seen in Figure 8.2-2, the important

43 radionuclides contributing to releases in excess of 10 .2 that would have any

44 chance of contributing to the CCDF near the limit (I,i0 "I) and (I0, 10 -3) are

45 Pu-238, Am-241, and Pu-239. The important parameter that dominates virtually
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1 all of the variability up to EPA Sums of I0 -I is the drilling intensity.

2 Clearly, if no intrusion occurs, there are no cuttings releases.

3

4 The repository/shaft barrier-effect, mean CCDF (i) lies close to but

5 below the regulatory criterion of (i0, 10-3). From Figure 8.3-I, lit is

6 evident that the important radionuclides (EPA Sums greater than 10 -2 ) are, in

7 descending order, _n-241, Pu-239, Pu-,40, U-233, U-234, Th-229, Th-230, Np-

8 237, and Ra-226. Comparison with Figure 7.3-1 shows that this list includes

9 all radionuclides in the inventory that have not decayed below 10 .2 by the

10 1000-yr intrusion time except Pu-238. Regression analyses (Table 8.3-].)

11 indicated that the important parameters are intrusion borehole permeability,

12 radionuclide solubilities, and Salado halite and anhydrite permeabilities

13 (correlated at 0.8). If intrusion occurs, the permeability of the borehole

14 fill is the most important parameter affecting releases because it is a

15 direct determinant of the quantity of brine released. The assumptions about

16 the range and distribution of this parameter are determined by regulatory

17 guidance. After assumptions about the intrusion event, the next most

18 important parameters are related to how much brine flows through the waste

19 and the solubility of radionuclides in that brine. With the present

20 conceptual model for the Salado and its interbeds, the permeabilities of

21 these units determine brine inflow and outflow. In fact, Figure 8.3-2 shows

22 a threshold of permeability (10 -22 m2) below which brine inflow will not

23 occur in sufficient amount to result in any release to the Culebra. The

24 scatterplot emphasizes the importance of this parameter, and is the reason

25 for placing halit_ and anhydrite permeabilities equal to solubilities in

26 importance. If brine flows through the waste and borehole to the Culebra,

27 then radionuclide solubilities determine the quantity of radionuclides

28 released. Note that drill-bit diameter is the next most important parameter

29 in the regression analysis, but only accounts for a very small amount of the

30 variability in releases.

31

32 Table 9-1 shows the important parameters and radionuclides for only the

33 repository/shaft barrier. These results are based on 68/70 nonzero releases

34 for EiE2-type scenarios and 14/70 nonzero releases for El- and E2-type

35 scenarios. The family of CCDFs (Figure 8.3-9) that gave rise to the mean

36 CCDF as a sunm_ary measure contained 6/70 sample elements resulting in CCDFs

37 above the regulatory limit and resulting in the 90th-percentile curve falling

38 just below the (i0,i0 -3) limit. Therefore, defending a compliance decision

39 would be strongly influenced by the list of parameters in Table 9-1. Note

40 that of the five parameters listed, only one parameter, solubility, can be

,;1 changed by action taken within the repository. Only one parameter

42 (permeabilities of halite and anhydrite) can be reduced in uncertainty with

43 continued in-situ investigation. Three parameters are determined by

44 regulatory guidance. Further, the list of important radionuclides requiring
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1 Table 9-1. Important Radionuclides and Parameters for the Repository/Shaft Barrier
3

4

5 Radionuclides Parameters

6
7 Am-241 Drilling Intensity
8

9 Pu-239, Pu-240 Intrusion Borehole Permeability
10

11 U-233, U-234 Salado (Marker Bed) Permeabilities
12

13 Th-229, Th-230 Radionuclide Solubilities
14

15 Np-237, Ra-226 Drill-Bit Diameter
16
18
19
2o

21 solubility estimates has not changed from last year's guidance (Memorandum by

22 Marietta and Nowak in Appendi× D of this vo].ume) to the solubility/leachate

23 experimental program.

24

25 The next barrier-effect CCDF, labeled (2), represents only physical

26 retardation or zero sorption in the Culebra as specified ill the Consultation

27 and Cooperation Agreement (US DOF and State of New Mexico, 1981, as modified)

28 in the absence of in-situ measurements. Inspection of Figure 8.4-16 shows a

29 change _in important radionuclides from the repository/shaft barrier-effect

30 CCDF. Am- 241 and Pu-238 have dropped in importance because of increased

31 travel times in the Culebra and their subsequent decay. The same

32 radionuclides, Pu-239, Pu-240, Am-241, U-233, U-234, Th-229, Th-230, and Np-

33 237, are released at amounts greater than EPA Sums of 10 -2 for a few sample

34 elements, but with lowe1- values. All sample elements show Ra-226 be].ow i0 -2 ,

35 and Pu-239, Pu-240, and Am-24]. have exchanged positions. Because physical

36 retardation in the Culebra now represents the last retardation effect in the

37 system, parameters related to this effect ,love to the top of the list

38 resulting from the regression analysis (see Table 9 -2) . Thus, Culebra

39 fracture spacing accounts for most of the variability in releases, followed

40 closely by intrusion borehole permeability. Radionuclide solubility accounts

41 for less variability. The effect of Culebra transmissivity fields anti

42 Culebra porosity accounts for a small amount of the variability.

43

44 The next barrier-effect CCDF, labeled (3), represents the full Culebra

45 barrier effect with both physical retardation and sorption. Inspection of

46 Figure 8.4-8 shows another change in important radionuclides from the

47 previous two barrier-effect CCDFs. Am and Pu do not appear because they have

48 been sorbed within the land-withdrawal boundary in the Culebra. Only U-233,

49 U-234, Th-229, and Th-230 are released for a few sample elements at amounts

50 greater, but only slightly greater, than EPA Sums of 10 -2 Parameters

51 related to sorption comprise the list resulting from the regression analysis.

52 Thus, Culebra fracture spacing and matrix Kds are the only parameters
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2 Table 9-2. Important Radionuclides and Parameters for the Culebra
8
5
6 Radionuclides Parameters
7

8 Pu-239, Pu-240 Culebra Fracture Spacing
9

10 Am-241 Intrusion Borehole Permeability
11

12 U-233, U-234 Radionuclide Solubilities
13

14 Th-229, Th-230 Culebra Transmissivity Fields
15

16 Np-237 Culebra Porosity
1B
19
2o
2!

22 selected during the regression analysis. Because only a few nonzero releases

23 occur, very little variability can be accounted for. Further, the list of

24 important radionuclides requiring retardation estimates has not changed from

25 the last year's guidance to the tracer-column experimental program

26 (Memorandum by Marietta and Gelbard in Appendix D of this volume).

27

28 Now the problem is how to summarize the results of the above barrier-by-

29 barrier analyses in a list of important parameters. Compiling such a list is

30 a subjective process that assumes a strategy for building a defensible PA,

31 and it must rely on setting priorities to reach a closure decision on

32 compliance. This list of important parameters by barrier effect is assembled

33 in the following sense . Condition_l on the present analysis , the

34 repository/shaft CCDF falls below the criteria with a level of confidence of

35 90_. Therefore, increasing the defensibility of the assumptions that were

36 involved in constructing the repository/shaft barrier-effect CCDF should get

37 highest priority for building defensibility of the ove_-all PA. Only some of

38 these assumptions can actually be impacted by additional investigations

39 and/or programmatic decisions, whereas the others are impacted by regulatory

40 guidance.
41

42 Next, the Culebra barrier effect provides an additional margin of safety.

43 This margin of safety is important in providing an additional shift of the

44 CCDF to the compliance side of the criteria. Because the repository/shaft

45 case is already essentially in compliance, this additional safety margin of

46 the Culebra should assume a lower priority in compiling the summary list.

47 However, no matter how well the Culebra and other non-Salado units are

48 characterized, the resulting CCDFs will never fall to the right of the

49 repository/shaft case or to the left of the cuttings -only case. This

50 represents a spread in uncertainty over about two orders of magnitude with

51 respect to normalized release. Of course, reduction of uncertainty within

52 the repository, such as _hat associated with actinide solubilities, will

53 shrink this spread because cuttings will not be affected by such a reduction.

54 Cuttings-only CCDFs could, in fact, move to the right slightly with the
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I inclusion of spalled material from the waste. Thus, for defending a closure

2 decision, a small spread in uncertainty exists that could be affected by

3 additional, characterization of non-Salado units.

4

5 The separate issue of assessing long-term safety of the repository from a

6 health-effects point ol view requires additional consideration. Because the

7 subsurface-to-stock-well-to-cow-to-human pathway, is the important exposure

8 pathway (conditional on an assumption that present-day conditions persist),

9 the shift from zero- sorpt ion to nonzero-sorption cases is important.

10 Defending this shift between zero-sorption and nonzero-sorption CCDFs is

11 analogous to defending a shift in overall, long-term safety of the repository

12 of about four orders of magnitude. Even though the CCDF l._beled (3) is the

13 one that should be compared to the regulatory criteria, the CCDF labeled (5)

14 can lead to a site-specific measure of long-term safety in terms of human

15 risk.

16

17 Next, the passive -marker barrier effect provides a second additional

18 margin of safety with respect to both compliance with 40 CFR 191 and site°

19 specific, long-term safety (health effects), representing a shift of another

20 two orders of magnitude.

21

22 Taking the above barrier-by-barrier reasoning into account, the

23 regression, partial correlation, and scatterplot sensitivity analysis results

24 are compiled into the list of important parameters in Table 9-3. Parameters

25 in the first three categories are those for which reductions in uncertainty

26 have the potential to affect the location of the mean CCDF near the

27 compliance criteria. Conditional on the present modeling assumptions and

28 parameter-value distributions, long- term disposal-system performance with

29 regard to 40 CFR 19] is not sensitive to uncertainty in parameters included

30 in the "Less Important" category. Defensibility of a compliance decision

31 will require, however, that uncertainties assigned to all parameters,

32 including those identified as less important, adequately capture reality.

33 Specifically, wherever practical, site-specific information should be

.34 collected to verify with sufficient confidence that reality lies within the

35 assigned range and distribution for each parameter.

36

37 With respect to 40 CFR 191, improvements to be made in either the next or

38 following PA awe expected to have the following effects on these results.

39 (i) The addition of pressure-dependent fracturing in anhydrite interbeds of

40 the Salado Formation: No effect on the shape of the CCDF near the criteria

41 because brine flow into a borehole for high-consequence sample elements will

42 not be impacted. (2) Modeling of three-dimensional groundwater flow innon-

43 Salado units: The inclusion of vertical flow and effects on vertical flow

44 because of climate variability and subsidence events may create changes in

45 the list of important parameters for the natural-barrier system. However,
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2 Table 9-3. Importance of Sampled Parameters with Respect to 40 CFR 191B. Results apply only to
3 disturbed performance of the repository (human intrusion), and are conditional on modeling
4 assumptions, the choice of parameters sampled, and the assumed parameter-value

5 distributions. Comparable results for 40 CFR 268.6 (undisturbed performance) can be found
6 in Volume 5 of this report.
7
8

10 Parameter Name Parameter Description
1,11

14 Critically Important Parameters (listed in order of importance)
15

16 LAMBDA Drilling intensity
17 BHPERM Intrusion borehole permeability
18

19 Very Important Parameters (listed in order of importance)
2o

21 SALPERM Salado halite permeability
22 MBPERM Salado anhydrite permeability
23 SOLx Radionuclide solubilities (6, x = AM,NP,PU,

24 RA,TH,U)
25 CULFRSP Culebra fracture spacing

26 MKDx Matrix Kds (6, x = AM,NP,PU,RA,TH,U)
27

28 Important Parameters (listed in order of importance)
29

30 CULTRFLD Culebra transmissivity fields
31 CULPOR Culebra matrix porosity
32

33 Less Important Parameters (listed in alphabetical order)
34

35 BCBRSAT Residual brine saturation in Salado Fm.

36 BCEXP Brooks-Corey relative permeability model
37 exponent
38 BCFLG Brooks-Corey/van Genuchten-Parker pointer
39 BCGSSAT Brooks-Corey residual gas saturation for Salado
40 Fm.

41 BPPRES Castile brine pressure
42 BPSTOR Castile brine reservoir storativity
43 BPAREAFR Castile brine reservoir area fraction
44 BRSAT Initial brine saturation in waste

45 CULCLIM Climatic recharge factor
46 CULFRPOR Culebra fracture porosity
47 CULCLYF Culebra fracture clay filling fraction

48 CULCLYP Culebra fracture clay filling porosity
49 FKDx Fracture KdS (6, x = AM,NP,PU,RA,TH,U)
5o GRCORHF Corrosion gas-generation rate factor, humid
51 conditions
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1 Table 9-3. Importance of Sampled Parameters with Respect to 40 CFR 191B. Results apply only to

2 disturbed performance of the repository (human intrusion), and are conditional on modeling

3 assumptions, the choice of parameters sampled, and the assumed parameter-value

4 distributions. Comparable results for 40 CFR 268.6 (undisturbed performance) can be found

5 in Volume 5 of this report (concluded).
6

9 Parameter Name Parameter Description

13 GRCORI Corrosion gas-generation rate, inundated
14 conditions

15 GRMICHF Biodegradation gas-generation rate factor, humid
16 conditions

17 GRMICl Biodegradation gas-generation rate, inundated

18 conditions

19 MBPOR Salado anhydrite porosity

20 MBPRES Far-field pressure in Salado Fm.
21 STOICCOR Corrosion stoichiometric coefficient

22 STOICMIC Biodegradation stoichiometric coefficient

23 TZPORF Transition Zone and DRZ porosity factor

24 VMETAL Volume fraction of metals and glass in waste

25 VWOOD Volume fraction of combustibles in waste

26

29

30

31 the resulting CCDFs will always lie between the repository/shaft barrier-

32 effect CCDF (number I in Figure 9-i) and the cuttings-only CCDF (number

33 3). (3) Modeling of gas-generation processes: This model is primarily a

34 RCRA issue, and gas-generation model parameters have little importance in

35 the regression analyses for 40 CFR 191. For the Containment Requirements,

36 the important issue is whether gas is generated or not because gas

37 generation diminishes brine and radionuclide releases. Once some gas

38 generation occur.s, .the uncertainty associated with the gas-generation

39 model is relatively unimportant compared to other system parameters listed

40 in Table 9-3. (4) Actinide source-term modeling: Inspection of Table 9-3

41 shows that radionuclide solubilities are the parameters affecting the

42 repository/shaft barrier that are ranked in the first two categories, and

43 that can most readily be impacted by programmatic decisions and an

44 experimental program. Based on the present wide range of uncertainty in

45 the PA data base for solubilities, more project effort here has the

46 potential for improving the compliance picture by shifting the CCDF

47 labeled (i) to the left in Figure 9-I.. (5) Addition of releases because

48 of spalling of waste material into an intruding borehole: The mechanism

49 for this phenomenon is poorly understood. Preliminary estimates indicate

50 that cuttings releases could be increased significantly (Berglund, 1992).

51 If the experimental program corroborates this estimate, the CCDF labeled
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I (3) will shift to the right slightly. This shift would r_ot:significantly

2 impact the compliance picture, but as these improvements in the PA system

3 move CCDFs (i) and (3) closer together, the range of uncertainty that can

4 be impacted by further work i.n the Culebra and non-Salado units shrinks.

5 (6) Addition of plug degradation in the intrusion boreholes: Allowing

6 plugs to degrade to essentially borehole-fill properties should result in

7 two effects. The probability of EIE2-type flow paths will diminish, and

8 flow directly to the surface may occur. The latter effect cannot result

9 in a shift- of the CCDF past the repository/shaft barrier-effect CCDF

10 because calculating EPA Sums at the discharge point in the Culebra is

11 equivalent with transporting directly to the su;L'face. (7) The use of

12 time-varying drilling intensities: The above discussion of uncertainty

13 and sensitivity analyses re].ied primarily on the use of time-invariant

14 drilling intensities, within the Poisson model that have been used for

15 calculating scenario probabilities. The constant rate term is a sampled

16 parameteT that has a different value, constant for I0,000 yr, for each

17 sample element, whereas the time-dependant rate term is a different

18 function of time for eacln sample element. The time-dependant rate term

19 incorporates the deterrent effect and estimated efficacy of possible

20 passive marker syst:ems for future societies of different levels of

21 technology. The passive-marker barrier effect does I_ot depend on the

22 Culebra (or non-Salado) barrier effect and can be used equally well with

23 the repository/shaft, barrier-effect CCDF or the cuttings -only CCI)F to

24 provide additional safety margins. In any case, a shi it of about two

25 orders of magnitude is indicated. Again, defense of the PA and compliance

26 assessment should be based on defending the repository/shaft barrier-

27 effect CCDF (number i) and determining the potential contribution of the

28 natural barrier system (displayed here as the region between CCDFs I and

29 3). In addition, passive marker systems could provide a cor_vincing and

30 effective margin of safety without requiring e.,:tensive reduction of

31 uncertainty in the natu_'al-barrier system.

32
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Appendix A: Verification of the SECO-Transport Code

1 SECO-TRANSPORT Code

1.1 Transport Model

The code predicts solute transport in fractured porous media using the dual-porosity ap-

proach. It allows for radioactive decay and generation of daughter products. In addition,

the matrix block equation can model both the matrix material and tile clay lining.

For the fracture-with-matrix block system, transport in tile fracture is produced by

the combined effect of convection and hydrodynanlic dispersion, while transport in the

matrix block is dominated by molecular diffusion. Two sets of governing equations are

used to describe the concentration in the fracture and matrix block.

The equation for the transport of kth radionuclide component in the fracture (N

species) can be written

k= 1,...,N:

c)d'k
V. [DUCk - VCk] = qSR/_--_ -{-qSRk,\/_G'/_-- qSli_/___lAk_lC_e-1

-00 - (1)

where the dependent variables are Ck, the concentration of the kth radionuclide. For

k = 1, the term involving Ck-1 is omitted. Physical parameters include D(x,t), _ 2 × 2

hydrodynan_ic dispersion tensor (velocity-dependent); V(x, t), the Darcy velocity, ¢(x);

the fracture porosity; Rk, the retardation coefficient; Ak, the species dec_w constant; and

0k, the concentration of the kth injected radionuclide. The well injection rate is Q.

Detailed physical descriptions of these terms can be found in [1, 2].

The N fracture equations are linear and sequentially-coupled. A general Robin bound-

cry condition is assumed
8Ck

+ o,-T= "y (2)
on a planar rectangular domain f_. For various choice of ce, fl, and 7, one may obtain

Dirichlet, Neumann, or Cauchy boundary conditions on different portions of the boundary.

For example, the commonly used flux boundary condition is

VCk- DVCk = Vf(t) (3)
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Appendix A: Verification of the SECO-Transport Code

where f is a known function.

The flow-field V is assumed to be independent of the solute concentration. In practice,

tile flow-field is obtained from the SECO-FLOW code [6].

Since the dual-continuum model [3, 4, 5] includes the exchange of mass between the

matrix block and the fracture, it is necessary to solve a transport equation in the matrix

block. Assuming that there is no fluid flow, tile equation for tile concentration of the kth

species, is given (for a slab block model) by

8 8C_. 06" ,,--(D'- ") = _b'' _ _' ' " ' '
cgx Ox Rk--_- + RkAk6 k -- 4' Rk- 1

,_k-l Gk_l (4)

where X is the coordinate originating from the symmetry line of the matrix block, the

prime is denoting matrix block, D' is the coefficient of the molecular diffusion, and the

remaining symbols have the same meaning as those in the equation for fracture transport

(t!:q.1).
The equations for the fracture and the matrix block are coupled through the mass

transfer term Pk which is given by

2
- (D' 8Ck

r_ = _,_ -_x ._=o) (_)

where b is the fracture aperture.

For a typical matrix slab of thickness b', the initial and boundary conditions are given

by

G" = G'_°k(x,t o)= (6)
egG"

D'_''k (0, g) = 0 (7)
cqX

c""' D'°c'; (8)
k_o , t) = C'_ - ( Ox

where _"is a parameter characterizing the resistance of the thin skin adjacent to tile

fracture. This parameter is defined as C"= b,/D,, where b, and D, are tile skin thickness

and the skin diffusion coefficient, respectively.
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1.2 Numerical Discretization, Algorithm

1.2.1 Fracture Equation

Equation (1) has been transformed into stretched Cartesian coordinates

= ,,-, (9)

= •(,_), (lo)

y - y(77) (11)

where metric transformations are _= = Jy,, 7iv = Jx_, and d = _=rlv. The transformed

equation, with further algebraic manipulations, was put into a strong conservation form

[7, 8]. This is done to ensure mass conservation, which is essential here. The transformed

equation is given by

CR_N(d_) +_(_)+ (F) = (_,) + (Eo_)

+ N(&)+ (Fo_)
"*'t+ CRk,_kd%+ ¢.Rk-_Ak-_d,k-_

+ 0+_ (12)

where

d k = Ck-7' (la)
k = ,<,,,d',_, (_4)

# = _._,,d'_, (:5)

j cqst, (16)

i,',,2 - (_77,,Zh28d'kJ a,7' (_r)

#., = [,rl,,D_l 06%g o,_' (is)

,] ()'1 ' ( l 9)

,z ' (20)
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-_. (21)

Equation (12) is solved using an implicit Approximate Factorization procedure [9]. The

convective terms are modeled by TVD [10] and the remaining terms by central differencing.

A general two-level implicit finite volume scheme, in delta form [9], can be written as

oat (¢_kAd;),+ (¢_d_), ,_ ) (22)
CRkAd'_ = 1 +----_ _ + (¢RkAP''-'

W}l_re

Ad._= d_'+' - d;

The A0_ can be thought of as a correction to advance the solution to a new time-level

(n+ 1), The time difference equation (22), with appropriate choice of the parameters 0 and

to, produces many two- and three-level implicit schemes as shown in Table 1. Applying

equation (22) to equation (12) we have

_r_,Ad; = OAt z_,)_+ (A ""+ [-(A]?")_ -(AP),, + (A "" F',.),
- c_]

OAt
AEv2 )t 4-(A/_v_-l),7]+ [( ^,--'

1+_

.... E_2 ( r',, ^._'vl ' , "_vl 0
+ 1 + _ F,, +( )_ + ( )_ _ ),, + (F'__)

-¢R_A_d'_+ _R__,A__,G__" , + (?"+ r'"].

Jr--- [¢RkA 7-''- ' ] (23)
-t- 1 -t-_ _k

The crossderivative terms are time-hagged to facilitate the factorization of the right-h,xnd-

side operator. The error introduced by lagging these terms ca.n be corrected through an

intra-time step iteration. This procedure has been employed here.

The convective terms are modeled using the following TVD flux which we have devel-

oped for staggered meshes. The flux is a combination of upwind and centered schemes.

b- 1
= _( - , '" '" _'t, -(,-'" _'"- ._j,_-._j--,,.)I,,}'_, I]

"{(D. , C_j,k-[-Cj_I,b)(_.) j , ,_1/,. , ,_ (24)+ 2 _-_'_( ^" ^'" "" "-7,x ./- g,x
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Table 1' Partial list of schemes awtilable

0 ¢p Schemes Trunc_ttion error

1 0 Euler, implicit O( At )

! 0 Trapezoidal, implicit O( dxt 2 )2

1 3-point-backward, implicit O( At 2 )1

where

(,_';')___,_= (_)j,_+ (_)j-,,_
The function ._. is called a limiter function. There are a number of limiter functions

available ranging from very compressive (Roe superbee) to very dissipative (minn_od)

[_0].

After the explicit portion (RHS) of equation (23) has been evaluated, the solution at

the new time level is obtained through the following sequence

(: + ._L=)A -'C.i,A. = l_l:[S, (25)

(: + _,,L_)A' - (26)Cj,k = A(,'j,k,

()n+, :,,, /,,, (27)j,k = '-"j,k + A'--'j,k

where [ is an identity matrix and L==, L,j_ are the x and y operators, respectively. '.['he

first sweep in either the x or y direction produces intermediate results, denoted by Cj,k.-"

'l'he second sweep uses the intermediate results to ¢:omplete l,lle cycle. The order of the

sweep can be symmetrized by alterilat, ing the direction. After both sweeps are con_plete,

tile solution is updated.

The boundary conditions (Dirichlet, Neuma, nn, and Ilobin) are all implicitly imple-

mented in the 1-D operator in both directions. This eJ_ures the second-order accuracy of

the scllerne. The implicit construction of bolindary conditions requires arl intcrlnediatc

boundary condition for the initial sweep, tt't_eintermediate boundary condition is subtle,

and is evaluated by applying either the x or y operator, depending on the boundary, to
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the equation of the ghost cell. The stencils of these operators will be different near tile

boundaries.

This algorithm uses a finite-volume mesh where fluxes are evaluated at cell faces and

concentrations at cell centers.

1.2.2 Matrix Block Equation

Using a similar procedure oulined for the fracture equation (1), equation (4) is first mapped

to a computational space

¢'R_0d___ 0_;' _ ¢%A_dl+ ¢%__A__,O;,__ (2s)ot o_

where

d't= G (29)J

OCt (30)./: = D'&0_

Then, the above equation is discretized using the general implicit finite vohlme scheme,

in a delta form given by equation 22.

OAt [(A"'" - ¢ G,_kG ]Y;)_ ' ' "'"
¢'R_A01" = 1 +

At ,, t_,,
_{_ _[(/_t,,)( __ C,]{tk/_kd;n q_ ¢ iF_k_l,_k_l,Jk_,]

lq-_

+ _ , , f:,,,-1

where

"In t ( Cln In
(F" )j__ = Dj_[(G)j__, ,,_j - Cj_,) (32)

, = , .7 A4'' -- Jd-lAd'"'
(A ^thE; )3'-, Dt..l__,(_x)j__. [oj,_._...j j-l] (33)

Equation (31) is solved using a tridiagonal inversion with implicit boundary conditions.

1.2.3 Fracture-Matrix Coupling

The equations for the fracture and the matrix block are coupled through a mass transfer

term rk. This term is proportional to the gradient of the solute concentration in a matrix
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block at their interface. A simple approach to couple these equations is to time lag the

P term or, in other words, treat tile coupling term explicitly. Our experience with the

matrix block equation has shown if the molecular diffusion coefficient is high, if there

exists a clay lining, or if there is high resolution at the interface, the solution for the

coupled system would be unstable. To make the coupling more robust, the equations

must be coupled in a fully implicit manner. A procedure outlined in reference [1] was

adapted and modified to work with the approximate factorization and delta formulation

of the transport equation. This new procedure would couple the equations implicitly and

has shown to be quite robust.

Even with implicit coupling, a problem can arise if the characteristic time for the

matrix block, i.e., the time in which the solution in the matrix would approximately reach

steady state, is much smaller than the time step used to adwmee the fracture solution.

In such a case, the coupling term P can exhibit an oscillatory 13ehavior in time which is

not physical. To avoid such a behavior the fracture time step inust resolve or be snlaller

than the characteristic time of the matrix block.

1.3 Improvements / Issues

The present code uses a TVD scheme with three-level time differencing and directional

splitting to improve accuracy and execution time. The code is second-order accurate both

in time and space. Problems with moderately-high Peclet number would greatly benefit

from this scheme by avoiding spurious oscillations commonly associated with the central

differencing schemes. The long time-scales of the problems to which the code is to I)e

applied dictate the use of fully-implicit algorithms.

The flow field is computed by the SECO-flow code, It is important to note that the

convergence tolerance on the flow must be smaller in magnitude than the source for the

transport calculation. Lack of proper iterative convergence in the flow calculation can

show up as a source term in the transport calculation due to its conservation formulation

and in some cases can lead to instabilities.

In practice the computational boundaries for transport and the flow are not the same.
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This difference in the location of the far-field boundaries can pose a difllcult problem (un-

bounded source) for the transport calculation. The SECO-transport code can eliminate

this difficulty by automatically assigning the boundary conditions using the flow field.

The code is capable of computing the history of integrated discharge around any

number of defined closed boundaries within the computational mesh.

2 Analytic Solutions 8¢ Convergence Test

2.1 Fracture Transport

']'he code, which has been developed based on the scheme described in tile algorithm

section (section 1.2), is verified for temporal ,_nd spatial accuracy using the following

unsteady equation and its solution, with V = _ll.

Ct + uC_ = c_t:_t(.,'_+ c_,ruC,,._-g(,_, y, t), (34)

w h c re

_(_,v,t)-=(.- _,t)2+ y_, (35)

and 0 < x < 1, 0 < y < 1. The initial condition is given by

1 ;_" y4]
C(x,y,0) == l'2u [--_'; + (tTJ ' (3(_)

'File exact solution to equation (34) is

1 [(x_ut)4 y41 (37)C(x,v,t)-- _ _t: (_7"j

Since the computational domain is finite, tile Dirichlet boundary conditions are time

dependent and may be obtained from the exact, solution.

Table 2 presents the computed solution to equation (34) at time=25scc, for four differ-

ent grid sizes and time steps. The magnitude of coefficients are u-: O.lm/s, (_'L:-: 1.0m,

c_T ::: 0.1m. By examining the ratio of Root Mean Square (RMS) of errors, it is evident

that t.he overall solution is second-order accurate in tithe and space.
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Table 2: Convergence results, uni_rm grid

Size Am At RMS RMS ratio

20x20 .05 .25 7.697E-3

40x40 .025 .125 1.954E-3 3.94

80x80 .0125 .0625 4.921E-4 3,97

160x160 .00625 .03125 1.234E-4 3.99

'1'o illustrate the advantages of this algorithm, we have chosen to solve a two-dimensional

convection-dispersion probletn for which we have nn exact solution [11], Tile medium is

assumed to be tlomogeneous ,xnd isotropic with unidirectional steady state flow. The

initial solute concentration is zero. At a certain time, a strip-type source with a finite

length (2a) along the y-axis is introduced. For dettdled information reg_trding this problem

see Reference [11]. In our test problems, the solute concentration at the source remains

constant with time.

The solution is obtained for two cases, h uniform grid 80x80 who.re 0 < a < 200m,

-100 < y < 100m and Van Leer MUSC, L limiter [10] are used for both cases. Case

1: low mesh Peclet number, Pc = 2, n = l.Om/s, ai-; = 0.Sin, aT = 0.1m, _\ :: 0.0,

and a. = 50. Figures la and lb present the numerical solution and the absolute error at

tinle:-lOOsec, respectively. The maximutn error is 6.1E-2 and is located in the vicinity

of the discontinuity on the boundary and I_MS-6.3891!3-3. Figures 2a and 2b show the

sa.rne calculation using implicit upwind difl'erencing. The latter computations serveas a

representative solution computed by the majority of existing codes. The maximum error

is .1847 and is located around the front as one would expect and the RMS=5.111E-2.

The maximum error is about three times and the RMS about 8 times larger than TVI)

solution. Case 2: moderately high mesh Peeler number, Pe = 10, u = 1.0, aL = aT = 0.1,

and a = 50. Figure 3 shows solute concentration computed using TVD at Time:=100.

Figure 4 presents the same calculation using upwinding. The difference between the two

sollltions is dramatic. As expected, the TVD scheme retained a sharp front as opposed
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to a very diffused front generated by the implicit upwind differencing. Unfortunately,

we encountered numerical difficulties in computing tile exact solution ;tt Peclet numbers

higher than 4; hence, we have no compa, rison to exact solution, l[owever, if Case 1 is any

indication, tile error introduced by implicit upwinding should be much higher than wits

observed in the previous case.

As we have shown above, the TVI) scheme in conjunction with second-order time

discrctization is more accurate in tracking sharp changes in solute concentr,'ttion even for

low-Peeler number cases.

2.2 Dual Porosity Transport

'I'o verify both fracture and the matrix finite volume discretization ms a system and the

coupling procedure, we have chosen a dual porosity problem in one dimension with the

analytical solution given by Tang [12]. The fracture equation is

0c v Oc D O2c _)D'0c'
-h-/+R& _ 0z=+ A_ _re0, I_:_= 0 (as)

where 0 _< z < oo. The initial _md boundary conditions are

c(O,t) = 0 (39)

_(oo,t) = 0 (40)

_(z,0)= 0 (4_)

The znatrix equ,_tion is given by

c)c' D' 8 2c'
-k )_c' = 0 (42)8t R' 8x =

where b < • < cx). The initial and boundary conditions are

_'(_,:, t)- _(:,t) (4:_)

c'(oo,:, t) = 0 (4,1)

_'(x,_,0)= 0 (4,_)

for further explanation of the problem and the definition of parameters and the _tnalytical

solution see reference [12].
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The test problem is set up by defining the required parameters as follows. Fracture

length, Xo = lOre, fracture spacing 2.4m. Fracture properties: a.perture, b = lO-4m,

seepage velocity, V = O.Olm/d, longitudinal dispersivity, c_r = 0.50m, molecular diffusion

coefficient, D = 1,382 x lO-4m2/d, and fracture porosity, ¢! = 0,42 x l0 -4. Matrix

properties: matrix porosity, ¢' = 0.01, and matrix diffusion coeflicient, D' = 1.382 x

lO-rm=/d. Radionuclide properties: decay constant, )_ = 0.15,1 x 10-al/d, and retardation

factor, R = /_'= 1. [n it.i_d co,zdit, ion: c(a:, 0) = c'(a:, z, 0)= 0. The boundary conditions

are

c(0,t)= t (46)
Oc

_(_, o,t) - _(,_,t) (,.it)
_'(=,0,t) = ,:(:,,,t,) (,ts)

_JA(_,,:o,t)= 0 (ag)&e

Fracture length is discretized using 80 stretched cells and 15 stretched cells was used for

the matrix block. The calculation was stopped at time equal 1.o 100 days to test both

spatial ,and temporal accuracy of the computed solution. Figures 5 and 6 present the

comparison of the fracture and inatrix solution to the analytical solution, respectively.

The computed solution in both regions seems to be (luite accurate which also verifies the

accuray of the coupling procedure. Further mesh refinenlcnt in both fracture and the

matrix block reproduced the same results.

Unfortunately, proper grid convergence test is not possible since in the M)ove transport

problem the size of the matrix block is infinite _,hereas in computation we have a finite

matrix block length.

3 Convergence Test on PA Problems

To verify the code on a realistic problem (excluding extrenle cases), we will use one of the

1992 PA calculations [14].
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3.1 Fracture Transport

For grid convergence test on fracture transport we have chosen vector 2 (E1E2 scenario).

This vector has moderate parameters, such as, fracture aperture and realistic fracture

travel time with climate from the source to the far field boundary of 72 years

Since we do not have an exact solution for vector 2, to check the convergence of the

sol_ltion on different grids we rely on contours of the solution for judging convergence.

We will use three different grid sizes, 46 × 53, 93 x 107, and 187 × 215. For each grid size

three different time steps are used, _A_t= 10,5, and 2.5 years, for time convergence.

Figure 7 shows temporal behavior of the source function over 10,000 years. F'igures

8a,8c, and 8e present the contours of solute concentrations on the first grid at t=10,000

years for three different time steps_ respectively. The time resolution for this mesh is quite

adequate since there is hardly any change between conto,r plots. Figures 8b,8d, and 8f

present breakthrough curves, with each plot presenting integrated discharges through

three closed boundaries. As is the case for solute concentrations, there are no massive

changes in the solution as the time accuracy of the computation is increased. Figures

9 and 10 show similar plot for grids number 2 and 3. As we refine the grid, the plume

becomes narrower and the concentration front becomes sharper. This is due to improved

effectiveness of the TVD algorithm.

These sequences of grid and time steps clearly show that we have resolved this problem

adeql_ately.

3.2 Dual-Porosity Transport

For a dual-porosity transport calculation vector 52 (E1E2 scenario) is a realistic exaInple,

which has no extre,nes in its parameters, for grid convergence test. Some of the parameters

are calculation time, 10,000 years; fracture travel time with climate, 219 years; and matrix

characteristic time, 8076 years.

We will use the same grid sizes as in the fracture transport case, Itowever, vector 52

has different time scales for both fracture and the matrix block, and requires different

time steps, with _t = 2, 1, and 0.66 years.
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Figure 11 shows temporM behavior of the source function over 10,000 years. Figures

12a,12c, and 12e present the solute concentration on the first grid at t=10,000 years for

different time steps, respectively. Similar to tile fracture calculation, the time resolution

is satisfactory. Figures 12b,12d, and 12f present breakthrough curves. Again, there are

no massive changes in the solution as the time accuracy of the computation is increased.

Figures 13 and 14 show a similar plot for grids number 2 and 3. As tile grid becomes finer

the concentration front becomes sharper as we have observed in the fracture calculation.

Figure 12c show some discharge on the side boundary where on the finer meshes there

are no discharges. This points out that the first grid is not resolving the solution well.

]Iowever, the other grids seem to be adequate.

3.3 Recommendations for Input Parameters

As our grid convergence test on fracture and fracture-matrix calculatioi_s have shown, the

coarse grid (46 × 53), which has been used for the 1992 PA caculat.ions, is not adequate

in both cases. This grid was not dense enough to properly resolve the gradients in the

solution, ttowever, the time-step sizes have all resolved the time scales in both cases

adequately.

4 Improvements

A three-dimensional version of the SECO-TRANSPORT code in stretched cartesian co-

ordinates will be available for the next PA cycle. Other improve_nents will be general

coordinate transformation in both two and three dimensions in conjunction with solution

adaptivity. Also, more benchmark tests; for exanlple, the Sudicky problem [13] for which

an analytical solution exists for a duM-porosity assumption with a specified finite matrix

block length,
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Concentration

Absolute Error in Concentration

Grid 80x80
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z APPENDIX B: ASSUMPTIONS AND DERIVATION OF EQUATION 4.2-2

3 RELATING SANCHO POROSITY TO BRAGFLO POROSITY
S

6 Inherent ill Equation 4.2-2 is that the compressibility of halite is

7 small compared to the compressibility of the gas that occupies the voids

8 within the waste panel. Making this assumption permits the conclusion that

9 the mass and volume occupied by the solid (waste and backfill) within the

10 moving boundary defining the time variant dimensions of the waste panel

11 remains constant. The volume of "_lids within the waste panel, at any

12 time, is the same as the volume of _olids that are present initially in the

13 waste panel prior to compaction (Equation B-I).

14

1 V (t=O) = V (t) (B-I)s s

20 where

21

22 V s = volume of solids within the boundaries defining the waste panel.

23

24 Figure B-I depicts the waste panel in two states, the top figure, a,

25 depicts the waste panel initially, at t=O, while the bottom figure, b,

26 depicts the waste-panel after some consolidation, at time t. While the

27 figure implies compaction of the waste panel by movement of the upper

28 boundary or roof, this is for convenience only; movement of the other

29 boundaries may also participate in the compaction process.

30

31 The porosity, _', of the waste panel is defined, at any time, as the

32 ratio of the void volume (Vv) to the total volume, Vt, where V t is the sum

33 of the void volume and solid volume, Equations B-2 and B-3, respectively,

34

II '@ (t) = Vv (t)

V (t) (B-2)

42

43 and

44

_ Vt(t) = Vv(t ) + V (t). (B-3)s
47
48
49

50 Substitution of Equation B-3 into Equation B-2 allows the solid volume to

51 be expressed in terms of porosity and total panel volume, Equation B-4,

52

53 0

li V = (i _ ) V.s t (B-A)
58
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Relating SANCHO Porosity to BRAGFLOPorosity

Vv(t=o)

, ! : .....
i :. i
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a) Waste-panel at initial state.

.......1I........1
t¢ :

f .

Vv(t) ::vs(t=0)
I

I

!

TR1-_2-2154-0

b) Waste-panel at compacted state.

Figure B-I. Waste-Panel at two states of compaction, showing volume of

voids (Vv) and volume of solids (Vs)o
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Appendix B: Assumptions and Derivation of Equation 4,2-2
Relating SANCHOPorosity to BRAGFLOPorosity

1

2 Applying Equation B-4 at time, t=O, and at an arbitrary time, t, and using

3 the equality of Equation B-l, after some rearrangement yields Equation B-5,

4

t

1 - 4 (t--0) V t (t)
= (B-5)I

I I - 4 (t) V t (t=0)

t
14 Now, define an alternate porosity, 4, as the ratio of the void volume at

15 any given time to the total initial volume of the waste panel prior to

16 compaction, Equation B-6,

17

!_ Vv (t)

_ 4(t) = V (t=0) (B-6)

I

26 It is desired to relate 4 and 4 in a way that conserves void volume.

27 This can be done by determining the porosity associated with the waste

28 panel of initial dimensions and volume that is equivalent to the void

29 volume of the compacted and collapsed representation of the waste panel.

30 Combining Equations B-2 and B-6 and solving for 4(t) yields the desired

31 result, Equation B- 7,

32

ii '4(t) 4 (t) Vt(t)
= V t (t=0) (B-7)

40

41 Equation B-8, reproduced as Equation 4.2-2, is obtained by substituting the

,:_ left hand side of B-5 for the ratio, Vt(t)/Vt(t=0 ) in Equation B-7,

43

44

' [ ]4_ 4(t) = 4 (t) 1 - 4 (t=0) (B-8)

i - 4 (t)

52

53 Equation B-8 relates 4 to only 4' at a given value of time and is used to

54 transform the porosities resulting from the Segrangian treatment of the

55 numerical mesh in SANCHO to the Eulerian treatment in BRACFLO, while

56 conserving void volume.

57

B-5



APPENDIX C: LHS SAMPLES AND CALCULATED NORMALIZED RELEASES

C-!



C-2



AppendixC: LHSSamplesandCalculatedNormalizedReleases

Contents For Appendix C

Tables

Table Page

C-I Numerical ID and Distributions of 49 Sampled Parameters in December 1992 WIPP

PA Calculations .............................................................................................................................. C-5

C-2 Seventy Values Sampled by LHS for 49 Parameters that were Varied in December 1992

WIPP PA Calculations .................................................................................................................... C-6

C-3 Ranks of 70 Values Sampled ........................................................................................................... C- 15

C-4 Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity, Retardation,

Clay, Matrix Diffusion, Intrusion at 1000 yr ................................................................................. C-23

C-5 Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E IE2 and Assuming a Conceptual Model with Dual Porosity,

Retardation, Clay, Matrix Diffusion, Intn_sion at 1000 yr ............................................................. C-24

C-6 Vectors with CH Cuttings Discharged to the Ground Surface .......................................................... C-29

C-7 Vectors with RH Cuttings Discharged to the Ground Surface .......................................................... C-39

C-3



AppendixC: LHS Samplesand CalculatedNormalizedReleases

C-4



APPENDIX C: LHS SAMPLES AND CALCULATED NORMALIZED RELEASES

This appendix contains the 70 sample elements for each of the 49 parameters varied and sampled by LItS and

summaries of EPA-norrnalized radionuclide releases to the 2,9-kin, accessible environment boundary south of the WIPP Ibr

EI and E IE2 scenarios with an intrusion at 1000 yr. Releases are given tbr simulations assuming a dual porosity model

with chemical letardation for transport in the Culebra Dolomite Member of the Rustler I'orrnation.

This appendix also contains the summaries of release to the accessible environment from initially drilling into file

repository and bringing tip cuttings from one average activity of Cll waste and one average activity of RH waste. ('The CII

waste activity is subsequently multiplied by a factor to account for the four Cil activity levels. This moditied activity along

the probability of actually hitting these various CI! activity levels is used when constructing the CCDF), Cuttings were

calculated for six different intrusion times. Releases are the same for the [']1, E2 or ELF,2 scenarios, and difl'crent scenarios

accounted tbr by the CCDFPF, RM program.

The output tables were created by the CCDFCAI,C computer code from output databases created by SECO-

TRANSPORT and CUTTINGS and are the input to the CCDI:PERM program which calculates the final CCDF.

Table C-I lists the 49 parameters sampled and the distribution type used.

Table C-1. Numerical ID and Distributions of 49 Sampled Parameters In December 1992 WlPP PA
Calculations

Parameter Range Distribution

1 InitialBrineSaturationof Waste (BRSAT) 0. 0.14 Uniform
2 InundatedCorrosionGas GenerationRate (mol/m2os)(GRCORI) 0. 1.3E-08 Cumulative
3 Humid/InundatedCorrosionGas GenerationRate Ratio(GRCORHF) 0, 0.5 Cumulative
4 StoichiometricFor Corrosionof Steel (STOICCOR) 0. 1. Uniform
5 InundatedMicrobialGas GenerationRate (mol/kgos)(GRMICI) 0. 1.6E-08 Cumulative
6 Humid/InundatedMicrobialGas GenerationRate Ratio(GRMICHF) 0. 0.2 Uniform
7 StoichiometricCoef For Biodegradationof Cellulose(STOICMIC) 0. 1,67 Uniform
8 Wood VolumeFraction(VWOOD) 0.284 0.484 Normal
9 MetalVolume Fraction(VMETAL) 0.276 0.476 Normal
10 Log Salado Permeability(m2) (SALPERM) -24. -19, Cumulative
11 Brooks-CoreyExponent(BCE×P) 0.2 10. Cumulative
12 Brooks-GoreyModelRelativeWeight(BCFLG) 0. 1, Delta
13 Brooks-CoreyResidualBrineSaturation(BCBRSAT) 0. 0.4 Uniform
14 Brooks-CoreyResidualGas Saturation(BCGSSAT) 0. 0.4 Uniform
15 Log Marker BedPermeability(m2) (MBPERM) -21. -16. Cumulative
16 Marker Bed Porosity(MBPOR) 0001 0.03 Cumulative
17 Scale Factor For Disturbed Zone Porosity (TZPORF) 0. 1. Uniform
18 Salado Pressure (Pa) (MBPRES) 1.2E+07 1.3E+07 Uniform
19 Brine Pocket Pressure (Pa) (BPPRES) 1.3E+07 2.1E+07 Uniform
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Appendix C: LHS Samplesand CalculatedNormalizedReleases

Table C-1. Numerical ID and Distributions of 49 Sampled Parameters In December 1992 WIPP PA
Calculations (Continued)

Parameter Range Distribution

20 Brine Pocket Bulk Storativity (m3/pa) (BPSTOR) 002 2 Lognormal

21 Borehole Permeability (m 2) (BHPERM) 1.0E-14 10E-11 Lognormal

22 Drillbit Diameter (m) (DBDIAM) 0.2667 0.4445 Uniform

23 Index for Rate in Poisson Drilling Model (LAMBDA) 0 1, Uniform

24 Brine Pocket Area Fraction (BPAREAFR) 024479 0 56771 Cumulative

25 Log Solubility Am (mol/I) (SOLAM) -133 0 15 Cumulative

26 Log Solubility Np (mol/I) (SOLNP) -15.52 -1 92 Cumulative

27 Log Solubility Pu (mol/I)(SOLPU) -166 -3 26 Cumulative

28 Log Solubility Ra (mol/I) (SOLRA) 03 1 26 Cumulative

29 Log Solubility Th (mol/I) (SOLTH) -1526 -566 Cumulative

30 Log Solubility U (mol/I) (SOLU) -15 0 Cumulative
31 Culebra Index for Transmissivity Field (CULTRFLD) 0 1 Uniform

32 Index for Recharge Amplitude Factor (CULCLIM) 0 1 Uniform
33 Culebra Fracture Porosity (CULFRPOR) 0.0001 0 01 Lognormal

34 Culebra Fracture Spacing (m) (CUL.FRSP) 0.06 8 Cumulative

35 Culebra Clay Filling Fraction (CULCLYF) 0 05 Cumulative
36 Culebra Clay Porosity (CULCLYP) 005 05 Uniform

37 Log Culebra Fracture Dist Coef Am (m3/kg) (FKDAM) -4 3 Cumulative

38 Log Culebra Fracture Dist Coef Np (m3/kg) (FKDNP) -4 3 Cumulative

39 Log Culebra Fracture Dist Coef Pu (m3/kg) (FKDPU) -4 3 Cumulative
40 Log Culebra Fracture Dist Coef Th (m3/kg) (FKDTH) -4 1 Cumulative

41 Log Culebra Fracture Dist Coef U (m3/kg) (FKDU) -4 0. Cumulative

42 Log Culebra Fracture Dist Coef Ra (m3/kg) (FKDRA) -4 2 Cumulative

43 Culebra Matrix Porosity (CULPOR) 058056 0.2525 Data

44 Log Culebra Matrix Dist Coef Am (m3/kg) (MKDAM) -4 2 Cumulative

45 Log Culebra Matrix Dist Coef Np (m3/kg) (MKDNP) -4 2 Cumulative

46 Log Culebra Matrix Dist Coef Pu (m3/kg) (MKDPU) -4 2 Cumulative

47 Log Culebra Matrix Dist Coef Th (m3/kg) (MKDTH) -4 0 Cumulative

48 Log Culebra Matrix Dist Coef U (m3/kg) (MKDU) -4 0 Cumulative

49___Lo__0_Culebra Matrix Dist Coef Ra (m3/kg)(MK_D_RA) -4 1 Cumulative

Table C-2 lisls lhc I,alin I lypcrcubc sampled (l,t IS) v_lucs for each of tile 49 paramctcrs.

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations

Material

Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM

NO X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)

1 4.023E-02 1,570E-09 1.238E-01 4,810E-01 1.154E-08 8629E-02 7 677E-01 3.601E-01 3741E-01 -2044E+01

2 1,269E-01 3.730E-09 2,775E-01 2.119E-01 1.588E-08 1696E-01 1264E-01 4.242E-01 3.910E-01 -2001E+01

3 8.612E-02 8,501E-10 7.155E-02 4.965E-02 3.585E-09 1 532E-01 7.179E-04 3.914E-01 3.452E-01 -2.088E+01

4 3242E-02 1.013E-08 8.783E-03 4382E-01 9.379E-09 4926E-02 2213E-01 3.425E-01 4.137E-01 -2082E+01

5 1,149E-01 3.321E-10 1.539E-02 6945E-01 1.195E-08 5,316E-02 4.741E-01 3.808E-01 3.928E-01 -2.154E+01

6 1373E-01 1.176E-08 3.287E-01 6.461E-01 3.979E-09 9957E-02 1.322E+00 4.637E-01 4.465E-01 -2.314E+01
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C.2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICl GRMICHF STOICMIC VVVOOD VMETAL SALPERM

RUN NO X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)

7 1395E-01 1 041E-08 3 263E-01 6245E-01 1 421E-09 1 238E-01 4816E-01 3 225E-01 3.987E-01 -2 194E+01

8 8068E-02 6341E-09 4805E-01 7 551E-01 7 905E-09 4 721E-02 5214E-01 3502E-01 3437E-01 -2.131E+01

9 5937E-02 1 715E-09 3813E-02 3,057E-01 8 037E-09 5 041E-05 1 425E-_()0 4689E-01 4 191E-01 -2332E+01

t0 7619E-02 8 712E-09 2 143E-01 7 950E-01 6070E.-09 1 297E-02 1 229E+00 3 587E-01 3578E-01 -2040E+01

11 1 202E-01 9067E-09 2 269E-01 6636E-03 2 159E09 1 064E.O1 3519E-02 3065E-01 4027E-01 -2 011E+01

12 8 396E-02 1 127E-08 9043E.O2 4057E-01 3 123E-09 6 075E-02 1 490E*00 3632E-01 3 785E-01 -2004E+01

13 3577E-02 4420E-09 2111E-01 9610E-01 6352E_10 1.559E,01 7945E-01 3733E-01 4369E-01 -2306E+01

14 1 272E-02 1 138E-08 3582E-02 1 254E-01 2820E-10 1745E-01 3435E-01 4060E-01 3886E-01 -2215E+01

15 1 315E-01 2 155E-09 3.880E-01 3 308E-01 8 800E..09 8 200E-02 1 339E,_00 4 120E-01 3 523E-01 -2 352E+U1

16 4 263E-02 5910E-09 4610E-01 3 478E-01 1 216E-08 1 580E,.01 1 667E*00 3 436E-01 3820E-01 -2070E+01

17 5151E-02 2705E-09 1 751E-01 9018E-01 7343E-09 4462E-02 9611E_01 4016E-01 3183E-01 -2189E-_01

18 6297E-02 5140E-10 3003E-02 2212E-01 1 285E-09 I021E-01 1446E_00 3556E-01 3845E-01 -2117E.01

19 5 652E-02 8 036E-09 4 058E-03 3 615E.02 1 413E.08 2 054E-02 5 646E.O1 4 048E-01 3 375E-01 -2 240E*01

20 3744E-02 5687E-09 2713E-03 1 508E-01 5405E-09 4216E.02 1 606E+00 3995E-01 4760E.01 -1974E_01

21 1046E-02 1 095E-08 3090E-01 1 887E-01 1 268E-08 6 836E-02 1 108E+00 3 841[_ O1 3952E-01 -1 954E*01

22 7 499E,O2 1 962E-09 5 486E-02 6810E.,01 2061E-09 1 300E..01 9990E-01 4 185E-01 3697E-01 -2026E_01

23 8 469E-02 7 970E-09 4012E-01 7 260E-01 2704E-09 1 680EO1 3339EO1 4075E-01 4 277E-0t -2 126E_01

24 7 128E-02 4 287E-09 2 143E-02 5 270E-01 2 922E-09 1 995E-01 8854E-01 3 275E,-01 3802E-01 -2092E+01

25 7809E-02 7428E-09 9208E-02 5991E-01 3319Eo09 1 195E-01 5792E-01 3560E-01 2760E-01 -2015E+01

26 1014E-01 1 164E-08 1 136E-01 5786E.01 4518E-10 4783E.O3 7210EO1 4269E-01 3382E..01 -2076E_O1

27 2606E-02 1061E-08 1 638EO1 2 359E-01 1 602E,09 1 821E-01 6 518E-01 4840E-01 3869E-01 -2 129E*01

28 2351E-02 6576E-09 5147E-02 5697E.01 5082E-09 7677E-02 4355E-01 3970E-01 3748E-01 -2134E+01

29 6911E-02 1295E-08 8140E-02 9815E-01 2366E-09 1852E-01 5370E-01 3868E-01 3236E-01 -2063E+01

30 8.819E-02 1.196E-08 4481E-01 5139E-01 1 556E-08 9290E-02 7124E-01 4171E-01 4237E-01 -2110E{-01

31 1292E-01 6995E-09 4.523E-02 9431E-01 6670E-09 7 725E-02 3 767E-01 3943E-01 3 568E-01 -2 147E*01

32 5255E-02 1 368E-10 7907E.02 3954E-01 7986E-10 1859E-01 1553E+00 4151E-01 4.101E-01 -2,021E.01

33 9,849E-02 3 385E-09 2 919E-01 4 463E-01 1.200E-09 1.427E-01 2698E-01 4349E-01 3 108E-01 .2 100E+0t

34 9,053E-02 1.081E-08 7457E-02 8960E-01 7 207E-09 9077E-02 1,079E+00 3784E-01 4,395E-01 -2 162E*01

35 2035E-02 4.618E-09 6518E-02 8269E-01 1067E-08 1631E-01 1.468E+00 3.823E-01 3402E-01 -2051E+01

36 7227E-02 9288E-09 3464E-01 6634E-01 9881E-10 1.971E-02 1277E-_00 3,922E-01 3170E-01 -2180E+01

37 3.864E-02 7 111E-09 3316E-02 6227E-02 6 134E-09 9.403E-03 ,1126E-01 3,894E-01 3,058E-01 -2.107E+01

38 4,888E-02 1 119E-09 9 576E-02 7 598E-01 4617E-09 6 536E-02 1.049E+00 4.085E-01 4099E-01 -2029E+01

39 1031E-01 3905E-09 2661E-01 8822E-01 1884E-09 2835E-02 1,532E+00 3717E-01 4.067E-01 -2.112Et-01

40 4 701E-02 1.228E-08 7826E-03 6342E-01 1442E-08 1 152E-01 8 155E-01 4.003E-01 3834E-01 -2259E.01

41 1689E-02 3028E-09 3656E-01 8 111E-01 9.466E-09 2958E-02 2,491E-01 3775E-01 4046E-01 -2023E+01

42 1994E-02 1,218E-08 3757E-01 1081E-01 2.577E-09 1.627E-01 1.199E+00 3,388E-01 3,639E-01 -2.120E+01

43 3,326E-03 5 150E-09 1 927E-01 8 371E-01 1 101E-08 1.090E-01 1.782E-01 4 140E-01 3627E-01 -2061E+01

44 1.359E-01 9.052E-10 1.171E-02 4237E-01 6858E-10 3.679E-02 6,056E-01 3 635E-01 3725E-01 -2.040E+01

45 1,326E-01 7,140E-10 4.905E-01 7.660E-02 2.197E-09 1 121E-01 7.530E-01 3748E-01 3.710E-01 -2054E+01

46 9242E-03 3435E-09 3.021E-01 1 721E-02 4856E-09 1792E-01 1245E+00 3667E-01 3543E-01 -2398E+01

47 1.167E-01 1,019E-08 6963E-02 2849E-01 2.386E-09 1.724E-01 9291E-01 4484E-01 3285E-01 -1 924E+01

48 1,406E-02 2606E-09 4.659E-01 8438E-01 1.769E-09 6.468E-03 8.594E-01 3.471E-01 3 267E-01 -2055E+01

49 9471E-02 9572E-09 6801E-02 7.736E-01 2,535E-09 1,910E-01 1,588E+00 3309E-01 4.2%E-01 -2170E+01

50 3 147E-02 1265E-08 6036E-02 2,953E-01 1 106E-09 2437E-02 2987E-01 3.884E-01 3.672E-01 -2173E+01

51 6.122E-02 5.379E-09 2432E-01 7,003E-01 1,180E-11 1356E-01 1,407E+00 4295E-01 3614E-01 -2006E+01

52 2.412E-02 3 170E-09 2522E-01 7.324E-01 3087E-09 1.577E-02 1.628E*01 2 953E-01 4.004E.01 -2070E+01
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AppendixC: LHS Samplesand CalculatedNormalizedReleases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM

RUN NO, X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(1O)

53 1,190E-01 1,257E-08 8366E-02 4,961E-01 1480E-09 3,382E-02 6.351E-01 3,825E-01 4589E-01 -2.033E+01

54 1,048E-01 4,903E-09 8,608E-02 9,416E-01 1.032E-06 1.952E-01 1O09E+O0 4,310E-01 2923E-01 -2 143E+01

55 6,768E-02 5538E-09 4,791E-02 1,810E-01 1,717E-09 1272E-01 9,388E-01 4399E-01 3.493E-01 -2 185E+01

56 6598E-02 6245E-09 2555E-02 8643E-01 2762E-09 1.049E-01 3,921E-01 2840E-01 3337E-01 -2.378E+01

57 1.244E-01 8.522E-09 1.496E-01 5,302E-01 1.922E-09 7,123E-02 1,071E+00 3.493E-01 3,502E-01 -2,141E+01

56 9.213E-02 7530E-09 1041E-01 9933E-02 1,514E-08 1.209E-01 1,167E+00 3654E-01 3306E-01 -2266E+01

59 1232E-01 8353E-09 3593E-01 2458E-01 1274E-08 7.395E-02 1,512E+00 3.961E-01 3769E.01 -2283E+01

60 1.061E-01 4.043E-09 5,023E-02 1,658E-01 1330E-08 1,378E-01 1.171E+00 3709E-01 3.951E-01 -2.204E+01

61 1,108E-01 9816E-09 2580E-02 5530E-01 8393E-09 9473E.02 1637E+00 3369E-01 3.007E-01 -2097E+01
62 1.090E-01 5998E-09 5971E-02 2666E-01 1377E-10 3.802E-02 1361E+00 3.136E-01 3.665E-01 -2191E+01

63 4544E-02 6794E-09 9.919E-02 6,120E-01 2423E-10 1,513E-01 1,073E-01 4,460E-01 3.857E-01 -2151E+01

64 5499E-02 4,681E-09 1 980E-02 9927E-01 1357E-08 1455E-01 6,761E-01 4375E-01 3473E-01 -2.177E+01

65 2.810E-02 2293E-09 1 413E-01 9.178E-01 9,936E.09 8.331E-02 5,036E.02 3535E-01 4,544E-01 -2,081E+01

66 9.633E,02 8,857E-09 4421E-01 1.287E-01 2928E-09 5,813E-02 2,075E-01 4576E-01 4,164E-01 -2,231E+01

67 5864E-03 9458E-09 1,858E.01 3687E-01 8269E-10 1.328E-01 1.136E+00 3695E-01 3597E-01 -2094E+01

68 1 134E-01 2460E-09 4 163E-02 4.695E-01 1.067E-09 1927E-01 7354E-02 3347E-01 4.317E-01 -2,i65E+01

69 6604E-03 7825E-09 4.264E-01 3,850E-01 1472E-08 1.471E-01 8.473E-01 3.170E-01 4200E-01 -2159E+01

70 1904E-03 1.351E-09 4,095E-01 3.248E-01 4814E-10 5.544E-02 1310E+00 4204E-01 3972E-01 -2359E+01

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

RUN NO, X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(16) X(19) X(20)

1 9679E+00 O000E+O0 8 789E-02 2,330E-01 -1785E+01 2866E-02 2165E-02 1202E+07 1 543E+07 1.947E-01

2 4966E-01 1.000E+O0 1 457E-01 1259E-01 -1.977E+01 6990E-03 4,764E-01 1300E+07 1458E+07 3996E-01

3 6.790E-01 1,000E+O0 1,849E-01 2 166E-01 -1,804E+01 2897E-02 7,123E-01 1.260E+07 1,561E+07 1364E-01

4 5.182E+00 1.000E+O0 1726E-01 1,890E-01 -1.930E+01 5613E-03 9.978E-01 1201E+07 1511E+07 9,468E-01
5 4071E-01 IO00E+O0 1 988E-01 1.459E-01 -1.994E+01 2056E-02 6.428E-02 1,233E+07 1.600E+07 1,657E-01

6 6,142E+00 O000E+O0 3317E-01 4,793E-02 -1,982E+01 1375E-02 9,602E-01 1.256E+07 2082E+07 3.368E-01

7 1.099E+00 O,O00E+O0 3.543E-02 1,622E-01 -1975E+01 2,593E-02 2709E-01 1245E+07 1.407E+07 2578E-01

8 6448E+00 I O00E+O0 3866E-01 2852E-02 -1874E+01 3.185E-03 5,669E-01 1250E+07 1.874E+07 1565E-01

9 4.261E-01 1.000E+O0 3.408E-01 1,869E-01 -1,991E+01 2727E-02 4.401E-01 1230E+07 1306E+07 1.483E-01

10 1517E+00 1.000E+O0 7.900E-02 3481E-01 -1.728E+01 9.677E-03 2,896E-01 1,238E+07 1.972E+07 8,469E-02

11 5,125E-01 O.O00E+O0 2717E-01 2,003E-01 -1.988E+01 2,573E-03 6,303E-01 1,227E+07 2010E+07 8790E-02

12 7,496E+00 l rOOOE.O01410E-01 2.862E-01 -1,865E+01 9,827E-03 5472E-01 1236E+07 2,097E+07 8066E-02

13 2,249E+00 1.000E+O0 3650E-01 2.937E-01 ..1931E+01 1.661E-02 7349E-02 1277E+07 1.845E+07 7,603E-01

14 3062E-01 1.000E+O0 8366E-03 1.736E-01 -2.000E+01 1,960E-0_, 4.472E-01 1.272E+07 1,683E+07 4,436E-02

15 4,462E-01 O000E+O0 2,310E-01 3835E-01 -1968E+01 1,159E-03 8,622E-01 1279E+07 1535E+07 4805E-02

16 5359E-01 1,000E+O0 3789E-01 2172E-01 -1,829E+01 5.870E-03 7594E-01 1220E+07 1 357E+07 2458E-01

17 5919E+00 O.O00E+O0 1.113E-01 3.806E-01 -1924E+01 2,395E-02 8,442E-01 1297E+07 1,803E+07 1,258E-01

18 5,873E-01 O.O00E+O02947E-01 8.612E-03-1,916E+01 6,137E-03 3866E-01 1.248E+07 2042E+07 1.308E-01

19 2.005E+00 1.000E+O0 1,164E-01 1667E-01 -1934E+01 6255E-03 7.942E-01 1,286E+07 2,047E+07 3.845E-01

20 6709E-01 1,000E+O0 1,294E-01 3,211E-01 -1935E+01 1.707E-02 7,418E-01 1.295E+07 1.817E+07 3349E-01
21 2.259E-01 O.O00E+O0 1977E-02 2.233E-01 -1894E+01 2,350E-02 2.158E-01 1.207E+07 1.961E+07 1.515E-01

22 1.434E+00 1.000E+O0 2183E-01 1.871E-02 -1913E+01 2.603E-02 7201E-01 1.216E+07 1.990E+07 1.931E+00

23 7.099E+00 1,000E+O0 2.388E-01 4.523E-02 -1945E+01 2992E-02 8.192E-01 1.210E+07 1.929E+07 1816E-01
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Appendix C LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

RUN NO X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)

24 4327E-01 1000E+00 6127E-02 2643E-01 -1 921E+01 1 471E-02 1909E-01 1243E+07 2006E+07 3497E-02

25 2761E+00 1000E+00 3051E-01 9990E-02-1949E+01 2472E-02 8779E-01 1214E+07 1379E+07 5503E-01

26 5266E+00 1000E+00 2470E-01 6806E-02-1962E+01 1882E-02 8054E-01 1252E+07 1490E+07 3907E-02

27 8333E+00 1000E+00 2128E-01 7573E-02 -1966E+01 2274E-03 4993E-01 1268E+07 1773E+07 8291E-01

28 7946E+00 0000E+00 3474E-01 1527E-01 -1971E+01 2883E-03 2091E-01 1219E+07 1793E+07 2722E-01

29 6041E-01 1000E+00 3304E-01 3578E-01 -1951E+01 1268E-02 1152E-01 1277E+07 1382E+07 1189E-01

30 2004E-01 O000E+00 1 405E-02 1553E-01 -1913E+01 8791E-03 9132E-01 1221E+07 1566E+07 3610E-01

31 3316E-01 1000E+00 2113E-01 2405E-01 -2049E+01 1 765E-02 3827E-01 1212E+07 1887E+07 5362E-02

32 8880E+00 1000E+00 3143E-01 3755E-01 -1998E+01 2093E-02 9418E-01 1257E+07 1428E+07 7034E-02

33 5220E-01 1 000E+00 1053E-01 3419E-01 -1833E+01 6664E-03 9820E-01 1206E+07 1853E+07 1092E-01

34 8652E+00 O000E+00 2515E-01 3628E-01 -1991E+01 9103E-03 5828E-01 1224E+07 1398E+07 2319E-01

35 3947E-01 1000E+00 2907E-01 1339E-01 -1955E+01 2423E-03 7825E-01 1218E+07 1 786E+07 6246E-02

36 2750E-01 1 000E+00 3709E-01 3696E-01 -1 970E+01 2712E-02 6279E-01 1241E+07 2056E+07 2884E-01

37 6978E+00 1000E+00 2265E-01 3079E-02 -1959E+01 5096E-03 5286E-01 1270E+07 1767E+07 9572E-02

38 2964E+00 1000E+00 1781E-01 3962E-01 -1 882E+01 1 894E-03 6447E-01 1243E+07 1 447E+07 1 412E-01

39 2606E-01 1000E+00 1633E-01 3724E-02 -1925E+01 1009E-02 6724E-01 1283E+07 1635E+07 2122E-01

40 2416E-01 1000E+00 2434E-01 1110E-01 -1868E+01 2276E-02 1097E-01 1254E+07 1504E+07 7721E-02

41 5749E-01 1000E+00 1334E-01 1 065E-01 -1840E+01 1802E-02 1 518E-01 1251E+07 1 475E+07 2549E-01

42 5484E-01 0000E+00 3964E-01 3350E-01 -2063E+01 2199E-02 4115E-01 1274E+07 1581E+07 7030E-01

43 40COE+00 0000E+00 3907E-01 1204E-01 -1857E+01 5179E-03 4205E-01 1227E+07 1588E+07 6006E-02

44 3605E-01 0000E+00 2598E-01 5735E-02 -1 927E+01 3.901E-03 2482E-01 1 208E,07 1 462E+07 6582E-01

45 3 239E-01 1000E+00 1583E-01 9419E-02 -1 901E+01 9387E-03 2787E-01 1265E+07 1 361E+07 1209E-01

46 4606E-01 1000E+00 6 517E-02 2388E-01 .1 978E+01 2828E-02 8963E-01 1232E+07 1 897E+07 4544E-01

47 3476E+00 1000E+00 3178E-01 2606E-01 -1904E+01 6570E-03 1412E-01 1293E+07 1648E+07 5341E-01

48 7708E+00 0000E+00 4551E-02 2075E-01 -1 985E+01 2239E-02 9268E-01 1288E+07 1 940E+07 1 113E-01

49 3753E-01 1000E+00 5011E-02 6990E-02 -1 816E+01 1682E-03 9470E-01 1229E+07 1 415E+07 1703E-01

50 3539E-01 1000E+00 1899E-01 1985E-01 -1 961E+01 1289E-02 6970E-01 1266E+07 1318E+07 2231E-01

51 5600E-01 1000E+00 2318E-02 1 181E-02 -1639E+01 7844E-03 3078E-01 1293E+07 1631E+07 6020E-01

52 3237E+00 0000E+00 1504E-01 3886E-01 -1906E4-01 4713E-03 7463E-01 1297E+07 1716E+07 1251E+00

53 6 741E+00 1000E+00 2847E-01 1 806E-01 -1 811E+01 1590E-02 3382E-01 1263E+07 1 731E+07 2000E-02

54 4 720E-01 0J00E+00 1 659E-01 2729E-01 -1 984E+01 1 450E-02 3 559E-01 1 259E+07 1982E+07 1000E-01

55 6503E-01 0000E+00 3245E-01 3033E-01 -1699E+01 2003E-02 5037E-01 1247E+07 1689E+07 3050E-01

56 4848E+00 O000E+00 9277E-02 5221E-02 -1996E+01 1165E-02 8402E-01 1276E+07 1 336E+07 3112E-01

57 9211E+00 1000E+O0 5116E-03 2777E-01 -2028E+01 4563E-03 4489E-02 1210E+07 1907E+07 4921E-01

58 6406E-01 1000E+00 3488E-01 3298E-01 -1847E+01 8711E-03 3184E-01 1239E+07 1937E+07 2852E-01

59 8958E+00 1000E+00 8512E-02 3127E-01 -1910E+01 2516E-02 9379E-02 1269E+07 1711E+07 4277E-01

60 9862E+00 1000E+00 7038E-02 8194E-02 -1902E+01 8260E-03 6020E-01 1283E+07 1526E+07 2881E-02

61 8049E-01 1000E+00 2791E-01 1389E-01 -1938E.01 7384E-03 1695E-01 1216E+07 1835E+rJ1 1518E+00

62 2863E-01 1000E+00 3599E-01 2512E-01 -1826E+01 1225E-02 3707E-01 1289E+07 1748E+07 1920E-01

63 3754E+00 O000E+00 2001E-01 2836E-01 -1602E+01 4109E-03 6620E-01 1225E+07 1616E+07 1739E-01

64 2495E+00 1000E+00 2932E-02 8702E-02-1957E+01 3739E-03 4692E-01 1285E+07 1739E*07 4756E-01

65 2541E-01 1000E+00 2641E-01 3510E-01 -1943E+01 7470E-03 5998E-01 1280E+07 2072E+07 3755E-01

66 6915E-01 O000E+00 1238E-01 3163E-01 -1940E+01 3533E-03 3140E-03 1236E+07 1671E+07 1027E+00

67 5589E+00 0000E.00 5635E-02 2537E-01 -1886E+01 8.191E-03 2424E-01 1258E+07 1326E+07 2200E-01

68 4520E+00 0000E+00 3024E-01 2997E-01 -1917E+01 1076E-02 5214E-01 1263E+07 2026E+07 2027E-01
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Appendix C LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

RUN NO, X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)

69 4 327E+00 1,000E+00 3715E-01 4,839E-03 -1.948E+01 1.519E-02 1.780E-01 1.291E+07 1.658E+07 6.938E-02

70 6277E-01 1.000E+00 1.013E-01 1 192E-01 -2087E+01 1.489E-03 3635E-02 1203E+07 1.862E+07 1.034E-01

Material

Parameter BHPERM DBDIAM LAMBDA BPAREAFR SOLAM SOLNP SOLPU SOLRA SOLTH SOLU

RUN NO X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)

1 3223E-13 4.087E-01 6,459E-01 2756E-01 -9,664E+00 -9.454E+00 -8.853E+00 1256E+00 -5.739E+00 -2.746E-01

2 2683E-13 3780E-01 3.485E-01 3806E-01 -9,123E+00 -1513E+01 -1368E+01 1.094E+00 -6.470E+00 -3643E+00

3 2 054E-13 4.214E-01 2.818E-01 3.888E-01 -9.693E+00 -6.185E+00 -1,359E+01 1.248E+00 -1.132E+01 -2.513E+00

4 1000E-11 3,908E-01 6879E-01 3.087E-01 -6752E+00 -1192E+01 -8339E+00 1.110E+00 -1,138E+01 -5.123E+00

5 4.051E-12 2.788E-01 2.059E-01 2964E-01 -8758E+00 -6916E+00 -6509E+00 9393E-01 -1,046E+01 -4.858E+00

6 2328E-t3 3.668E-01 4707E-01 4.151E-01 -9320E+00 -5710E+00 -5.862E+00 1,251E+00 -6.704E+00 -4.508E+00

7 1257E-12 4.100E-01 3375E-02 4445E-01 -9.300E+00 -4.863E+00 -7491E+00 1.132E+00 -1.019E+01 -6.874E+00

8 7713E-12 2,949E-01 1 731E-01 4,110E-01 -6,699E+00 -7,652E+00 -1,235E+01 1,043E+00 -9.188E+00 -4.763E+00

9 9 434E-14 2,762E-01 9720E-01 4,628E-01 -9,277E+00 -1.019E+01 -1,045E+01 5.121E-01 -6.572E+00 -3,402E+00

10 1.322E-12 3603E-01 4.759E-01 4.793E-01 -9.613E+00 -6,526E+00 -1.172E+01 1,107E+00 -9.756E+00 -2987E+00

11 3378E-14 3.320E-01 7.262E-01 3.501E-01 -t.740E+00 -4.591E+00 -1.193E+01 9632E-01 -8.166E+00 -2066E+00

12 2016E-12 3950E-01 6321E-01 3.695E-01 -1.012E+0t -9369E+00 -1.019E+01 1,015E+00 -1,068E+01 -1.081E+01

13 8206E-14 4.189E-01 9.091E-01 2689E-01 -9.926E+00-3.360E+00-8.118E+00 1.127E+00-1212E+01-1.980E+00

14 1.646E-12 3.416E-01 7.358E-01 4.108E-01 -4,602E+00 -7.190E+00 -1,475E+01 1234E+00 -7.740E+00 -2.399E+00

15 1.042E-12 3 357E-01 5 136E-01 4.016E-01 -6.398E+00 -9919E+00 -1,062E+01 1.072E+00 -1.095E_-01 -2.817E+00

16 8.788E-14 2932E-01 1.927E-01 3455E-01 -6,618E-01 -2674E+00 -6.321E+00 1258E+00 -9.910E+00 -2.327E+00

17 2,761E-13 2.847E-01 6.611E-01 3.468E-01 -t,019E+01 -6.337E+00 -1,081E+01 1.176E+00 -1.523E+01 -1.339E+01

18 2585E-12 3234E-01 9689E-01 4.896E-01 -7.632E+00-1.428E+01-8.256E+00 1.163E+00-1,444E+01-4.146E+00

19 2966E-13 4.262E-01 7.876E-01 4,204E-01 -4225E+00 -2066E+00 -7325E+00 1.028E+00 -7.944E+00 -4.375E+00

20 2257E-13 3390E-01 2.651E-02 3.653E-01 -9,898E+00 -7.503E+00 -8882E+00 9.832E-01 -9.571E+00 -4.058E+00

21 2489E-13 3,090E-01 4.326E-01 3.356E-01 -1,027E+01 -5.897E+00 -7.599E+00 9.884E-01 -1.420E+01 -4.687E+00

22 8276E-13 4 158E-01 4.229E-01 4,176E-01 -4.820E+00 -6,835E+00 -1.555E+01 8,333E-01 -1.376E+01 -1.781E+00

23 1 624E-13 3058E-01 5226E-01 4589E-01 -9.760E+00 -5568E+00 -6.234E+00 6281E-01 -7.353E+00 -6.526E+00

24 3.118E-13 2.804E-01 8593E-01 3 926E-01 -5.607E+00 -3.709E+00 -9.050E+00 1.057E+00 -6.334E+00 -6.016E+00

25 1.708E-13 4.326E-01 5463E-01 3.837E-01 -1.132E+01-5.467E+00-7.503E+00 8.892E-01 -1.154E+01-2181E+00

26 4.007E-13 2697E-01 3010E-01 3.538E-01 -8,257E+00-5.816E+00-7.110E+00 1.242E+00-9.030E+00-2,048E+00

27 6,130E-13 2689E-01 7,530E-01 3966E-01 -9.486E+00 -8,816E+00 -1.518E+01 1228E+00 -1.120E+01 -3.036E+00

28 8.499E-13 3.707E-01 2.271E-01 3.336E-01 -1.403E+00 -7.086E+00 -1.454E+01 8.135E-01 -1.045E+01 -2.485E+00

29 3 628E-13 3.340E-01 8.769E-01 3255E-01 -8.532E+00 -1.355E+01 -7.762E+00 7.736E-01 -7.196E+00 -3.542E+00

30 1.334E-13 4.280E-01 4.486E-01 4.236E-01 -2966E+00 -8.271E+00 -9.508E+00 9.546E-01 -1.185E+01 -2.299E+00

31 5200E-13 3.932E-01 5.816E-02 5.669E-01 -9,447E+00 -9.102E+00 -1.500E+01 9.722E-01 -1.244E+01 -1.965E-01

32 3473E-13 4.428E-01 4.029E-01 4.427E-01 -3.580E+00 -7.308E+00 -8.633E+00 6.622E-01 -1.335E+01 -7.758E+00

33 7358E-14 2877E-01 5.914E-01 3.673E-01 -1,004E+01 -6.684E+00 -8.610E+00 4.520E-01 -6.046E+00 -2.560E+00

34 4.264E-13 3.581E-01 8248E-01 4.057E-01 -9.162E+00 -7.894E+00 -1.409E+01 1.201E+00 -8.763E+00 -3.749E+00

35 1.422E-13 3.740E-01 8,017E-02 4.330E-01 -1.107E+01 -7.348E+00 -1.591E+01 1.156E+00 -5.862E+00 -3.444E+00

36 2.846E-14 3.194E-01 9.552E-02 3.818E-01 -9.405E+00 -6.590E+00 -1.488E+01 1.100E+00 -1110E+01 -5.092E+00

37 2197E-14 3.832E-01 4.946E-01 3.291E-01 -9.817E+00-1.154E+01-4.335E+00 6.835E-01 -9.880E+00-2.416E+00

38 9,957E-14 2.975E-01 3.215E-01 4.661E-01 -1.017E+01 -4.659E+00 -9.720E+00 1.171E+00 -1299E+01 -1.695E+00
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AppendixC: LHS SamplesandCalculated NormalizedReleases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter BHPERM DBDIAM LAMBDA BPAREAFR SOLAM SOLNP SOLPU SOLRA SOLTH SOLU

RUN NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)

39 4.797E-12 4.398E-01 2449E-01 2,877E-01 -9.050E+00 -5,345E+00 -9.307E+00 1.005E+00 -7.002E+00 -6.833E-01

40 2.160E-12 3.635E-01 7.612E-01 4,456E-01 -7,907E+00 -5.953E+00 -1.108E+01 1,206E+00 -1209E+01 -5.830E+00

41 4,710E-13 2.826E-01 7.731E-01 4.525E-01 -8.640E-01 -5.218E+00 -1.290E+01 5.719E-01 -7,589E+00 -4.022E+00

42 3.221E-12 2.914E-01 6280E-01 4.486E-01 -1.000E+01 -3.013E+00 -6.828E+00 3.350E-01 -8923E+00 -1.357E+00

43 6.646E-14 3,968E-01 1.669E-01 3.749E-01 -3.156E+00-6,788E+00-6.742E+00 9.415E-01 -1.455E+01-5.469E+00
44 5226E-14 3.016E-01 9.254E-01 4.166E-01 -9232E+00-2.260E+00-9.871E+00 1.183E+00-1.163E+01-5.276E+00

45 3.887E-13 4,034E-01 8,107E-01 3,986E-01 -9.006E+00 -8.645E+00 -6.077E+00 1,139E+00 -1.076E+01 -6,340E+00

46 5.483E-13 3.114E-01 3.988E-01 4273E-01 -5.388E+00-1.470E+01-7.027E+00 1.189E+00-1.291E+01-1.213E+00

47 1.802E-12 4.134E-01 9.369E-01 4.336E-01 -9.372E+00 -5.527E+00 -9985E+00 1.221E+00 -1.023E+01 -2.244E+00

48 1.023E-12 3.883E-01 9.918E-01 3.872E-01 -6.016E+00 -8.125E+00 -1.224E+01 1.087E+00 -1.010E+01 -1.434E+00

49 2071E-13 3.150E-01 9,525E-01 3.422E-01 -1,204E+01-7.061E+00-1.088E+01 3.447E-01 -1.391E+01-2114E+00

50 1.146E-13 4.051E-01 5.620E-02 3,920E-01 -7.225E+00 -8.524E+00 -9.635E+00 1.244E+00 -1.345E+01 -6.980E+00

51 1.853E-13 3.150E-01 1.018E-01 3.712E-01 -8.886E+00 -1.039E+01 -9.217E+00 9.675E-01 -8.234E+00 -5.521E+00
52 7.378E-13 3.024E-01 3.290E-01 5.479E-01 -8,310E+00 -5.064E+00 -7.013E+00 1.027E+00 -7.531E+00 -2.687E+00

53 1.754E-13 3516E-01 6.830E-01 4295E-01 -2.568E+00-1.001E+01-5.636E+00 1.001E+00-1,179E+01-1.011E+00

54 9.068E-13 3.851E-01 8.436E-01 3,540E-01 -3.924E+00 -5.136E+00 -5.334E+00 1.147E+00 -1.430E+01 -2736E+00

55 6.937E-13 3.293E-01 2.628E-01 4,032E-01 -2032E+00-9.169E+00-6.906E+00 9.326E-01 -1.272E+01 -6,019E-01

56 5.605E-14 3.612E-01 8.309E-01 3.399E-01 -9.552E+00 -7,756E+00 -1,117E+01 1.121E+00 -9.535E+00 -4.278E+00

57 4,087E-14 3.450E-01 5.791E-01 4.975E-01 -6.351E+00 -1.010E+01 -7.276E+00 8.800E-01 -1.491E+01 -3.903E+00

58 1,125E-12 4.304E-01 6.134E-01 4.375E-01 -1.283E+01 -9.544E+00 -6.632E+00 5.178E-01 -7.088E+00 -6.654E+00

59 1,049E-13 3.476E-01 5.638E-01 2559E-01 1.125E-01 -5.750E+00 -1.640E+01 4.217E-01 -9.366E+00 -6.291E+00

60 6.800E-13 3257E-01 1.180E-01 4259E-01 -1.181E+01-3.981E+00-9.468E+00 1.061E+00-9261E+00-1,105E+00
61 1.546E-14 3.212E-01 2.890E-01 4.622E-01 -5.153E+00 -1.252E+01 -8.405E+00 1,251E+00 -6.910E+00 -3.247E+00

62 1,214E-13 4.239E-01 3.673E-01 3.780E-01 -8.009E+00-8.928E+00-1,122E+01 7.132E-01 -8,726E+00-1.871E+00

63 1.511E-13 4,346E-01 7.078E-01 5.198E-01 -6.916E+00 -6,103E+00 -1.306E+01 1.012E+00 -7.818E+00 -6.161E+00

64 6.340E-14 3.483E-01 1.539E-01 4.396E-L;1 -5.982E+00-6.030E+00-3.565E+00 7,319E-01 -8.564E+00-1.593E+00

65 4,483E-14 4.005E-01 8.983E-01 4,081E-01 -7.295E+00 -1.526E+01 -6.406E+00 1.212E+00 -8.355E+00 -3795E+00

66 6.107E-13 3,543E-01 3.857E-01 3.620E-01 -1.288E+01 -6.225E+00 -1.052E+01 1.037E+00 -1.481E+01 -1535E+00

67 1,434E-12 3.734E-01 1,422E-01 5.376E-01 -7.557E+00 -8.103E+00 -5.464E+00 9.945E-01 -8.466E+00 -3.316E+00

68 5.128E-13 2.726E-01 9.745E-03 3.596E-01 -9.110E+00 -9.712E+00 -1.028E+01 9.491E-01 -1.091E+01 -3.105E+00

69 1.000E-14 3.795E-01 5364E-01 4.543E-01 -1,038E+01 -6.366E+00 -1.533E+01 1.050E+00 -1.503E+01 -2.625E+00

70 4.531E-13 4.387E-01 2,411E-01 3.577E-01 -9.599E+00 -6,020E+00 -7.968E+00 1.078E+00 -6,183E+00 -5649E+00

Material

ParameterCULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CUL.CLYP FKDAM FKDNP FKDPU FKDTH

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

1 3.689E-01 1,347E-01 1,307E-03 3.149E+00 0.000E+00 9,844E-02 2.100E+00-2.194E-01 1.137E+00-1.263E+00

2 4.068E-01 5.823E-01 1.356E-03 1.078E-01 1.848E-01 4,169E-01 2.284E-01 -2.437E+00 2.874E+00-3.127E+00

3 6.714E-01 8.879E-01 3.436E-03 3.478E-01 0.000E+O0 3.011E-01 -9.079E-01 2.591E+00 -9.157E-01 9.695E-01

4 5.721E-01 3.106E-01 2.102E-03 4.629E+00 0.000E+00 2.892E-01 2045E+00 -2.084E+00 2.942E+00 -7.889E-01
5 4.952E-01 5.394E-01 2.416E-03 7314E+00 4.601E-01 4.119E-01 2249E+00 2.370E+00 -1.004E-01 -1.208E+00

6 9702E-01 1.115E-01 1,000E-02 6,791E+00 0.000E+O0 1.458E-01 3.185E-01 1.058E+00 2.723E-01 3,758E-01

7 2787E-01 2758E-01 3077E-04 3.104E-01 0.O00E+00 3.002E-01 -2.487E-02 2.917E+00 2.668E+00 -2.930E+00

8 9213E-01 7240E-01 2443E-04 1,133E-01 0.000E+00 2.134E-01 8.402E-01 2.522E+00 2.572E+00 2.835E-01
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AppendixC: LHS Samplesand CalculatedNormalizedReleases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material

ParameterCULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDPU FKDTH

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

9 6.322E-01 8,636E-01 1,471E-03 5667E-01 0.000E+00 1,050E-01 1,631E-01 -2.822E+00 2.830E+00 -2,469E+00

10 8,899E-01 1.227E-01 3.077E-03 4.288E+00 2.777E-01 6.018E-02 2,138E+00-3.622E+00 8.307E-01 -1.198E+00
11 9.365E-01 9.966E-01 4,324E-04 2,807E+00 0.000E+00 8,102E-02 9.633E-01 6,463E-02 -1.486E-02 -3,422E+00

12 9,128E-03 9.358E-01 3.571E-03 3,387E-01 8.276E-02 1.836E-01 2,314E+00 4.235E-01 6.207E-01 -1,693E+00

13 8.782E-01 9.174E-01 1.844E-03 9.675E-02 5.057E-02 1946E-01 5,097E-01 -2,184E+00 2.114E+00-1.676E+00

14 5.275E-01 7.538E-03 1.275E-03 2,589E+00 0.000E+O0 4.739E-01 2.839E+00 2.420E-01 2.413E+00 5.278E-01

15 6,464E-02 4,629E-01 1.944E-03 3.750E+00 0.000E+00 4.237E-01 -1.944E+00 -2,335E+00 9.381E-02 3.394E-01

16 1.002E-01 5,997E-01 1,175E-03 3.312E-01 2.076E-01 2.446E-01 5.779E-01 -2.194E+00 2888E+00-1,085E+00

17 6,130E-01 5.713E-01 7.672E-04 2,635E-01 0.O00E+00 3,395E-01 2,747E+00 2.686E+00 2.362E+00-3.245E+00

18 7.468E-02 6.964E-01 9308E-04 1.853E-01 6,629E-02 2,409E-01 2.077E+00 -2.010E+00 2.601E+00 8.519E-01

19 1,358E-01 6.647E-01 1.098E-03 2.927E-01 O.000E+00 4.047E-01 2.198E-02-2.068E+00 8.928E-01 -2,913E+00

20 3.055E-01 4.519E-01 1.292E-04 8.809E-01 0,000E+00 1,478E-01 1.851E+00 1.662E-01 1.407E+00 7,119E-01

21 8,639E-01 6.504E-01 2.871E-03 1,981E-01 3.766E-02 4,654E-01 -3.934E-01 -2.127E+00 2.931E+00 7.650E-01

22 7,117E-01 5.489E-01 2.659E-04 1.685E-01 4.767E-01 4,013E-01 4.069E-01 -3.252E+00 -3.630E+00 -1.514E+00

23 5.492E-02 3.609E-01 1.427E-03 3,799E-01 1,475E-01 4.972E-01 7533E-02-2.254E+00 2,708E+00 2.400E-01

24 1,891E-01 6,105E-01 1.817E-03 1.610E-01 1.991E-01 2.791E-01 2.266E+00 5,886E-01 1.633E+00 -1.903E+00

25 3.704E-02 6.827E-01 1.701E-03 2.060E+00 0.000E+00 3.211E-01 2.672E+00 -7.864E-01 3.397E-01 -1.060E+00

26 8.072E-01 9.053E-01 5,944E-04 6.057E+00 0.000E+00 3,680E-01 2,443E+00-1.975E+00 9.984E-01 -1.099E+00
27 5.662E-01 5.105E-01 2522E.03 2364E-01 1.629E-01 3,630E-01 1.231E+00 4.460E-01 7.365E-01 -3.938E+00

28 3.500E-01 2.168E-02 4,626E-03 6.637E-02 0.O00E+00 3,145E-01 2,718E+00 1,864E+00 4.774E-01 -1.348E-01

29 4.453E-01 8.028E-01 3.027E-03 3.953E-01 3,330E-01 3.569E-01 2.403E+00 6.590E-01 1,783E-01 5,844E-01

30 6,472E-01 6.217E-01 2.274E-03 1.219E-01 3.679E-01 1.395E-01 2.930E+00 2.308E+00 9.142E-01 -1.227E+00

31 5,367E-01 9.768E-01 2.613E-03 5,169E+00 0.000E+00 3.088E-01 2522E+00 7.498E-01 2.739E+00 -1.021E+00

32 9,048E-01 2698E-01 5.894E-03 3.207E-01 0.000E+00 1.097E-01 2592E+00 2.081E+00 2.497E+00-2.254E+00

33 3,218E-01 4,387E-02 1.839E-04 1,555E+00 2,868E-01 2,228E-01 2.881E+00 -2.390E+00 2.392E+00 -1.016E+00

34 1.817E-01 8.466E-01 1,000E-04 2.277E-01 0.000E+00 4,303E-01 2,487E+00-1.119E+00 1.944E+00 1.410E-01

35 7.374E-01 2.333E.01 6,994E-04 4.443E+00 0.000E+O0 2.647E-01 -3,894E+00 1.026E+00 2.295E+00-1.050E+00
36 1243E-01 1.795E-01 6.654E-04 7,070E-02 0,000E+00 2.275E-01 1335E-01 1.244E+00 2.764E+00 -1.181E+00

37 8,156E-01 3.528E-01 4.016E-03 1.444E-01 4.450E-01 1.561E-01 -7.678E-02 2.211E+00 2,445E+00 4,460E-01

38 5,551E-01 6,568E-02 2,028E-03 1,945E-01 2,488E-01 4386E-01 9,195E-02 1.654E+00 -1,884E+00 -5,709E-01

39 3,355E-01 4.421E-01 1546E-03 1212E+00 9.509E-02 4,534E-01 1.803E-02 -1.891E+00 2.347E+00 -1.297E+00

40 4.853E-01 2.227E-01 1.024E-03 3.612E-01 2,600E-01 5.556E-02 1.870E-01 -1.825E+00 -1.014E+00 -1,241E+00

41 7,923E-01 9.005E-02 8,515E-04 2.800E-01 0.000E+00 7,060E-02 2380E+00 2,798E+00 2,860E+00-5.004E-02

42 2366E-01 1,481E-01 6.353E-04 2.144E-01 0,000E+00 9.389E-02 4,665E-01 -1.735E+00 -2.685E+00 1.949E-01

43 3,907E-01 1.870E-01 5.579E-04 7386E+00 0.000E+00 4,771E-01 7,765E-01 -2.771E+00 4,188E-02 -3,708E+00

44 8.378E-01 3,195E-01 4.624E-04 1.368E+00 4.333E-01 4.610E-01 2.579E+00 1,145E+00 2.462E+00-6.334E-01

45 1.691E-01 1.642E-01 6,700E-04 2524E-01 O.000E+O0 1.320E-01 2.417E+00 -2.508E+00 -1.200E+00 -7.496E-01

46 6.676E-01 7.674E-01 7.987E-04 4.783E+00 3,280E-01 3.349E-01 2.187E+00 1.785E+00 2.487E+00-3.650E+00

46 6,676E-01 7.674E-01 7.987E-04 4.783E+00 3,280E-01 3,349E-01 2,187E+00 1.785E+00 2.487E+00-3.650E+00
47 4.224E-01 4.110E-01 3,989E-04 7.852E+00 3.862E-01 1,763E-01 2.562E-01 1.966E+00 2,994E+00-1.274E+00

48 4,385E-01 3.782E-01 3,626E-04 6.452E+00 4.207E-01 2,578E-01 2.232E+00 8.375E-01 5.452E-01 -2.831E-01
49 7.578E-01 7,722E-01 8.756E-04 6.025E+00 0.000E+00 2,700E-01 3.579E-01 2.455E+00 7.299E-01 -1.713E-01

50 7.210E-01 5,186E-01 6.171E-04 3304E+00 4.881E-01 1261E-01 2.692E+00-3,413E+00 4.172E-01 1.715E-02

51 6.205E-01 8,187E-01 1.611E-03 1.823E+00 0,000E+00 1.619E-01 1.977E+00-1.950E+00 6.136E-01 -2.148E+00

52 2.939E-01 9.520E-01 6.659E-03 5.554E+00 0.000E+00 2815E-01 2,148E+00-2.317E+00 2.643E+00-5.250E-01
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AppendixC: LHS Samplesand Calculated NormalizedReleases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA
Calculations (Continued)

Material

ParameterCULTRFLD CULCLIM CULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDPU FKDTH

RUN NO, X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

53 8.836E-02 2.940E-01 3.815E-04 1.281E-01 1,084E-01 3,886E-01 5.221E-02 2020E+00 2.314E+00 -2.4OOE+00

54 9.512E-01 6.366E-01 3,283E-04 1,501E-01 0.000E+O0 2.107E-01 2,027E+00-3932E+00 2908E+00 7,848E-01

55 3.754E-01 7.419E-01 3.014E-04 5.735E+00 0.000E+00 1.989E-01 -2.214E+00 2865E+00 2.704E+00-9.494E-01

56 2.569E-01 2.058E-01 4.414E-04 2211E-01 2,312E-02 1.147E-01 -3.157E+00-1.324E+00 2,754E+00-1.159E+00

57 7.443E-01 7,629E-02 1.070E-03 7.231E-01 0,000E+00 2,526E-01 -2.999E+00 -2,543E+00 2387E+00 -1,126E+00

58 9.975E-01 4.856E-01 2,223E-04 2,199E+00 0.000E+00 4.464E-01 2769E+00 1.453E+00 1,758E+00-2.715E+00

59 5,879E-01 7.044E-O1 9,522E-04 7.052E+00 1,229E-01 3.820E-01 6.146E-01-1.870E+00 1.317E+00 9,363E-01

60 8.512E-01 7.893E-01 5,273E-04 8,214E-02 7.808E-03 3.472E-01 2.981E+00 -2,593E+00 2662E+00 -6,702E-01

61 5.085E-01 7,507E-01 1.630E-03 3,520E-01 0.000E+00 3,738E-01 2.954E+00 1.567E+00-4,994E-01 6.04OE-01

62 6.872E-01 3.605E-O2 4.837E-03 3.871E-01 2,159E-01 4,813E-01 2.889E+00 -1.934E+00 2,976E+00 -1,117E+00
63 2.096E-01 8,759E-01 9,785E-04 2.673E-01 3,076E-01 1,873E-01 6.946E-01 -5.562E-01 2.809E+00 4.670E-02

64 1.725E-02 4,210E-01 5,152E-04 3,611E+00 4.137E-01 8,630E-02 2,810E+00 1.325E+00 2,562E+00-2.293E-01

65 7,809E-01 3.890E-01 1.775E-04 4.006E+00 0,000E+00 3.917E-01 9,076E-01 8677E-01 -3.815E-01 -4.160E-01

66 1.453E-01 3.381E-01 7.300E-04 2.497E+00 O,000E+00 1,719E-01 2.554E+00 3,185E-01 2.508E+00-8,453E-01

67 9.797E-01 8.423E-O1 8.231E-04 3.017E-01 3.453E-01 4.905E-01 -1.380E+00 -2.036E+00 2246E-01 -1.144E+00

68 4,706E-01 2.480E-01 1,134E-03 6.490E+00 2.408E-01 6,800E-02 1,563E+00 -3,004E+00 2,530E+00 -9.225E-01

69 2.602E-01 4,888E-01 1.228E-03 7.588E+00 1,395E-01 3,317E-01 2 618E+00 -3.263E-01 2,790E+00 -3.250E-01

70 2,270E-01 9.583E-01 4.925E-04 5.379E+00 3,802E-01 2.334E-01 2.345E+00 1,477E+00 2.609E+00-4.852E-01

Material

Parameter FKDU FKDRA CULPOR MKDAM MKDNP MKDPU MKDTH MKDU MKDRA

RUN NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)

1 -1.973E+00 -3,324E+O0 1.143E-01 -5.213E-01 -2.949E+00 1.081E+00-2.961E+00-9.568E-01 -7.915E-01

2 -1,328E+00 -1,909E+O0 1,822E-01 -1.557E+00-3.164E+00-1.633E+00-1.348E+00-3,044E+00-1.630E+00

3 -2,687E+00 -2.978E+00 1.726E-01 -7,160E-01 -3525E+00 -1.898E+00 -1,997E-01 -2,512E+00 -1.828E+00

4 -2,085E+00 -1,178E+00 1.284E-01 -9,199E-01 -1.183E+00-1.090E+00-3.000E-02-4.026E-01 -6.370E-01
5 -2.208E+00 -1.406E+00 1.220E-01 1,583E+00 9.019E-01 -2061E+00 -3.493E+00 -3.570E+00 -1.886E+00

6 -2260E+00 -3.510E+00 1,783E-01 -8.983E-01 -2.889E+00 -2.012E+00 -1.968E+00 -3.023E+00 -9.798E-01

7 -2.393E+00 -2,639E-01 1,206E-01 -4.012E-01 -3,499E+00 -1232E+00 -1,641E+00 -6,873E-01 -5,865E-01

8 -2,150E+00 -1,846E+00 1,045E-01 1.199E+00-3.115E+00 1.638E+00-2.146E+00-2,873E+00-2.569E+00

9 -2,221E+00 -8,716E-01 1,210E-01 -8,154E-01 -3,275E+00 -2104E+00 -8.599E-01 -1.108E+00 -1.797E+00

10 -3,274E+00 5.759E-01 1.634E-01 -9.658E-01 -1.305E+00 -1,152E+00 -2052E+00 -3,061E+O0 -3,144E+00

11 -2,008E+00 -7,792E-01 1,788E-01 9,574E-01 1,949E+00 -1,230E-01 -2.225E+00 -1.026E+00 4.770E-01

12 -1,851E+00 -1.648E+00 1.374E-01 2,117E-01 -3437E+00 -1,792E+00 -2.029E+00 -3.787E+00 -2,693E+00

13 -2.182E+00 2,384E-01 1.115E-01 1.799E+00 -9,035E-01 -7,714E-01 -2.412E+00 -2.830E+00 -2.651E+00

14 -2.042E+00 1,483E-01 1.259E-01 8,448E-01 1.102E+00 -3.750E+00 -3.756E+00 -3,262E+00 -3.232E+00
15 -2115E+00 -1.763E+00 1.075E-01 -3.158E-01 -2825E+00 9.417E-01 -2,862E+00-6.235E-01 -2.179E+00

16 -2,414E+00 -1,397E+00 1,229E-01 -5.761E-01 -7.990E-01 -3.805E+00 -3.379E+00 -1077E+00 -9,146E-01
17 -2,479E+00 7,485E-01 1.446E-01 -3.411E+00 -1.597E+00 -8.047E-01 -2.073E+00 -1248E+00 9.659E-01

18 -3.923E+00 -1,916E+00 1.782E-01 1.136E+00 1,558E+00-2176E+00-2.169E+00-1.131E+00-1.056E+00

19 -2,931E+00 -1,805E+00 7.602E-02 -8.255E-01 -1.283E+00 1,113E+00 -1,008E+00 -1.291E+00 -2.474E+00

20 -2447E+00 -1.377E+00 2052E-01 -8.912E-01 7,450E-01 1309E+00 -3.085E+00 -1.154E+00 -4,022E-01

21 -2.311E+00 -1.599E+00 1,050E-01 3,747E-01 -3.720E+00 6.354E-01 -2.706E+00 -3.192E+00 -3,458E+00

22 -2,899E+00 -1,306E+00 1.311E-01 -1,002E+00 -3,196E+00 -2,878E+00 -2.133E+00 -9.999E-01 -1.586E+00

23 -1.685E+00 8.752E-01 1A22E-01 -1.254E-01 1.817E+00 1.748E+00 -1,699E+00 -1.364E-02 -1,859E+00
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-2. Seventy Values Sampled by LHS for 49 Parameters that Were Varied in December 1992 PA

Calculations (Continued)

Material

Parameter FKDU FKDRA CULPOR MKDAM MKDNP MKDPU MKDTH MKDU MKDRA

RUN NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)

24 -2521E+00 -3.915E+00 1.451E-01 -1.690E+00-3683E+00-9208E-01 -1.124E+00-9.652E-02-1.960E+00

25 -1.892E+00 -1.516E+00 2034E-01 -9375E-01 -7.844E-01 8.066E-01 -3,880E+00 -3297E+00 -3.759E+00

26 -3.430E+00 -1.341E+00 2.078E-01 -1.197E+00 -3.990E+00 -5.145E-01 -2.781E*00 -8 614E-01 -3.628E+00

27 -2772E+00 -2646E+00 1.647E-01 5,074E-01 -t.389E+00 1.863E+00-3269E+00-1.216E+00-3.257E+00

28 -3,605E-01 3550E-01 1.889E-01 -9.915E-01 -3,889E+00 -3,191E+00 -2616E+00 -4,194E-01 -1,908E+00

29 -3,642E+00 ..1.452E+00 1.554E-01 1,352E+00 1.414E+00 -2277E-01 -1 699E-01 -3.213E+00 -1.663E-02

30 -3,74OE+00 -1.223E+00 1.662E-01 -6191E-01 -1.020E+00 -4,121E-01 -8300E-01 -1 051E+00 -3.835E+00

31 -2054E+00 -1.674E+00 1.020E-01 -1.088E+00 2580E-01 -3.806E-01 -3.684E+00-2,781E-01 -1.538E+00

32 -2,507E+00 -2124E+00 1.224E-01 6149E-01 -3105E+00 4.431E-01 -1 594E+00 -2.981E+00 -3372E+00

33 -1.874E+00 -1.948E+00 1.255E-01 6.488E-01 -2998E+00 -2965E+00 -1.530E+00 -1.755E+00 -2.131E+00

34 -1930E+00 -3,411E+00 1.458E-01 -7348E-01 -3.074E+00 -5.174E-02 -2254E+00 -3536E+00 -3572E+00

35 -2595E+00 9.350E-01 2.021E-01 1.480E+00 -2,973E+00 2266E-01 -5313E-01 -3,657E+00 -1.402E+00

36 -1.839E+00 -3.820E+00 1.718E-01 1,699E+00 1.430E+00 -3.356E+00 -1.291E+00 -2.961E+00 -2790E+00

37 -1.782E+00 -5.875E-01 1.099E-01 -1,399E+00 1.651E-01 -8.768E-01 -3.588E+00 -2.193E+00 .2627E+00

38 -6.954E-01 -1,709E+00 1.196E-01 -1.214E+00 1,700E+00 -1,769E-01 -7.181E-01 -1.951E-01 -2348E+00

39 -1,978E+00 -3.008E4-00 1.328E-01 -1986E+00 -2,677E-01 -6.431E-01 -2050E+00 -3.868E+00 -1.443E+00

40 -6.488E-02 -1.734E+00 1.916E-01 -9,715E-02 -1,641E+00 1368E+00-1.840E+00-1358E+00-1.995E+00

41 -3.132E+00 -3,663E+00 1.431E-01 -1.327E+00 1.246E+00 -9698E-02 -2,342E+00 -3,402E+00 -2321E+00

42 -2357E+00 -1.363E+00 9.562E-02 -1.720E+00 -3.653E+00 -1.069E+00 -9.338E-01 -3 148E+00 -1.082E+00

43 -3325E+00 -2766E+00 1.215E-01 -7.704E-01 -1.136E+00 -9,655E-01 -7,951E-0 _ -3463E+00 -1.712E+00

44 -4.902E-01 -1,416E+00 1.593E-01 ..7.772E-01 -2 918E+00 -2.830E-02 -4897E-01 -3887E+00 -1.778E+00

45 -2 235E+00 4 820E-01 1.617E-01 ..6.506E-01 -1 814E+00 4 050E-02 -2534E+00 -2.826E+00 -2944E+00

46 -1243E+00 .1.155E-01 1.368E-01 -1034E-_00 -1,854E+00 1.440E+00 -1 202E+00 -3.958E+00 -1,147E+00

47 -2096E+00 4563E-02 7 999E-02 -7,023E-01 -1082E+00 -2,603E+00 -1.394E+00 -7574E-01 -3807E+00

48 -1.514E+00 -2353E+00 1.462E-01 -3.391E-01 4,024E-01 6.585E-02 -6711E-01 -7 236E-01 -1.681E+00

49 -1.889E.00 -1526E+00 1,231E-01 -8.642E-01 -3026E+00 -1.417E+00 -2.215E+00 -1529E+00 -2.282E+00

50 -1820E+00 -2019E+00 6405E-02 -1.943E-01 -1,213E+00 -2758E-01 -2.114E+00 -1 265E+00 -1 226E+00

51 -1.544E-01 -1.863E+00 1.065E-01 4.152E-02 -1.058E+00 -5.830E-01 -3.304E-01 -8.211E-01 -1.732E+00

52 -6.399E-01 -1,361E+00 2452E-01 1.529E+00-2.852E+00-1575E+00-2.016E+00-3086E+00-3108E+00

53 -2031E+00 -1153E+00 1 618E-01 -1,312E+00 -8421E-01 -6.104E-01 -4.110E-.01 -3330E+00 -2997E+00

54 -9314E-01 -1558E+00 2184E-01 -1,631E+00-1.158E+00 6.242E-01 -1,051E+00-1.466E+00-2.069E+00

55 -8,030E-01 -1.089E+00 1 793E-01 1.036E+00 -3343E+00 -5.505E-01 -1913E+00 -1.350E+00 -3 343E+00

56 -3.560E+00 -1,482E+00 1 617E-01 -8378E-01 -8.552E-01 -1.008E+00 -2258E+00 -1,444E+00 -3914E+00

57 -1.935E+00 -2511E+00 1.488E-01 -4477E-01 -3388E+00 -1.318E+00 -2183E+00 -3487E+00 -3.368E-01

58 -1,906E+00 -3.232E+00 1,784E-01 -8,554E-01 1081E+00 -1.844E+00 -3188E+00 -7,868E-01 -2875E+00

59 -1.995E+00 -6.297E-01 1.409E-01 -5343E-01 -9310E-01 -6,923E-01 -1 757E+00 -2.086E+00 -2.843E+00

60 -2069E+00 -1 029E+00 9.787E-02 1 958E+00 -9.753E-01 -2,254E+00 -2489E-01 -3758E+00 -2.014E+00

61 -2.423E+00 -2 027E-01 1.171E-01 -1 755E+00 -7.094E-01 -3331E-01 -5.990E-01 -2,889E+00 -3,511E+00

62 -_ )83E+00 -1 624E+00 1.781E-01 1.244E+00 -3853E+00 1.945E+00 -1,480E+00 -9237E-01 -1.283E+00

63 -2143E+00 -1 309E+00 1,151E-01 -1849E+00 -2768E+00 -3154E-01 -3,938E+00 -3683E+00 -1921E-01

64 -2544E+00 -1.436E+00 1 624E-01 1.851E+00 -3.598E*00 -2.137E-01 -2092E+00 -2,327E+00 -1 336E+00

65 -2.346E+00 -3999E-01 1.004E-01 -1.470E-02 -3825E+00 -1.460E+00 -2193E+00 -1 204E+00 -3,052E+00

66 -3,859E+00 -1 793E+00 2.062E-01 -9802E-01 -4.791E-01 -4331E-01 -3969E-01 -1.660E+00 -1.175E+00

67 -2,563E+00 -2.268E+00 2.387E-01 -9.478E-01 -7,412E-01 -2.326E+00 -2288E+00 -5.709E-01 -2.441E+00

68 -2.293E+00 -1.459E+00 1,238E-01 -1 881E+00 -1606E-01 3.982E-01 -1.149E+00 -2.917E+00 -3.971E+00

69 -1 076E+00 -1 974E+00 1 780E-01 -1.045E+00 -3,282E+00 -1.684E+00 -1.774E+00 -9031E-01 -1.480E+00

70 -1,960E+00 -1.322E+00 1.617E-01 -1 504E+00 -1 530E+00 -4.783E-01 -7 179E-02 -1.171E+00 -3,685E+00
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AppendixC: LHS Samplesand CalculatedNormalizedReleases

TableC-3 lists theranksof samples.

Table C-3. Ranks of 70 Values Sampled

Material

Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM

NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)

1 21. 9. 38. 34. 58. 31. 33. 21. 34. 55.

2 64. 21. 51. 15. 70. 60, 6, 58. 45. 67.

3 44, 5. 26. 4. 37. 54. 1. 40. 17, 44.
4 17, 55. 4. 31. 52, 18. 10, 12. 57. 45.

5 58. 2. 6. 49, 59, 19. 20. 33. 46. 26.

6 69, 64. 56. 46. 38. 35. 56. 68, 67. 6.

7 70. 57. 55. 44. 16. 44. 21. 6. 50. 15,

8 41. 36. 69. 53. 48. 17. 22. 16. 16. 32.

9 30. 10. 14. 22. 49. 1. 60. 69. 59. 5.

10 39. 48. 46, 56. 43. 5. 52. 20. 24, 56.

11 61. 50. 47. 1. 24. 38, 2, 3. 52. 64.

12 42. 61. 32. 29. 35. 22. 63. 22, 37. 66.

13 18. 25. 45. 68. 7. 55. 34. 29, 65. 7.
14 7. 62. 13. 9, 4. 62. 15. 49. 44. 13.

15 66. 12. 61. 24. 51. 29. 57. 52, 21. 4.

16 22, 33. 67. 25. 60. 56. 70. 13. 39. 48.

17 26. 16. 42. 64. 47. 16. 41. 47. 7. 17.

18 32. 3. 11. 16. 15. 36. 61. 18. 41, 36.

19 29. 45. 2. 3. 65. 8. 24. 48. 13. 11.

20 19. 32. 1. 11. 42. 15. 68. 45. 70 68.

21 6. 60. 54, 14. 61. 24, 47. 36. 48. 69.

22 38. 11. 20. 48. 23. 46, 42. 56. 31. 60.
23 43. 44. 62. 51. 30. 59, 14. 50. 62. 34,

24 36. 24. 8. 37, 32. 70. 38. 7, 38. 43.

25 40. 41. 33. 42. 36. 42. 25. 19. 1. 63.

26 51. 63. 37. 41. 5. 2. 31. 59. 14. 47.

27 14. 58. 41. 17. 18. 64. 28. 70, 43. 33.

28 12. 37. 19. 40. 41. 27. 19. 44 35, 31,

29 35. 70, 29. 69. 26. 65. 23. 37. 8. 50,

30 45. 65. 66. 36. 69. 33. 30. 55. 61. 38.

31 65. 39. 16. 67, 45. 28. 16. 42. 23 28.

32 27. 1. 28. 28. 9. 66. 66. 54, 56. 62.

33 50. 19. 52. 32, 14. 50. 12, 62. 5. 40.
34 46. 59. 27. 63. 46. 32, 46. 32. 66. 24.

35 11, 26. 23. 58. 56. 58. 62. 34, 15. 54.
36 37. 51. 57. 47. 11. 7. 54. 41 6. 19.

37 20. 40. 12. 5. 44. 4. 18. 39, 4. 39,

38 25. 7. 34. 54, 39. 23, 44. 51. 55. 59.

39 52. 22. 50. 62. 21. 10. 65. 28. 54. 37.

40 24, 67, 3. 45. 66, 41, 35, 46. 40. 10.

41 9. 17. 59. 57. 53, 11. 11. 31. 53. 61.
42 10. 66. 60. 8. 29. 57. 51. 11. 28. 35.

43 2. 29. 44. 59. 57. 39 8. 53. 27. 51,

44 68. 6, 5. 30. 8 13. 26. 23. 33. 57.

45 67. 4. 70. 6. 25. 40. 32. 30. 32, 53.
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Table C-3. Ranks of 70 Values Sampled (Continued)

Matertal

Parameter BRSAT GRCORI GRCORHF STOICCOR GRMICI GRMICHF STOICMIC VWOOD VMETAL SALPERM

NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) X(9) X(10)

46 5. 20, 53, 2, 40. 63, 53. 25, 22. 1,

47 59, 56, 25, 20. 27. 61. 39, 66. 10. 70.

48 8. 15. 68. 60. 20. 3. 37, 14. 9. 52.

49 48, 53, 24. 55. 28. 67. 67, 8. 63. 22.

50 16. 69. 22, 21. 13, 9. 13, 38. 30. 21.

51 31. 30. 48, 50. 1, 48, 59. 60. 26. 65.

52 13. 18. 49. 52, 34. 6. 7, 2, 51. 49,

53 60. 68. 30. 35. 17. 12, 27, 35, 69. 58

54 53, 28. 31. 66. 55. 69. 43, 61, 2. 29.

55 34. 31. 17, 13. 19, 45. 40. 64. 19. 18.
56 33. 35, 9. 61, 31. 37. 17, 1. 12. 2.

57 63. 47. 40, 38. 22. 25. 45. 15, 20. 30.

58 47, 42, 36. 7. 68. 43. 49. 24. 11. 9.

59 62. 46. 58. 18. 62. 26. 64. 43. 36. 8.

60 54, 23, 18, 12. 63. 49. 50. 27, 47. 14.

61 56. 54. 10, 39. 50. 34, 69. 1Q 3, 41.

62 55. 34. 21. 19. 2. 14. 58. 4, 29. 16.

63 23. 38. 35, 43. 3. 53. 5, 65, 42. 27.

64 28. 27. 7. 70. 64. 51. 29. 63, 18. 20.

65 15. 13. 39. 65. 54. 30, 3. 17. 68. 46.

66 49, 49. 65, 10. 33. 21, 9. 67. 58. 12,

67 3, 52. 43, 26. 10. 47, 48. 26. 25. 42.
68 57. 14, 15. 33. 12. 68. 4. 9. 64. 23.

69 4, 43. 64, 27. 67. 52. 36. 5. 60, 25.

70 1. 8. 63. 23. 6. 20. 55, 57. 49. 3.

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

RUN NO. X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)

1 69, 12. 16. 41, 66. 68. 2. 2, 22. 35.

2 21. 47. 26. 23, 16. 24, 34. 70. 14. 54,

3 34. 47, 33. 38. 65. 69, 50. 43. 23, 25.
4 52. 47. 31, 34. 37. 18. 70. 1. 19. 66.

5 15, 47. 35. 26. 8. 54. 5. 24. 27. 30,

6 56, 12. 59. 9. 14. 42, 68. 39, 69. 50

7 37, 12. 7, 29, 17. 63, 19, 32, 10. 43,

8 57. 47. 68. 5, 54. 9, 40, 35. 51. 29.

9 16. 47, 60. 33. 10, 66. 31, 22. 1, 27.

10 39. 47. 14. 61. 67, 34. 21. 27. 59. 14

11 22. 12. 48, 36. 11. 7, 45. 20, 63. 15,

12 61. 47. 25. 51, 56. 35, 39, 26, 70. 13.

13 41. 47. 64. 52. 36, 47. 6. 54. 48, 64,
14 8, 47. 2. 31. 5. 52. 32. 51. 34. 5.

15 18, 12. 41. 68. 20, 1, 61. 56, 21. 6.

16 24. 47. 67. 39. 61. 19. 54, 15. 5. 41.

17 55, 12. 20. 67. 40. 60. 60, 69. 45. 23,
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Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

NO, X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)

18 28. 12. 52. 2. 42. 20. 28. 34. 65. 24.

19 40. 47. 21. 30. 35, 21, 56, 61. 66. 53.

20 33. 47. 23. 57. 34. 48. 52, 67. 46, 49.

21 2. 12. 4. 40. 51. 59, 16. 5. 58. 28,

22 38. 47. 39. 4. 44. 64. 51, 11. 61. 70.

23 60. 47. 42. 8, 30. 70. 58. 8. 55. 33.

24 17. 47. 11. 47. 41. 44. 14. 31, 62. 3.
25 43. 47, 54. 18. 28. 61. 62. 10. 7. 60.

26 53. 47. 44, 12. 22. 51. 57. 37. 17. 4.

27 64. 47. 38. 14. 21. 5. 35. 48. 42. 65

28 63. 12. 61. 27. 18. 8, 15. 14. 44. 44.

29 29. 47. 58. 63. 27. 40. 9. 55. 8. 21.

30 1, 12, 3. 28. 45. 31. 64. 16. 24. 51.

31 10. 47, 37. 43. 3. 49. 27. 9. 52. 7.
32 66. 47. 55. 66. 6. 55. 66. 40. 12. 11.

33 23. 47. 19. 60. 60. 23. 69. 4. 49. 19.

34 65. 12, 45. 64. 9. 32. 41. 17. 9. 40,

35 14, 47. 51. 24. 26. 6. 55. 13. 43. 9.

36 6. 47. 65. 65. 19, 65. 44. 29. 67. 46.

37 59. 47. 40. 6. 24, 16. 38, 50, 41. 16.

38 44. 47. 32. 70. 53. 4. 46. 30. 13. 26.

39 5. 47. 29. 7. 39. 36. 48, 59. 30. 37.

40 3. 47. 43. 20. 55. 58. 8. 38, 18. 12,

41 27. 47, 24. 19. 59. 50. 11, 36. 16, 42.

42 25. 12. 70. 59. 2, 56. 29, 52. 25. 63.

43 48, 12, 69, 22, 57. 17. 30. 19. 26. 8.
44 12. 12. 46. 11. 38. 12. 18. 6. 15. 62,

45 9. 47. 28. 17, 50. 33. 20. 46. 6. 22.

46 19. 47. 12. 42. 15. 67. 63. 23, 53. 56.

47 46. 47. 56, 46. 48. 22. 10. 65. 31. 59,

48 62, 12, 8. 37. 12. 57, 65. 62. 57. 2Q

49 13. 47. 9. 13. 63. 3. 67 21. 11. 31.

50 11. 47. 34. 35. 23. 41. 49 47. 2. 39.
51 26. 47. 5. 3. 69. 27, 22. 66. 29. _1.

52 45. 12. 27. 69. 47. 15, 53. 68. 37. 68.

53 58, 47. 50. 32. 64, 46. 24. 44. 38. 1.

54 20. 12. 30. 48. 13. 43. 25. 42. 60, 17,

55 32. 12. 57. 54. 68. 53, 36. 33. 35. 47.

56 51. 12. 17. 10. 7. 38, 59, 53, 4. 48,

57 68. 47, 1. 49. 4. 14. 4. 7 54. 58.

58 31. 47. 62. 58. 58. 30. 23. 28. 56, 45.

59 67. 47. 15, 55. 46. 62 7. 49. 36. 55.
60 70. 47. 13. 15. 49. 29. 43. 58. 20. 2.

61 36. 47, 49, 25. 33. 25. 12, 12. 47. 69.

62 7. 47. 63. 44. 62. 39. 26. 63. 40, 34.
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Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter BCEXP BCFLG BCBRSAT BCGSSAT MBPERM MBPOR TZPORF MBPRES BPPRES BPSTOR

NO, X(11) X(12) X(13) X(14) X(15) X(16) X(17) X(18) X(19) X(20)

63 47. 12. 36. 50. 70. 13. 47. 18 28, 32.

64 42. 47, 6. 16. 25. 11. 33. 60. 39. 57.

65 4. 47. 47. 62. 31. 26. 42. 57. 68. 52.
66 35. 12. 22. 56. 32. 10. 1. 25. 33. 67,

67 54. 12. 10. 45, 52. 28, 17. 41, 3. 38.

68 50. 12. 53. 53. 43. 37. 37. 45. 64. 36.

69 49. 47. 66. 1. 29. 45. 13. 64. 32, 10.

70 30. 47 18. 21. 1, 2. 3, 3. 50. 18.

Material

Parameter BHPERM DBDIAM LAMBDA BPAREAFR SOLAM SOLNP SOLPU SOLRA SOLTH SOLU

NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)

1 36. 56. 46. 3. 19. 16. 39. 69. 70. 69.

2 32. 44, 25. 27. 32. 2. 11, 43, 65, 31.

3 27. 61. 20. 31. 18. 45. 12. 66. 24, 45,
4 70. 49. 49. 6. 48. 7. 43, 46, 23 17.

5 67. 5. 15. 5. 37. 36, 60. 19. 31. 19,

6 30. 40. 33. 42. 27. 53, 65, 67. 63. 22.

7 58. 57. 3, 55. 28, 61. 47. 49. 34. 5.

8 69. 12. 13. 41. 49. 29, 15. 36. 43. 20.

9 15 4. 69. 62. 29. 10. 26. 5. 64. 34.

10 59. 37. 34. 64, 20. 41, 18. 45. 38. 39.

11 5. 26. 51. 15. 66. 63. 17. 23. 52. 54.

12 63. 51. 45. 23. 11, 17. 28 32. 30. 2.

13 13, 60. 64. 2. 14. 66. 45. 48, 17. 56.

14 61. 30. 52. 40. 58. 33, 8. 63. 55. 48.

15 56. 28. 36. 36. 50, 13. 24. 40. 27. 40.
16 14. 11. 14. 13. 69. 68. 62. 70. 36. 49.

17 33. 8. 47. 14. 9. 43, 23. 55. 1. 1,
18 65. 23. 68. 65. 43. 4. 44. 53, 6. 25,

19 34, 63. 56. 45. 59. 70. 51. 34. 53. 23.

20 29. 29. 2. 21. 15. 30. 38. 26, 39. 26.

21 31. 17. 31. 10. 8. 50, 49. 27. 8. 21.

22 52. 59. 30. 44. 57. 37. 3. 15. 10. 58.

23 23. 16. 37, 60. 17. 54. 63. 8, 58. 7.

24 35 6. 61. 33, 54. 65. 37. 38. 66. 11.

25 24. 66. 39. 29. 5. 56. 50. 17. 22. 52.
26 40. 2. 22. 16. 40. 51. 53. 64. 44. 55.

27 48. 1. 53 34. 23. 21. 5. 62. 25. 38.

28 53. 41. 16. 9. 67. 34. 9. 14. 32. 46.

29 38, 27. 62, 7 38. 5. 48. 13, 59. 32.

30 20. 64 32. 46. 63. 24. 33. 22. 19, 50,

31 45 50. 5. 70. 24 19. 6. 25, 16. 70.

32 37. 70. 29, 54, 61. 32. 40. 9. 12. 3.
33 12. 9, 42. 22. 12, 39 41. 4, 68. 44.

34 41. 36. 58. 38, 31. 27. 10. 58. 46. 30.
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Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter BHPERM DBDIAM LAMBDA BPAREAFR SOLAM SOLNP SOLPU SOLRA SOLTH SOLU

NO. X(21) X(22) X(23) X(24) X(25) X(26) X(27) X(28) X(29) X(30)

35 21. 43 6. 50. 6. 31. 2. 52. 69. 33.

36 4. 21. 7. 28. 25. 40 7. 44. 26. 18.

37 3, 46, 35, 8, 16, 8. 69. 10. 37. 47.

38 16. 13, 23. 63. 10. 62, 31. 54. 13, 59.

39 68. 69. 18. 4. 34 57. 35. 30_ 61. 67.

40 64. 39. 54. 56. 42. 49. 21. 59. 18. 12,
41 43. 7. 55. 58 68. 58. 14. 7. 56. 27

42 66. 10. 44. 57. 13. 67. 57, 1. 45. 63.

43 11. 52. 12. 25. 62. 38 58, 20. 5. 15.

44 8. 14. 65, 43. 30. 69. 30. 56. 21, 16,

45 39. 54. 57 35. 35. 22. 64 50, 29. 8.

46 46. 18. 28. 48. 55. 3. 54 57. 14, 64.

47 62, 58, 66. 51. 26. 55. 29, 61. 33. 51.

48 55 48. 70. 30. 52. 25. 16. 42. 35, 62.

49 28. 20, 67, 12. 3. 35. 22, 2. 9. 53,

50 18. 55, 4. 32. 46. 23. 32, 65. 11. 4.

51 26. 19. 8. 24. 36. 9. 36. 24. 51. 14,

52 51. 15, 24. 69. 39, 60. 55. 33 57. 42.

53 25. 34, 48. 49. 64. 12. 66. 29. 20. 66.
54 54. 47, 60. 17, 60. 59. 68. 51. 7. 41.

55 50. 25, 19. 37, 65. 18. 56. 18. 15. 68.

56 9. 38, 59. 11. 22. 28. 20. 47, 40. 24.

57 6, 31. 41. 66. 51, 11. 52. 16, 3. 28.

58 57, 65, 43. 52. 2. 15. 59, 6. 60. 6.

59 17, 32, 40. 1. 70. 52 1. 3. 41, 9.

60 49. 24. 9. 47, 4. 64. 34. 39. 42. 65.

61 2 22. 21. 61. 56 6, 42. 68, 62. 36.

62 19. 62. 26. 26. 41. 20. 19. 11. 47. 57.

63 22. 67, 50. 67. 47. 46. 13. 31. 54. 10,
64 10. 33. 11, 53. 53. 47. 70. 12, 48. 60.

65 7, 53, 63 39. 45. 1. 61. 60. 50, 29.

66 47. 35. 27. 20. 1. 44. 25. 35. 4. 61.

67 60. 42. 10. 68. 44, 26. 67. 28. 49. 35.

68 44. 3. 1. 19, 33 14. 27. 21. 28. 37.

69 1. 45. 38. 59. 7. 42. 4. 37. 2. 43

70 42. 68, 17. 18. 21. 48. 46, 41. 67. 13.

Material
Parameter CULTRFLD CULCLIMCULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDAM FKDTH

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

1 26. 10. 43, 48. 18. 8. 40. 35 28. 20.

2 29. 41. 44. 5. 48. 58. 19 11. 64. 6.
3 48. 63. 63. 30. 18. 40. 7, 66. 6. 70.

4 41. 22. 55. 55. 18. 38, 38, 19. 68. 39.

5 35. 38. 57. 67. 68. 57. 45. 63. 9. 23.

6 68. 8. 70. 65. 18. 15. 21. 48. 15. 60.
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]
Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter CULTRFLD CULCLIMCULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDAM FKDTH

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) ×(37) X(38) X(39) X(40)

7 20. 20, 9. 26. 18, 39. 10. 70. 54, 7.

8 65, 51. 6, 6. 18. 26. 30, 65. 49 58.

9 45. 61. 46. 36. 18, 9. 17. 6. 62. 10

10 63. 9. 62, 53. 55, 2, 41. 2. 24. 24,

11 66. 70, t4, 47. 18. 5, 32, 36. 10. 4

12 1. 66 64. 29, 41, 21, 47. 40. 21, 15

13 62. 65 52. 4, 39. 23. 25. 17. 34 16

14 37. 1, 42, 46, 18 66, 65. 38, 41. 62

15 5. 33. 53, 51, 18. 59, 5, 13 12. 59.
16 8. 42, 40. 28, 50. 31. 26 16 65. 31.

17 43, 40. 28. 21. 18. 46 62. 67. 38. 5.

18 6. 49, 33 13 40. 30, 39, 22 50 68,

19 10. 47. 38. 24. 18, 56. 12, 20 25. 8.

20 22. 32, 2. 38, 18 16 35 37. 30 65

21 61. 46. 60, 15 38, 65 8. 18, 67. 66,

22 50. 39. 7. 12 69 55, 23 4, 1 17.

23 4. 26, 45, 33. 46, 70. 14. 15. 56. 57,

24 14. 43. 51, 11 49, 36 46 42 31, 14

25 3. 46, 50. 43. 18. 43. 59. 32, 16, 32.

26 57. 64. 21. 62. 18, 50. 52. 23, 27 30.

27 40, 36. 58. 19, 47 49, 33. 41, 23. 1

28 25, 2 66 1 18, 42. 61, 57 18 51.

29 32. 57. 61. 35. 59. 48, 50 43, 13. 63

30 46 44 56. 7. 61. 14 68. 62 26, 22.
31 38, 69. 59. 57 18. 41. 54 44, 57. 34

32 64. 19 68. 27 18 10 57, 60, 45, 12

33 23. 4. 4. 41 56. 27. 66. 12 40 35.

34 13 60. 1. 18 18. 60. 53. 31. 33 55

35 52. 17. 26 54 18. 34. 1. 47. 35 33

36 9, 13. 24 2 18. 28. 16 50, 59, 25.

37 58. 25. 65. 9 67, 17 9, 61_ 42 61,

38 39. 5 54. 14. 53. 61, 15. 55 3 43.

39 24 31. 47. 39, 42. 63 11, 26 37. 18.
40 34. 16, 36. 32. 54, 1, 18. 28. 5. 21

41 56. 7. 31, 23, 18. 4 49. 68 63. 52

42 17. 11 23 16 18. 7 24. 29, 2 56

43 28. 14 20, 68. 18, 67. 29 7. 11 2

44 59. 23. 16. 40, 66. 64, 56, 49 43, 42

45 12 12. 25. 20. 18 13. 51. 10. 4. 40,

46 47. 54. 29. 56 58. 45. 43. 56 44. 3.

47 30, 29. 13. 70. 63. 20. 20 58. 70. 19.

48 31, 27, 11. 63. 65, 33. 44. 45, 19. 46,

49 54. 55, 32. 61. 18. 35. 22, 64. 22, 50.
50 51, 37 22. 49. 70. 12. 60. 3, 17 53.

51 44. 58. 48. 42. 18 18. 36. 24, 20. 13.

52 21. 67 69. 59. 18. 37. 42, 14. 52. 44
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Table C-3. Ranks of 70 Values Sampled (Continued)

Material

Parameter CULTRFLD CULCLIMCULFRPOR CULFRSP CULCLYF CULCLYP FKDAM FKDNP FKDAM FKDTH

RUN NO, X(31) X(32) X(33) X(34) X(35) X(36) X(37) X(38) X(39) X(40)

53 7 21. 12. 8. 43 53. 13, 59, 36. 11.

54 67 45, 10. 10, 18. 25. 37, 1. 66. 67.

55 27. 52, 8. 60. 18 24, 4. 69. 55, 36.

56 18. 15. 15. 17. 37, 11, 2, 30. 58. 26,

57 53. 6. 37, 37. 18. 32. 3. 9. 39. 28.

58 70 34. 5. 44. 18, 62, 63r 52, 32. 9.
59 42. 50. 34. 66. 44 52. 27. 27. 29, 69.

60 60. 56. 1£, 3, 36. 47. 70. 8. 53 41.

61 36. 53. 49. 31. 18. 51. 69, 54. 7, 64.

62 49. 3. 67. 34. 51. 68, 67, 25 69. 29.

63 15 62. 35, 22 57, 22. 28 33. 61. 54.

64 2, 30. 18. 50. 64. 6. 64. 51, 48. 49.

65 55, 28. 3, 52. 18, 54. 31, 46. 8. 46.

66 11. 24. 27. 45. 18. 19. 55. 39. 46. 38.

67 69. 59. 30, 25, 60, 69 6. 21. 14 27.

68 33. 18. 39. 64, 52. 3, 34, 5. 47, 37,
69 19. 35. 41, 69. 45. 44, 58. 34. 60. 47.

70 16. 68. 17. 58, 62. 29 48. 53, 51, 45.

Material

Parameter FKDU FKDRA CULPOR MKDAM MKDNP MKDPU MKDTH MKDU MKDRA

NO, X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)

1 46, 6, 14. 42. 24, 62. 11, 54. 62

2 60. 20. 60. 9. 17. 18. 47. 21. 47.

3 14, 9. 52. 36. 9. 14, 67. 30, 41.

4 38. 50, 28 25. 39. 25. 70. 66. 63.

5 32. 40. 21. 66. 61. 12. 6, 8. 39,

6 29. 4. 56. 26, 26. 13. 36, 22. 60.

7 24 59. 18. 44. 10. 23. 42. 62, 64.

8 34. 22 8. 61, 18 67. 27. 27. 26

9 31, 54. 19. 32. 15. 11. 55 49. 42,

10 8. 67, 48. 22. 36. 24 32, 20, 15

11 43. 55, 58. 58. 70. 49. 22. 52. 69.

12 54. 29. 32. 52. 11. 16. 34 4. 23
13 33, 64 13. 68. 47. 32, 17. 28. 24,

14 41, 63 27, 57, 63. 2. 3. 15. 14.

15 36. 25. 11. 46. 28, 61. 12 63, 32.

16 23 41, 23. 40. 50, 1. 7. 50. 61.

17 20. 68, 36. 1. 33. 31. 31. 43. 70,

18 1. 19. 55. 60, 67 10. 26. 46, 59.

19 11. 23. 2. 31. 37, 63 53. 41. 27

20 21, 42. 65. 27. 60. 64. 10. 47. 65,
21 27. 31. 9, 53. 5, 59. 14. 17, 10.

22 12. 48. 29. 19. 16. 6. 28. 53. 48.

23 58. 69. 34. 48. 69. 68. 41. 70. 40.
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Table C-3. Ranks of 70 Values Sampled (Continued)

Material
Parameter FKDU FKDRA CULPOR MKDAM MKDNP MKDPU MKDTH MKDU MKDRA

NO. X(41) X(42) X(43) X(44) X(45) X(46) X(47) X(48) X(49)

24 18, 1, 37. 7. 6, 29, 51, 69. 37.

25 51. 34. 64 24. 51. 60. 2. 14 5.

26 6, 45, 67. 15. 1. 38. 13. 57, 7.

27 13. 11, 49. 54. 35. 69. 8, 44, 13.
28 68. 65. 61, 20. 2. 4. 15, 65. 38

29 4. 37. 41. 63, 65. 46. 68, 16, 68.

30 3, 49, 50. 39. 44, 41, 56. 51. 3,

31 40, 28. 7, 16, 58. 42, 4. 67. 49.

32 19. 15. 22. 55, 19. 57. 43 23 11.

33 53. 18. 26. 56. 22, 5. 44. 34. 33,

34 49, 5, 38. 35. 20. 51. 21. 9 8.

35 15. 70. 63, 64. 23. 55. 61. 7. 52.

36 55. 2. 51. 67. 66. 3. 48. 24. 22.

37 57. 57. 12. 11. 57. 30. 5. 32, 25,

38 65. 27. 17. 14. 68. 48, 58 68. 29.

39 45. 8. 30. 2. 55, 34 33, 3. 51.

40 70. 26, 62. 49, 32, 65, 38. 39. 36
41 9. 3. 35. 12, 64. 50. 18. 12. 30.

42 25. 43 4. 6. 7. 26. 54. 18. 58.

43 7. 10. 20. 34. 41. 28. 57. 11. 45.

44 67. 39. 42, 33, 25 52. 62, 2 43.

45 30, 66. 44, 38. 31. 53. 16 29. 19.

46 61. 61. 31. 18. 30. 66. 49. 1. 57.

47 37. 62. 3. 37. 42. 7. 46. 60, 4.

48 59. 13. 39. 45, 59. 54. 59. 61. 46.

49 52. 33. 24. 28. 21. 21. 23 36. 31.

50 56. 16. 1, 47. 38. 45. 29. 42. 55.

51 69. 21. 10. 51. 43. 36. 65. 58. 44.

52 66, 44. 70, 65. 27. 19, 35. 19. 16.
53 42. 51. 48. 13, 49. 35. 63. 13. 18.

54 63. 32. 68. 8. 40. 58. 52, 37, 34,
55 64. 52. 59. 59. 13. 37, 37. 40. 12.

56 5, 35. 45. 30, 48, 27, 20, 38. 2,

57 48, 12. 40. 43. 12. 22. 25 10, 66,

58 50. 7. 57, 29, 62, 15. 9. 59. 20,

59 44. 56. 33, 41. 46, 33. 40. 33. 21.

60 39. 53. 5. 70, 45, 9. 66. 5. 35

61 22. 60, 16. 5. 53, 43. 60. 26. 9,

62 10, 30, 54 62. 3, 70. 45. 55, 54.

63 35. 47, 15, 4, 29 44. 1. 6. 67

64 17. 38. 47, 69. 8 47. 30. 31, 53.
65 26, 58. 6 50. 4. 20. 24. 45. 17.

66 2. 24. 66. 21. 54. 40. 64. 35, 56.

67 16, 14. 69. 23. 52 8. 19. 64. 28

68 28, 36. 25, 3. 56, 56 50. 25. 1.

69 62. 17, 53, 17. 14. 17. 39. 56. 50.

70 47. 46 43. 10. 34. 39. 69. 46. 6.
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Table (,-4 lists Ihe lolal and pcrcemagc release for tile _ radionuclides contributing tile most lor each vector shov,'ing

integrated discharge Io the accessible ew¢ironmcni for the E2 scenario assumillg the dual porosity _vith chemical retardation

conceptual model [br coiItaminant transport in the Culebra l.)olomite Member Values arc normalized by the EPA factor for

each radionuclide. Vectors are ordered from mosl to least release Vectors that have no release are omitted.

Table C-4. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr

TotalEPA-

Comp normalized,

Scen Integrated

ID Vector Discharge Top 3 RadionuclidesContributionto IntegratedDischarge

01 55 1.5601E.06 RA226 1.5592E-06 100% NP237 8.7829E-10 0% PU239 72127E-12 0%

10 1.2951E-10 RA226 94533E-1! 73% U233 3.3887E-11 26% U234 98343E-13 1%

1 1 8060E-11 TH229 92657E-12 51% TH230 87942E-12 49% RA226 80844E-17 0%

47 39772E-12 TH229 29440E-12 74% TH230 98663E-13 25% U233 45353E-14 1%

63 1 2484E-17 U233 1 0999E-17 88% U234 1 4825E-18 12% TH229 15601E-21 0%

51 3 2655E-19 RA226 32653E-19 100% U233 1.7647E-23 0% PU239 3 8685E-24 0%

32 2 1158E-20 RA226 2 1157E-20 100% NP237 9.3466E-25 0% U233 5 4155E-25 0%

21 1.1627E-21 NP237 63619E-22 55% RA226 44290E-22 38% U233 77841E-23 7%

12 1.2747E-22 RA226 6 6260E-23 52% U233 5.6530E-23 44% U234 2 5981E-24 2%

41 5.0185E-23 U233 46164E-23 92% U234 40125E-24 8% TH229 72193E-27 0%
20 2.0522E-23 TH229 1.1004E-23 54% TH230 95181E-24 46% U233 18413E-30 0%

53 1.8459E-27 U233 15152E-27 82% U234 3 2534E-28 18% RA226 5 3614E-30 0%

2 1.3229E-27 U233 t.0991E-27 83% U234 2 2383E-28 17%

55 8 6746E-01 AM241 4.0456E-01 47% U233 22463E.01 26% U234 1 6182E-01 19%

63 5 8316E-01 AM241 5.1702E-01 89% U233 1 9999E-02 3% U234 1 4437E-02 2%

10 56803E-01 U233 28043E-01 49% U234 20115E-01 35% AM241 3 6609E-02 6%

47 5.3812E-01 U233 29088E-01 54% U234 20964E-01 39% NP237 1 9271E-02 4%

1 30538E-01 U233 1 1123E-01 36% U234 8.0423E-02 26% TH229 56951E-02 19%

53 11882E-01 PU239 5 7959E-02 49% U233 2.9360E-02 25% U234 2 1251E-02 18%

21 1 1481E-01 U233 62304E-02 54% U234 45067E-02 39% RA226 2 0227E-03 2%

51 1 1373E-01 U233 5 4729E-02 48% U234 3 9510E-02 35% AM241 8 4059E-03 7%
2 1 0707E-01 U233 4.0889E-02 38% U234 29590E-02 28% TH229 1 7937E-02 17%

3 1.0372E-01 U233 5 7465E-02 55% U234 4.1564E-02 40% RA226 1 7829E-03 2%

20 10007E-01 U233 9 9260E-02 99% PU239 7 2152E-04 1% AM241 3 7963E-05 0%

41 88558E-02 U233 47047E-02 53% U234 34002E-02 38% NP237 22922E-03 3%

12 3 2740E-03 RA226 30988E-03 95% AM241 16372E-04 5% PU239 48928E-06 0%

32 1 7216E-03 RA226 12015E-03 70% AM241 36873E-04 21% PU239 61195E-05 4%

47 3.9283E-01 U233 2 0411E-01 52% U234 1.3539E-01 34% TH229 1 8711E-02 5%

55 1.9484E-01 U233 7 7691E-02 40% U234 3 9633E-02 20% PU239 2 7302E-02 14%

51 28577E-02 U233 1 2640E-02 44% U234 7 1274E-03 25% TH229 4 5987E-03 16%

10 11650E-02 U233 57654E-03 49% TH229 3.0936E-03 27% TH230 1 6631E-03 14%

1 1 0092E-02 TH229 3 5024E-03 35% TH230 3.1794E-03 32% U233 2 5898E-03 26%

63 60843E-10 AM241 38981E-10 64% TH229 1 0160E-10 17% TH230 77372E-11 13%
12 26788E-10 RA226 2.1076E-10 79% PU239 31347E-11 12% PU240 23450E-11 9%

3 1.1364E-11 U233 72824E-12 64% U234 28670E-12 25% TH229 63320E-13 6%
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Table C-4. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at _000 yr (Continued)

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector Discharge Top 3 RadionuclidesContributionto IntegratedDischarge

21 3.3155E-14 U233 1.8388E-14 55% U234 8.9303E-15 27% PU239 3.0273E-15 9%

32 1.9654E-14 PU239 9.4868E-15 48% RA226 6.7524E-15 34% PU240 1.8496E-15 9%

20 2.1770E-16 PU239 1.1824E-16 54% PU240 5.2106E-17 24% U233 2.9388E-17 13%
41 1.2839E-16 U233 4.8078E-17 37% TH229 3.1209E-17 24% TH230 2.3807E-17 19%

2 6.9351E-18 U233 2.5481E-18 37% U234 1.5823E-18 23% TH229 1.4046E-18 20%

53 2.2487E-19 PU239 1.5996E-19 71% PU240 2.6297E-20 12% U233 2.3418E-20 10%

Table C-5 lists the total and perccntage release for the 3 radionuclides contributing tb_ most for each vector showing

integrated discharge to the accessible environment for the E1E2 scenario assuming the dual porosity with chemical

retartation conceptual model for contaminant transport in the Culebra Dolomite Member. Values are normalized by the

EPA, factor for each radionuclide, Vectors are ordered from most to least release. Vectors that have no release are omitted.

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible
Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr

Total EPA-

Comp. normalized,

Scen. Integrated

ID Vector Discharge Top 3 RadionuclidesContributiontoIntegratedDischarge

02 5 1.1828E-01 U233 6.3491E-02 54% U234 2.2618E-02 19% TH229 1.9558E-02 17%
31 1.0155E-02 TH229 6.5324E-03 64% TH230 3.6215E-03 36% RA226 8.9532E-07 0%

52 6.0021E-03 U233 5.3036E-03 88% U234 4.9025E-04 8% RA226 1.0069E-04 2%

68 3.9493E-04 U233 3.8109E-04 96% U234 1.1554E-05 3% RA226 1.4480E-06 0%

70 1.1963E-04 RA226 1.1963E-04 100% NP237 1.0256E-16 0% U233 7.'t618E-17 0%

43 7.0064E-05 U233 6.3893E-05 91% U234 6.1699E-06 9% TH229 1.4683E-09 0%

25 8.3413E-06 TH229 5.0085E-06 60% TH230 2.7607E-06 33% RA226 5.6645E-07 7%

26 6.0574E-06 NP237 4.3598E-06 72% RA226 1.6974E-06 28% TH229 1.2307E-10 0%

15 5.6070E-06 TH229 3.4898E-06 62% TH230 2.1084E-06 38% RA226 5.7817E-09 0%

55 3.6315E-06 RA226 3.6244E-06 100% NP237 7.0716E-09 0% U233 1.4572E-14 0%
14 1.8426E-06 TH229 1.0264E-06 56% TH230 8.1182E-07 44% RA226 4.3964E-09 0%

6 1.1396E-06 U233 9.3545E-07 82% PU239 1.0569E-07 9% U234 5.7744E-08 5%

35 3.5419E-07 U233 3.4704E-07 98% U234 7.1424E-09 2% TH229 1,1195E-12 0%

46 1.0551E-08 U233 9.2165E-09 87% U234 1.3042E-09 12% TH229 2.6075E-11 0%

10 1.9074E-09 U233 1.1957E-09 63% RA226 6.9553E-10 36% U234 1.1530E-11 1%

1 1.3264E-09 TH229 7.1628E-10 54% TH230 6.1014E-10 46% RA226 9.1101E-15 0%

39 9.8486E-10 U233 9.7633E-10 99% U234 8.3454E-12 1% TH229 1.8781E-13 0%
49 7.6570E-10 NP237 7.6493E-10 100% RA226 5.2987E-13 0% TH229 1.5280E-13 0%
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Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario EIE2 and Assuming a Conceptual Model with Dual Porosity,

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen, Integrated

ID Vector Discharge Top 3 RadionuclidesContributionto IntegratedDischarge

64 3.0805E-10 U233 3.0586E-10 99% U234 1.7844E-12 1% TH229 3,2846E-13 0%

47 3.2280E-11 TH229 2.3698E-11 73% TH230 8.3160E-12 26% U233 25458E-13 1%

4 3.0631E-11 PU239 2.6332E-11 86% PU240 4.2924E-12 14% AM241 5.6472E-15 0%
59 2,3598E-11 U233 2.3405E-11 99% U234 1.8425E-13 1% RA226 5.8968E-15 0%

48 9,5001E-13 RA226 9.5001E-13 100% U234 1.3993E-19 0% TH230 1.7653E-20 0%
65 1.0586E-13 NP237 5.8251E-14 55% RA226 4.7593E-14 45% PU239 5.1619E-18 0%

58 3,0948E-14 TH229 1.7760E-14 57% TH230 1.3142E-14 42% RA226 4,1869E-17 0%

29 6.7815E-17 U233 6,3840E-17 94% U234 3.9754E-18 6% TH229 6.1612E-23 0%

63 1.5077E-17 U233 1.3290E-17 88% U234 1.7854E-18 12% TH229 1.9138E-21 0%

50 1.2251E-17 RA226 1.2121E-17 99% U233 1.2432E-19 1% U234 3.5309E-21 0%

12 1.8679E-18 U233 1.8347E-18 98% U234 2.1588E-20 1% NP237 8.2324E-21 0%

32 1.1875E-18 RA226 1.1870E-18 100% NP237 32289E-22 0% U233 1.6037E-22 0%

57 4.0887E-19 U233 3.8426E-19 94% U234 2.4527E-20 6% TH229 7.8421E-23 0%
51 3.5073E-19 RA226 3,5070E-19 100% U233 1.9957E-23 0% PU239 4.3904E-24 0%

66 6.0965E-20 U233 5,7009E-20 94% U234 3.9062E-21 6% RA226 3.4558E-23 0%

33 5.6963E-20 NP237 5.4450E-20 96% RA226 2.1994E-21 4% U233 1.6844E-22 0%

42 1,9346E-20 NP237 1.8950E-20 98% U233 3.7176E-22 2% U234 2.3762E-23 0%

11 3.8308E-21 TH229 2.0436E-21 53% TH230 1.7854E-21 47% U233 1.2593E-24 0%

21 3,1981E-21 U233 2.4925E-21 78% RA226 3.6286E-22 11% U234 3,4266E-22 11%

34 3.1981E-21 U233 2.4925E-21 78% RA226 3.6286E-22 11% U234 3.4266E-22 11%

27 2.9053E-21 RA226 2.1703E-21 75% TH229 4.7573E-22 16% TH230 2,5929E-22 9%

62 2.8047E-21 NP237 2,8047E-21 100% U233 1.0084E-27 0% TH229 2.3834E-28 0%

60 2.0768E-21 U233 1,4616E-21 70% U234 6.1526E-22 30% RA226 4.7559E-28 0%

20 9.1047E-22 TH229 5.2577E-22 58% TH230 3.8470E-22 42% RA22,5 5.9309E-29 0%

24 8.0686E-22 NP237 8.0686E-22 100% TH229 9.9112E-30 0% U233 2.3114E-30 0%

56 42492E-22 RA226 4.2492E-22 100%

44 3,3833E-22 U233 2.4447E-22 72% U234 9,3438E-23 28% RA226 4.1767E.,25 0%
28 6.1027E-23 NP237 6.1027E-23 100% TH229 1,4684E-29 0% U233 1.0105E.32 0%

41 6.1027E-23 NP237 6.1027E-23 100% TH229 1.4684E-29 0% U233 1.01051E-32 0%

30 5.3950E-23 RA226 5.3950E-23 100%

17 2,1233E-23 AM241 2.1233E-23 100% NP237 1.3391E-30 0%

16 1,8958E-23 TH229 1,1168E-23 59% TH230 7.7901E-24 41% RA226 1.8494E-29 0%

7 8.7737E-24 NP237 8,7737E-24 100% TH229 2.8720E-31 0%

9 1.4889E-24 NP237 12603E-24 85% PU239 1.1273E-2_ 8% RA226 9,4959E-26 6%
19 1.2786E-24 RA226 1.2786E-24 100% U233 5.9915E-30 0%

45 5.8283E-25 RA226 5,5385E-25 95% U233 2.7106E-26 5% U234 1,6430E-27 0%
67 3.1973E-25 RA226 1.1826E-25 37% PU239 1,0921E-25 34% TH229 3.7671E-26 12%

53 1.9971E-25 U233 1.6527E-25 83% U234 3.4201E-26 17% RA226 2,3306E-28 0%

2 95792E-26 U233 8.0505E-26 84% U234 1.5286E-26 16% TH229 1,2829E-30 0%

22 9.7373E-27 NP237 9.7373E-27 100%

40 5.2502E-27 RA226 5.1259E-27 98% TH229 5.8592E-29 1% NP237 4.0679E-29 1%

23 6.2438E-28 RA226 2,4878E-28 40% TH229 2,0823E-28 33% TH230 1.6737E-28 27%

8 3.3002E-29 NP237 3,3002E-29 100%
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Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario EIE2 and Assuming a Conceptual Model with Dual Porosity,

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

TotalEPA-

Comp. normalized,

Scen. Integrated

ID Vector Discharge Top 3 RadionuclidesContributionto IntegratedDischarge

36 1.3894E-30 U233 1.3573E-30 98% U234 3.2119E-32 2%
38 9,1987E-31 RA226 9.1987E-31 100%

02 54 5,0300E+01 PU239 2,7662E+01 55% AM241 1,6566E+01 33% PU240 5.5098E+00 11%

22 2,3592E-*-01 AM241 2,2964E+01 97% U233 3.5322E-01 1% U234 2,5314E-01 1%

8 2 1797E+01 AM241 2.1186E+01 97% U233 3.2907E-0t 2% U234 2.3574E-01 1%

4 1,9332E+01 AM241 18560E+01 96% U233 3.3371E-01 2% U234 2.3899E-01 1%

48 1.9143E+01 AM241 1,8567E+01 97% U233 3,2829E-01 2% U234 2,3491E-01 1%

14 1.8735E+01 AM241 1.8108E+01 97% U233 3.2275E-01 2% U234 2.3123E-01 1%

64 1,8123E+01 PU239 1,5233E+01 84% PU240 2.7304E+00 15% U233 8.3300E-02 0%

67 1,6270E+01 PU239 1,1978E+01 74% PU240 2,3449E+00 14% AM241 1.3633E+00 8%

28 1,1190E+01 AM241 1.0576E+01 95% U233 3.3862E-01 3% U234 2.4268E-01 2%

55 9.6472E+00 AM241 8.8167E+00 91% PU239 2.8487E-01 3% U233 2.8006E-01 3%
19 8.8337E+00 AM241 8,0633E+00 91% U233 3,0567E-01 3% U234 2.1985E-01 2%

46 7.8671E+00 AM241 7.0795E+00 90% U233 3.2616E-01 4% U234 2.3378E-01 3%
15 6.6504E+00 AM241 6,1418E+00 92% U233 2.8958E-01 4% U234 2.0758E-01 3%

18 4.4919E+00 AM241 3,8971E+00 87% U233 29499E-01 7% U234 2.1083E-01 5%

5 4,0360E+00 PU239 26736E+00 66% PU240 5.3952E-01 13% AM241 3.4492E-01 9%

58 3.3798E+00 PU239 2.3358E+00 69% PU240 4.6454E-01 14% TH229 1.7070E-01 5%

32 3.0265E+00 AM241 3.0066E+00 99% RA226 1.3014E-02 0% PU239 23076E-03 0%

41 26822E+00 AM241 2.0646E+00 77% U233 2.9897E-01 11% U234 2,1454E-01 8%

24 2.6710E+00 AM241 2,2550E+00 84% rH229 1.6329E-01 6% TH230 1.2764E-01 5%

6 2.2398E+00 PU239 1.2093E+00 54% U233 3.2245E-01 14% U234 2,3239E-01 10%

42 2,235LIE+00 PU239 1,3299E+00 60% U233 3.0902E-01 14% PU240 2,6319E-01 12%

53 2.13c.._5E+00 PU239 8.7786E-01 41% AM241 6.4127E-01 30% U233 25846E-01 12%
40 1.9444E+00 AM241 1,4252E+00 73% U233 2.7280E-01 14% U234 1.9630E-01 10%

39 1,1568E+00 AM241 5.1098E-01 44% U233 31071E-01 27% U234 2.2325E-01 19%

52 1.0484E+00 U233 3,0219E-01 29% U234 2.1733E-01 21% PU239 2,0287E-01 19%

45 9,0755E-01 PU239 6,8001E-01 75% PU240 1,3384E-01 15% U233 2.8106E-02 3%

70 8.8969E-01 U233 3,2313E-01 36% U234 2,3268E-01 26% TH229 1.3685E-01 15%

30 8.0558E-01 AM241 43508E-01 54% U233 2.0857E-01 26% U234 1.5027E-01 19%

1 7,3146E-01 U233 33002E-01 45% U234 2.3696E-01 32% rH229 8,5585E-02 12%

63 7.1551E-01 AM241 6,4078E-01 90% U233 2.2719E-02 3% U234 1.64OOE-02 2%

60 7,0063E-01 U233 3.7112E-01 53% U234 2.6711E-01 38% NP237 4.6131E-02 7%

29 6.6141E-01 U233 27253E-01 41% U234 1.9599E-01 30% TH229 7,1920E-02 11%

47 6.4328E-01 U233 2,6967E-01 42% U234 1.9376E-01 30% AM241 1.3012E-01 20%
35 6.3165E-01 U233 2.5361E-01 40% U234 1,8288E-01 29% TH229 1.0164E-01 16%

27 6.0961E-01 U233 3.3583E-01 55% U234 2.4099E-01 40% AM241 12347E-02 2%

2 6,0892E-01 U233 2.5822E-01 42% U234 1.8575E-01 31% TH229 8.1899E-02 13%

3 5.9995E-01 U233 3,3174E-01 55% U234 2.3855E-01 40% RA2"_6 8.5920E-03 1%

26 5.7868E-01 U233 2,7287E-01 47% U234 1.9658E-01 34% AM241 5.0188E-02 9%
31 5,7764E-01 U233 3.1091E-01 54% U234 2.2280E-01 39% AM241 3.0944E-02 5%
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Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,
Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

Total EPA-

Comp. normalized,

Scen, Integrated

ID Vector Discharge Top 3 RadionuclldesContributionto IntegratedDischarge

10 56803E-01 U233 2,8043E-01 49% U234 2,0115E-01 35% AM241 3,6609E-02 6%

68 5,3173E-01 U233 2,8485E-01 54% U234 2,0417E-01 38% AM241 2.9595E-02 6%

62 4.7248E-01 U233 2,3342E-01 49% U234 1,6803E-01 36% AM241 4.8164E-02 10%
66 4,5604E-01 U233 2.4992E-01 55% U234 1.7923E-01 39% NP237 1,7269E-02 4%

21 4.4697E-01 U233 2.3355E-01 52% U234 1,6819E-01 38% PU239 1.5544E-02 3%

13 4.4662E-01 U233 2,3243E-01 52% U234 1.6771E-01 38% NP237 29304E-02 7%

25 4.4433E-01 U233 2.3441E-01 53% U234 1.6891E-01 38% NP237 1.6014E-02 4%

20 4.0991E-01 U234 4.0128E-01 98% AM241 4.6955E-03 1% TH229 3,4309E-03 1%

49 3,6689E-01 U233 2,0807E-01 57% U234 1.5011E-01 41% RA226 6,1160E-03 2%

7 3.1454E-01 AM241 7,4657E-02 24% PU239 7.2978E-02 23% U233 4.6748E-02 15%

23 2.9013E-01 PU239 1,7934E-01 62% PU240 3.3597E-02 12% TH229 2.4695E-02 9%

65 2.7809E-01 U233 1,1942E-01 43% U234 8,6289E-02 31% PU239 3.1322E-02 11%
37 2,6454E-01 PU239 2.1702E-01 82% PU240 3,2911E-02 12% U233 8.0237E-03 3%

33 1.6210E-01 U233 6,0685E-02 37% U234 4.3846E-02 27% TH229 29083E-02 18%

51 1,2475E-01 U233 6.0116E-02 48% U234 4,3395E-02 35% AM241 9.2960E-03 7%

43 1,0729E-01 AM241 4,4342E-02 41% U233 2,2834E-02 21% U234 1,6497E-02 15%

50 1.0717E-01 AM241 9,8895E-02 92% RA226 6,0852E-03 6% U233 1.2382E-03 1%

38 1.0622E-01 U233 5.5296E-02 52% U234 3,9976E-02 38% NP237 7.0201E-03 7%

9 6,9506E-02 U233 3,0044E-02 43% U234 2.1726E-02 31% TH229 8.6543E-03 12%

16 6,8157E-02 U233 2.8944E-02 42% U234 2.0936E-02 31% PU239 1.1265E-02 17%

56 6.7705E-02 U233 3.8211E-02 56% U234 2,7625E-02 41% RA226 1,2161E-03 2%
57 6.4570E-02 U233 3.4748E-02 54% U234 2,5120E-02 39% PU239 1.4873E-03 2%

12 6.4309E-02 AM241 3.4036E-02 53% RA226 2.8281E-02 44% PU239 8.2614E-04 1%

59 4.1731E-02 AM;41 2.5102E-02 60% U233 5.9522E-03 14% U234 4.3001E-03 10%

11 2.4469E-02 U233 1,2764E-02 52% U234 9.2353E-03 38% NP237 1,6258E-03 7%

17 1.6855E-02 RA226 1.2892E-02 76% NP237 2,6671E-03 16% AM241 12859E-03 8%

36 9,0879E-03 U233 4.9695E-03 55% U234 3.5957E-03 40% RA226 42488E-04 5%

44 7,4099E-03 U233 2.8507E-03 38% U234 2.0615E-03 28% NP237 1.8861E-03 25%

02 64 7,4398E+00 PU239 6.3272E+00 85% PU240 1.0757E+00 14% U233 1.8908E-02 0%

5 2,6223E+00 PU239 1.8323E+00 70% PU240 3.5809E-01 14% U233 1,8591E-01 7%
48 1.5998E+00 AM241 1.2074E+00 75% U233 1.8819E-01 12% U234 1,1950E-01 7%

15 1.4192E+00 AM241 9.0606E-01 64% U233 2.4204E-01 17% U234 1.7830E-01 13%

55 1,1245E+00 AM241 6.3912E-01 57% U233 1,5497E-01 14% PU239 1.4422E-01 13%

4 8.1018E-01 AM241 3.3669E-01 42% U233 1,6562E-01 20% U234 1,0902E-01 13%

52 5,3199E-01 U233 1.6629E-01 31% U234 1,0756E-01 20% PU239 9.6773E-02 18%

31 5.2176E-01 U233 2.5468E-01 49% U234 1.8483E-01 35% TH229 3.7762E-02 7%

39 5.0865E-01 U233 1.8365E-01 36% U234 1.1461E-01 23% TH229 9.5212E-02 19%

70 5.0663E-01 U233 1.7125E-01 34% U234 1.0458E-01 21% TH229 1.0453E-01 21%
47 4.9744E-01 U233 2,2141E-01 45% U234 1.5632E-01 31% AM241 3.5945E-02 7%

46 4,9697E-01 U2..... 2,2074E-01 44% U234 1,5659E-01 32% AM241 3.6518E-02 7%

19 3.8423E-01 U233 1,4682E-01 38% TH229 6,1683E-02 16% AM241 5,6854E-02 15%

68 3,5157E-01 U233 1,7063E-01 49% U234 1.1140E-01 32% TH229 3.4456E-02 10%
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AppendixC: LHS Samplesand Calculated NormalizedReleases

Table C-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario E1E2 and Assuming a Conceptual Model with Dual Porosity,

Retardation, Clay, Matrix Diffusion, Intrusion at I000 yr (Continued)

TotalEPA-

Comp. normalized,

Scen. Integrated
ID Vector Discharge Top 3 RadionuclidesContributionto IntegratedDischarge

6 3.2714E-01 PU239 2.2525E-01 69% PU240 3.7739E-02 12% U233 2,1199E-02 6%

14 1.3659E-01 U233 5.2046E-02 38% TH229 3.3106E-02 24% TH230 2.5103E-02 18%

49 1.2935E-01 U233 6.8289E-02 53% U234 3.7181E-02 29% TH229 1.2854E-02 10%

10 9.5365E-02 U233 3.9891E-02 42% TH229 2.1184E-02 22% U234 1.5944E-02 17%

1 7.3931E-02 U233 2,7756E-02 38% TH229 2.2514E-02 30% TH230 1.6522E-02 22%

25 7,0795E-02 U233 3,2985E-02 47% TH229 12671E-02 18% U234 1.1847E-02 17%

66 5.8591E-02 U233 2.8356E-02 48% TH229 1,4991E-02 26% TH230 8.6782E-03 15%

26 5.6905E-02 U233 2.4752E-02 43% TH229 9,0774E-03 16% PU239 7.9224E-03 14%

35 3.8868E-02 TH229 1.2217E-02 31% U233 1.2050E-02 31% TH230 1,0461E-02 27%

65 3.4223E-02 U233 1.2769E-02 37% PU239 9.9092E-03 29% U234 3.6726E-03 11%
51 3.1533E-02 U233 1,3969E-02 44% U234 7.8247E-03 25% TH229 5.1002E-03 16%

43 3.1122E-02 PU239 9.5341E-03 31% U233 8.3647E-03 27% U234 4.5549E-03 15%

58 1.9514E-02 PU239 1,6448E-02 __,% PU240 2.8386E-03 15% TH229 1.1116E-04 1%

42 1.6532E-02 PU239 1.3677E-02 83% PU240 2.8462E-03 17% TH229 4.2986E-06 0%

50 7,5564E-03 AM241 5.2142E-03 69% RA226 1.3324E-03 18% U233 4,9539E-04 7%

59 7.5457E-03 U233 2.1848E-03 29% AM241 1.5770E-03 21% U234 1,2179E-03 16%

29 7.4028E-03 TH229 2,9104E-03 39% U233 1,8528E-03 25% TH230 1.7509E-03 24%

23 3,9549E-03 PU239 3.3333E-03 84% PU240 5,6213E-04 14% TH229 2.6880E-05 1%

33 2.2398E-04 1"H229 9.8575E-05 44% TH230 8.8017E-05 39% U233 2.3950E-05 11%

63 1.2267E-04 TH229 5.4031E-05 44% TH230 4.5323E-05 37% AM241 9.2966E-06 8%

9 1,4765E-05 TH229 5.6827E-06 38% TH230 4,9635E-06 34% U233 3.3129E-06 22%

16 8,8900E-06 PU239 7.6626E-06 86% PU240 1.1887E-06 13% TH229 1.4055E-08 0%

11 4,0238E-06 U233 1.8497E-06 46% TH229 1.1237E-06 28% TH230 50738E-07 13%
18 2,4501E-06 PU239 20224E-06 83% PU240 4.2713E-07 17% TH229 3.3858E-10 0%

12 2.1123E-06 PU239 1.4349E-06 68% PU240 3,0961E-07 15% RA226 2.9390E-07 14%

24 1.7199E-07 PU239 6,0899E-08 35% TH229 5.1494E-08 30% TH230 4,2481E-08 25%

40 4,5393E-09 TH229 2,2883E-09 50% TH230 8.8384E-10 19% H233 45053E-10 10%

44 2.5787E-09 TH229 8.1549E-10 32% U233 4,9601E-10 19% TH230 3.9865E-10 15%

3 1.5489E-09 U233 9,4857E-10 61% U234 3.7179E-10 24% TH229 1.3461E-10 9%

32 t3706E-09 AM241 1.2268E-09 90% PU239 8,9295E-11 7% PU240 1.8095E-11 1%

57 1.0122E-09 PU239 7.9878E-10 79% PU240 1.5931E-10 16% U233 3,0336E-11 3%

67 9.6018E-11 PU239 7.8296E-11 82% PU240 1.7638E-11 18% U233 2,9731E-14 0%

7 5,3780E-11 PU239 4.3661E-11 81% PU240 1,0117E-11 19% RA226 4.2362E-16 0%

21 1.0735E-11 U233 4,8143E-12 45% U234 2.2874E-12 21% PU239 2.1974E-12 20%
20 7.3981E-12 PU239 6.0215E-12 81% PU240 1,3398E-12 18% U233 1.5176E-14 0%

45 6.4161E-12 PU239 5.2204E-12 81% "' 1240 1.1932E-12 19% RA226 1.3834E-15 0%

13 3.4304E-12 U233 1.8367E-12 54% U234 1.1541E-12 34% NP237 2,2407E-13 7%

62 2.4448E-12 U233 9,9724E-13 41% TH229 7.3057E-13 30% TH230 3.1740E-13 13%

41 1.2315E-12 AM241 8.5370E-13 69% U233 15725E-13 13% TH229 1.1752E-13 10%

28 6,1138E-13 U233 2.3314E-13 38% AM241 1.7063E-13 28% U234 1,6292E-13 27%

27 2,0458E-13 U233 1,3850E-13 68% U234 3,3816E-14 17% TH229 1,9067E-14 9%

53 6.8844E-14 PU239 5.6094E-14 81% PU240 1,2691E-14 18% AM241 4,4416E-17 0%
22 2.0337E-14 AM241 1,9410E-14 95% U233 5.8864E-16 3% TH229 1.9363E-16 1%
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Table 0-5. Vectors with Integrated Discharge through the Culebra Dolomite Member to the Accessible

Environment for Scenario EIE2 and Assuming a Conceptual Model with Dual Porosity,

Retardation, Clay, Matrix Diffusion, Intrusion at 1000 yr (Continued)

TotalEPA-

Comp. normalized,

Scen. Integrated

ID Vector Discharge Top 3 RadionuclidesContributionto IntegratedDischarge

8 1.6813E-14 AM241 1.5920E-14 95% U233 4.4742E-16 3% TH229 2.4006E-16 1%

30 1.2627E-14 AM241 8,4374E-15 67% U233 2.6757E-15 21% U234 1.2602E-15 10%

37 7.6926E-15 PU239 6,5873E-15 86% PU240 1.0775E-15 14% U233 1,7715E-17 0%
17 7.1648E-15 RA226 4.7673E-15 67% PU239 1.3183E-15 18% PU240 75391E-16 11%

60 6,3257E-15 U233 3,7468E-15 59% PU239 6.9432E-16 11% TH229 5.3069E-16 8%

2 1.6995E-15 U233 7.6826E-16 45% U234 4,7135E-16 28% TH229 2.4665E-16 15%

38 1,0373E-15 U233 3.6615E-16 35% PU240 2.4939E-16 24% PU239 1,5507E-16 15%

34 8.5961E-16 U233 5.2466E-16 61% TH229 1.4732E-16 17% RA226 8.8110E-17 10%

54 2.6880E-16 PU239 2.1514E-16 80% PU240 5.3100E-17 20% AM241 5,4714E-19 0%

56 3.0443E-18 U233 1.8870E-18 62% RA226 6.8848E-19 23% TH229 2.3680E-19 8%

36 2.1027E-23 U233 1.2969E-23 62% U234 5.2115E-24 25% RA226 2.2437E-24 11%

Table C-6 lists total EPA summed normalized release and the percentages contribution for the 3 radionuclides

contributing the most release for each vector when drilling into a CH waste drum with an average activity level. Vectors

z,r¢,ordered from most to least release. All vectors have some release when intruding into the repository from drilling.

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface

Comp. TotalEPA-
Scen. normalized

ID Vector Cu_ings Top3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 125 years)

01 32 4.52715-02 PU238 2.47645-02 55% AM241 1,27265-02 28% PU239 5.96805-03 13%

39 4,4913E-02 PU238 2.45685-02 55% AM241 1.26265-02 28% PU239 5.92085-03 13%

70 4.4782E-02 PU238 2.44965-02 55% AM241 1.25895-02 28% PU239 5,90355-03 13%
63 4.4294E-02 PU238 2.4230E-02 55% AM241 1.2452E-02 28% PU239 5,8392E-03 13%

25 4.4057E-02 PU238 2.4100E-02 55% AM241 1.2385E-02 28% PU239 5.8079E-03 13(}/0

58 4,3796E-02 PU238 2.3957E-02 55% AM241 1.23125-02 28% PU239 5,7735E-03 13%

30 4,3512E-02 PU238 2.3802E-02 55% AM241 1.2232E-02 28% PU239 5.7361E-03 13%

19 4.3299E-02 PU238 2.3685E-02 55% AM241 12172E-02 28°/0 PU239 5.7080E-03 13%

62 4.3028E-02 PU238 2.35375-02 55% AM241 1.20965-02 28% PU239 5.67235-03 13%

3 4,2733E-02 PU238 2.33765-02 55% AM241 1,20'13E-02 28% PU239 5.6334E-03 13%

13 4.2439E-02 PU238 2.3215E-02 55% AM241 1.1930E-02 28% PU239 5.5947E-03 13%
22 4.2076E-02 PU238 2.3016E-02 55% AM241 1.1828E-02 28% PU239 5.5467E-03 13%

47 4.1794E-02 PU238 2.2862E-02 55% AM241 1.1749E-02 28% PU239 5.5096E-03 13%

7 4.1397E-02 PU238 2.2645E-02 55% AM241 1.1637E-02 28% PU239 5.4572E-03 13%

1 4.1245E-02 PU238 2.2562E-02 55% AM241 1.1594E-02 28% PU239 5.4372E-03 13%
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Table 0-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-
Scen. normalized

ID Vector Cuttings Top 3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 125 years)

50 4.08265-02 PU238 2.2332E-02 55% AM241 1,14775-02 28% PU239 5.3820E-03 13%

45 4.0628E-02 PU238 2.22245-02 55% AM241 1.1421E-02 28% PU239 5.35595-03 13%

65 4.0291E-02 PU238 2.20405-02 55% AM241 1.13265-02 28% PU239 5.3115E-03 13°/0

43 3.9863E-02 PU238 2.18065-02 55°/0 AM241 1.12065-02 28% PU239 5.2550E-03 13%

12 3.96555-02 PU238 2.16925-02 55% AM241 1.11475-02 28% PU239 52276E-03 13°/0

31 3.9447E-02 PU238 2.15785-02 55% AM241 1,1089E-02 28% PU239 5.20025-03 13%

4 3.91705-02 PU238 2.1427E-02 55% AM241 1_10115-02 28% PU239 5,1637E-03 13°/0

48 3.8883E-02 PU238 2.1269E-02 55% AM241 1,0930E-02 28% PU239 5.1258E-03 13%

54 3.8515E-02 PU238 2.1068E-02 55% AM241 1.0827E-02 28% PU239 5.0773E-03 13%
37 3.8297E-02 PU238 2.0949E-02 55% AM241 1.0766E-02 28% PU239 5.0486E-03 13%

69 3,7874E-02 PU238 2.0718E-02 55% AM241 1,0647E-02 28% PU239 4.9928E-03 13%

2 3.7703E-02 PU238 2.0624E-02 55% AM241 1.0599E-02 28% PU239 4.9702E-03 13%

35 3.7247E-02 PU238 2.0375E-02 55% AM241 1.0470E-02 28% PU239 4.9101E-03 13%

67 3.7179E-02 PU238 2.0337E-02 55% AM241 1,0451E-02 28% PU239 4.9011E-03 13%

28 3.6872E-02 PU238 2.0169E-02 55% AM241 1,0365E-02 28% PU239 4.8607E-03 13%

6 3.6430E-02 PU238 1.9928E-02 55% AM241 1,0241E-02 28% PU239 4.8024E-03 13%

40 3.6056E-02 PU238 1.9723E-02 55% AM241 1.0136E-02 28% PU239 4.7532E-03 13%

56 3.5797E-02 PU238 1.9581E-02 55% AM241 1.0063E-02 28% PU239 4.7190E-03 13%

10 3.5695E-02 PU238 1.95265-02 55% AM241 1,0034E-02 28% PU239 4.7056E-03 13%

34 3.5448E-02 PU238 1.93905-02 55% AM241 99647E-03 28% PU239 4.6730E-03 13%
66 3.5021E-02 PU238 1.9157E-02 55% AM241 98447E-03 28% PU239 4.6167E-03 13%

53 34718E-02 PU238 1.8991E-02 55% AM241 9.7596E-03 28% PU239 4.5768E-03 13%
64 34349E-02 PU238 1,8790E-02 55% /'M241 9.6559E-03 28% PU239 4.5282E-03 13%

59 3.4271E-02 PU238 1,8747E-02 55% AM241 96339E-03 28% PU239 4,5179E-03 13%

57 3,3981E-02 PU238 1.8588E-02 55% AM241 9,5524E-03 28% PU239 4.4796E-03 13%

14 3.3603E-02 PU238 1.8381E-02 55% AM241 9.4461E-03 28% PU239 4.4298E-03 13%

20 3.3314E-02 PU238 1.8223E-02 55% AM241 9.3649E-03 28% PU239 4.3917E-03 13%

15 3.2948E-02 PU238 1.8023E-02 55% AM241 9.2621E-03 28% PU239 4.3435E-03 13%

29 3.2760E-02 PU238 1.7920E-02 55% AM241 9.2093E-03 28% PU239 4.3187E-03 13%

11 3.2539E-02 PU238 1.7800E-02 55% AM241 9.1472E-03 28% PU239 42896E-03 13%

55 3.2242E-02 PU238 1.76375-02 55% AM241 9.0635E-03 28% PU239 4,2504E-03 13%

60 3.1846E-02 PU238 1.7420E-02 55% AM241 8.9522E-03 28% PU239 4.1982E-03 13%

18 3.15935-02 PU238 1,7282E-02 55% AM241 8.8812E-03 28% PU239 4.1649E-03 13%
61 3.1352E-02 PU238 1.7150E-02 55% AM241 8.8135E-03 28% PU239 4.1331E-03 13%

36 3.1155E-02 PU238 1.7043E-02 55% AM241 8.7581E-03 28% PU239 4.1071E-03 13%

51 30675E-02 PU238 1.6780E-02 55% AM241 8.6231E-03 28% PU239 4.0438E-03 13%

49 3.0675E-02 PU238 1.6780E-02 55% AM241 8.6231E-03 28% PU239 4.0438E-03 13%

46 3.0283E-02 PU238 16565E-02 55% AM241 8.5130E-03 28% PU239 3.9922E-03 13%

21 3.0023E-02 PU238 1.6423E-02 55% AM241 8.4397E-03 28% PU239 3.9578E-03 13%

23 2.9676E-02 PU238 1.6233E-02 55% AM241 8.3422E-03 28% PU239 3.9121E-03 13%

52 2.9309E-02 PU238 1.6032E-02 55% AM241 8.2389E-03 28% PU239 3.8637E-03 13%

44 29222E-02 PU238 1.5985E-02 55% AM241 8.2147E-03 28% PU239 3.8523E-03 13%
38 2.8781E-02 PU238 1.57435-02 55% AM241 8.0905E-03 28% PU239 3.7941E-03 13%

8 2.8501E-02 PU238 1.5591E-02 55% AM241 8.0120E-03 28% PU239 3.7573E-03 13%
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Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp, Total EPA-
Scen. normalized

ID Vector Cuttings Top 3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 125 years)

16 2.8319E-02 PU238 1,5491E-02 55% AM241 7.9607E-03 28% PU239 3.7332E-03 13%

42 2,8126E-02 PU238 1.5385E-02 55% AM241 7,9065E-03 28% PU239 3.7078E-03 13%

33 2.7731E-02 PU238 1.5169E-02 55% AM241 7,7953E-03 28% PU239 3,6557E-03 13%

17 2.7411E-02 PU238 1.4994E-02 55% AM241 7.7054E-03 28% PU239 3.6135E-03 13%

41 2,7187E-02 PU238 1.4872E-02 55% AM241 7.6426E-03 28% PU239 3,5840E-03 13%

24 2.6953E-02 PU238 1.4744E-02 55% AM241 7,5769E-03 28% PU239 3.5532E-03 13%

5 2,6784E-02 PU238 1.4651E-02 55% AM241 7.5292E-03 28% PU239 3,5308E-03 13%

9 26508E-02 PU238 1,4500E-02 55% AM241 7,4517E-03 28% PU239 3.4945E-03 13%

68 2.61285-02 PU238 1,4292E-02 55% AM241 7.3448E-03 28% PU239 3,4444E-03 13%

26 2,5822E-02 PU238 1,4125E-02 55% AM241 72589E-03 28% PU239 3,4041E-03 13%

27 2.5738E-02 PU238 1.4079E-02 55% AM241 7,2352E-03 28% PU239 3,3930E-03 13%

(Time of Intrusion, 175 years)

02 32 3.27515-02 PU238 1.36935-02 42% AM241 1.12995-02 35% PU239 5,g5515-03 18°/0

39 3,24925-02 PU238 1.35855-02 42% AM241 1,12105-02 35% PU239 5,90805-03 18%

70 3,2397E-02 PU238 1,3545E-02 42% AM241 1,1177E-02 35% PU239 5.8908E-03 18%

63 3.2044E-02 PU238 1,3398E-02 42% AM241 1,1056E-02 35% PU239 5,8266E-03 18%

25 3,1873E-02 PU238 1.3326E-02 42% AM241 1.0996E-02 35% PU239 5.7954E-03 18%

58 3,1684E-02 PU238 1.3247E-02 42% AM241 1,0931E-02 35% PU239 5.7611E-03 18%

30 3,1478E-02 PU238 1,3161E-02 42% AM241 1.0860E-02 35% PU239 5.7237E-03 18%
19 3,1325E-02 PU238 '1,3097E-02 42% AM241 1.0807E-02 35% PU239 5.6957E-03 18%

62 3.1128E-02 PU238 1.3015E-02 42% AM241 1.0740E-02 35% PU239 5,6600E-03 18%

3 30915E-02 PU238 1.2926E-02 42% AM241 1.0666E-02 35% PU239 5.6213E-03 18%

13 3.0702E-02 PU238 1,2837E-02 42% AM241 1.0593E-02 35% PU239 5.5826E-03 18%

22 3,0439E-02 PU238 12727E-02 42% AM241 1,0502E-02 35% PU239 5.5347E-03 18%

47 3.0236E-02 PU238 1,2642E-02 42% AM241 1,0432E-02 35% PU239 5,4978E-03 18%

7 2.9948E-02 PU238 1.2521E-02 42% AM241 1.0332E-02 35% PU239 5.4455E-03 18%

1 2.9839E-02 PU238 1.2476E-02 42% AM241 1.0295E-02 35% PU239 5.4255E-03 18%

50 2.9535E-02 PU238 1.2349E-02 42% AM241 1.0190E-02 35% PU239 5.3703E-03 18%

45 2.9392E-02 PU238 1.2289E-02 42% AM241 1.0141E-02 35% PU239 5,3443E-03 18%
65 2,9148E-02 PU238 1,2187E-02 42% AM241 1.0056E-02 35% PU239 5.3000E-03 18%

43 2,8838E-02 PU238 1,2057E-02 42% AM241 9.9495E-03 35% PU239 52437E-03 18%

12 2.8688E-02 PU238 1,1994E-02 42% AM241 9,8976E-03 35% PU239 5,2163E-03 18%

31 2.8538E-02 PU238 1.1932E-02 42% AM241 9,8457E-03 35% PU239 5.1890E-03 18%

4 2,8337E-02 PU238 1.1848E-02 42% AM241 9,7767E-03 35% PU239 5.1526E-03 18%

48 2.8129E-02 PU238 1,1761E-02 42% AM241 9,7048E-03 35% PU239 5.1147E-03 18%

54 2,7863E-02 PU238 1.1650E-02 42% AM241 9.6131E-03 35% PU239 5.0664E-03 18%

37 2,7706E-02 PU238 1.1584E-02 42% AM241 9,5588E-03 35% PU239 5.0377E-03 18%
69 2,7400E-02 PU238 1.1456E-02 42% AM241 9.4531E-03 35% PU239 4,9820E-03 18%

2 2.7276E-02 PU238 1.1404E-02 42% AM241 9,4103E-03 35% PU239 4,9595E-03 18%

35 2,6946E-02 PU238 1.1266E-02 42% AM241 9.2966E-03 35% PU239 4,8996E-03 18%

67 2.6897E-02 PU230 1,1246E-02 42% AM241 9,2795E-03 35% PU239 4,8906E-03 18%

28 26675E-02 PU238 1,1153E-02 42% AM241 9,2029E-03 35% PU239 4.8502E-03 18%
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AppendixC: LHSSamplesand CalculatedNormalizedReleases

Table C-6. Vectors with CH Cuttings Discharg,ed to the Ground Surface (Continued)

Comp, Total EPA-
Scen. normalized

ID Vector Cuttings Top3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 175years)

6 2,6355E-02 PU238 1.1019E-02 42% AM241 9.09265-03 35°/0 PU239 4.7920E-03 18%

40 2.6085E-02 PU238 1.0906E-02 42% AM241 8,9995E-03 35°/0 PU239 4,7430E-03 18%

56 2.5897E-02 PU238 1.0828E-02 42°/0 AM241 8.93475-03 35°/0 PU239 4.7088E-03 18%

10 258245-02 FU238 1.07975-02 42% AM241 8,90945-03 35% PU239 4,69555-03 18%

34 2.56445-02 PU238 1.07225-02 42°/0 AM241 8,84755-03 35°/0 PU239 4,66295-03 18%

66 2.5336E-02 PU238 1.05935-02 42% AM241 8.74105-03 35% PU239 4.60675-03 18%

53 2,51175-02 PU238 105015-02 42°/0 AM241 8,6655E-03 35°/0 PU239 4,56695-03 18%

64 2.48505-02 PU238 1,0390E-02 42% AM241 8,57345-03 35°/0 PU239 4.5184E-03 18%

59 24793E-02 PU238 1.0366E-02 42°/0 AM241 8.55385-03 35°/0 PU239 4.50815-03 18%

57 2.45835-02 PU238 1.02785-02 42% AM241 8.4815E-03 35% PU239 4.4700E-03 18%

14 2,43105-02 PU238 1,01645-02 42°/0 AM241 8.38705-03 35% PU239 4.42025-03 18%
20 2,4101E-02 PU238 1.0077E-02 42°/0 AM241 8.3150E-03 35% PU239 43822E-03 18°/0

15 2.3836E-02 PU238 9,9660E-03 42°/0 AM241 82237E-03 35% PU239 4,3341E-03 18°/0

29 2.3700E-02 PU238 9.9091E-03 42°/0 AM241 8.1768E-03 35°/0 PU239 4.3094E-03 18%

11 2,3540E-02 PU238 9.8423E-03 42°/0 AM241 8.1217E-03 35°/0 PU239 4,2803E-03 18%

55 2.3325E-02 PU238 9,7523E-03 42°/0 AM241 8,0474E-03 35°/0 PU239 4.2412E-03 18°/0

60 2,3039E-02 PU238 9,6325E-03 42°/0 AM241 7,9485E-03 35°/0 PU239 4.18915-03 18%

18 2.28565-02 PU238 9.55625-03 42% AM24t 7.8855E-03 35°/0 PU239 4.1559E-03 18%

61 2.2682E-02 PU238 9,4833E-03 42°/0 AM241 7.82545-03 35% PU239 4,12425-03 18%

36 2.25395-02 PU238 9,42375-03 42°/0 AM241 7,77625-03 35°/0 PU239 4,09835-03 18°/0

51 2.21925-02 PU238 9.27845-03 42% AM241 7.65635-03 35°/0 PU239 4.0351E-03 18%

49 2.21925-02 PU238 9,27845-03 42% AM241 7,65635-03 35% PU239 4,0351E-03 18°/0

46 2.1908E-02 PU238 9,1599E-03 42°/0 AM241 7,5586E-03 35°/0 PU239 3.9836E-03 18°/0

21 2,1720E-02 PU238 9.0811E-03 42°/0 AM241 7.4935E-03 35% PU239 3.9493E-03 18%

23 2.1469E-02 PU238 8.9762E-03 _,2°/0 AM241 7,4070E-03 35°/0 PU239 3,9037E-03 18°/0
52 2,1203E-02 PU238 8.8651E-03 42°/0 AM241 7,3153E-03 35°/0 PU239 3,8553E-03 18%

44 2.1141E-02 PU238 8.8390E-03 42°/0 AM241 7,2937E-03 35% PU239 3.8440E-03 18%

38 2.0821E-02 PU238 8.7054E-03 42% AM241 7,1835E-03 35°/0 PU239 3.7859E-03 18°/0

8 2.0619E-02 PU238 8,6209E-03 42% AM241 7.1138E-03 35°/0 PU239 3.7491E-03 18%

16 20487E-02 PU238 85657E-03 42% AM241 7.0682E-03 35% PU239 3,7252E-03 18%

42 2.0348E-02 PU238 8.5074E-03 42% AM241 7,0201E-03 35% PU239 3.6998E-03 16%

33 2.0061E-02 PU238 8,3878E-03 42% AM241 6,9214E-03 35% PU239 3.6478E-03 18%

17 1.9830E-02 PU238 8,2910E-03 42% AM241 6.8415E-03 35% PU239 3.6057E-03 18%

41 1.9668E-02 PU238 8,2234E-03 42% AM241 6.7858E-03 35% PU239 3,5763E-03 18%

24 1.9499E-02 PU238 8.1527E-03 42% AM241 6,7274E-03 35% PU239 3,5455E-03 18%

5 1,9376E-02 PU238 8.1014E-03 42% AM241 6,6850E-03 35% PU239 3,5232E-03 18%
9 1,9177E-02 PU238 8.0180E-03 42% AM241 6.6163E-03 35% PU239 3,4870E-03 18%

68 1.8902E-02 PU238 7,9030E-03 42% AM241 6,5214E-03 35% PU239 3.4369E-03 18%

26 1.8681E-02 PU238 7.8105E-03 42% AM241 6,4451E-03 35% PU239 3.3967E-03 18%

27 1.8620E-02 PU238 7,78505-03 42% AM241 6,42405-03 35% PU239 3.38565-03 18%

(Time of Intrusion, 350 years)

03 32 1,9671E-02 AM241 8,5346E-03 43% PU239 5.9252E-03 30% PU238 3.4362E-03 17%

39 1.9516E-02 AM241 8,4671E-03 43% PU239 5.8783E-03 30% PU238 3.4090E-03 17%
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AppendixC: LHS Samplesand CalculatedNormalizedReleases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. TotalEPA-
Scen, normalized

ID Vector Cuttings Top 3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 350 years)

70 1,9459E-02 AM241 8.4424E-03 43% PU239 5,8611E-03 30% PU238 3,3991E-03 17%
63 19247E-02 AM241 8,3504E-03 43% PU239 5.7973E-03 30% PU238 3,3621E-03 17%

25 1.9144E-02 AM241 8,3057E-03 43% PU239 5.7662E-03 30% PU238 3,3441E-03 17%

58 1.9030E-02 AM241 8,2565E-03 43% PU239 5.7321E-03 30% PU238 33243E-03 17%

30 1.8907E-02 AM241 8,2030E-03 43% PU239 5,6949E-03 30% PU238 3.3027E-03 17%

19 1.8815E-02 AM241 8.1629E-03 43% PU239 5.6671E-03 30% PU238 32866E-03 17%

62 1,8697E-02 AM241 8.1117E-03 43% PU239 5.6316E°03 30% PU238 32659E-03 17%

3 1.8569E-02 AM241 8.0562E-03 43% PU239 5.5930E-03 30% PU238 3,2436E-03 17%
13 1,8441E-02 AM241 8,0007E-03 43% PU239 5.5545E-03 30% PU238 3.2213E-03 17%

22 1,8283E-02 AM241 7.9321E-03 43% PU239 5,5069E-03 30% PU238 3,1937E-03 17%
47 1.8161E-02 AM241 7,8791E-03 43% PU239 5,4701E-03 30% PU238 31723E-03 17%

7 1,7988E-02 AM241 7,8042E-03 43% PU239 5,4181E-03 30% PU238 31422E-03 17%

1 1.7922E-02 AM241 7.7756E-03 43% PU239 53982E-03 30% PU238 3.1306E-03 17%
50 1,7740E-02 AM241 7,6965E-03 43% PU239 53433E-03 30% PU238 3,0988E-03 17%

45 1,7654E-02 AM241 7.6593E-03 43% PU239 5.3175E-03 30% PU238 3,0838E-03 17%

65 1,7508E-02 AM241 7.5958E-03 43% PU239 5.2734E-03 30% PU238 3,0582E-03 17%

43 1.7321E-02 AM241 7,5150E-03 43% PU239 5,2173E-03 30% PU238 3,0257E-03 17%

12 1.7231E-02 AM241 7.4758E-03 43% PU239 5,1901E-03 30% PU238 30099E-03 17%

31 1.7141E-02 AM241 7.4366E-03 43% PU239 5,1629E-03 30% PU238 2.9941E-03 17%

4 1,7020E-02 AM241 7.3844E-03 43% PU239 5.1267E-03 30% PU238 2.9731E-03 17%

48 1.6895E-02 AM241 7.3302E-03 43% PU239 5,0890E-03 30% PU238 2,9513E-03 17%

54 1,6736E-02 AM241 72609E-03 43% PU239 5.0409E-03 30% PU238 29234E-03 17%
37 1.6641E-02 AM241 7,2199E-03 43% PU239 5.0124E-03 30% PU238 29069E-03 17%

69 1,6457E-02 AM241 7.1401E-03 43% PU23.9 4,9570E-03 30% PU238 28747E-03 17%
2 1,6383E-02 AM241 7.1078E-03 43% PU239 4.9346E-03 30% PU238 2.8617E-03 17%

35 1.6185E-02 AM241 7,0218E-03 43% PU239 4,8749E-03 30% PU238 2,8271E-03 17%

67 1.6155E-02 AM241 7,0090E-03 43% PU239 4,8660E-03 30% PU238 2.8220E-03 17%

28 1.6022E-02 AM241 6.9511E-03 43% PU239 4.8258E-03 30% PU238 27987E-03 17%

6 15829E-02 AM241 6.8678E-03 43% PU239 4,7680E-03 30% PU238 2.7651E-03 17%

40 1.5667E-02 AM241 6.7974E-03 43% PU239 4,7191E-03 30% PU238 27368E-03 17%

56 1,5555E-02 AM241 6.7485E-03 43% PU239 4,6851E-03 30% PU238 2,7171E-03 17%

10 1,5510E-02 AM241 6.7294E-03 43% PU239 4.6719E-03 30% PU238 27094E-03 17%
34 1.5403E-02 AM241 6.6827E-03 43% PU239 4,6395E-03 30% PU238 2,6906E-03 17%

66 1,5217E-02 AM241 6.6022E-03 43% PU239 4.5836E-03 30% PU238 2.6582E-03 17%
53 1.5086E-02 AM241 6.5451E-03 43% PU239 4,5440E-03 30% PU.'238 2.6352E-03 17%

64 1.4926E-02 AM241 6.4756E-03 43% PU239 4.4957E-03 30% PU238 2.6072E-03 17%

59 1,4892E-02 AM241 6.4608E-03 43% PU239 4.4854E-03 30% PU238 2,6013E-03 17%

57 1.4766E-02 AM241 6,4062E-03 43% PU239 4,4475E-03 30% PU238 25793E-03 17%

14 1,4601E-02 AM241 6,3348E-03 43% PU239 4,3980E-03 30% PU238 2,5505E-03 17%

20 1,4476E-02 AM241 6,2804E-03 43% PU239 4.3602E-03 30% PU238 2,5286E-03 17%

15 1.4317E-02 AM241 6.2115E-03 43% PU239 4.3123E-03 30% PU238 2.5009E-03 17%

29 1 4235E-02 AM241 6,1760E-03 43% PU239 4,2877E-03 30% PU238 2.4866E-03 17%
11 1.4139E-02 AM241 6,1344E-03 43% PU239 4.2588E-03 30% PU238 2.4698E-03 17%

55 1.4010E-02 AM241 6.0783E-03 43% PU239 4,2199E-03 30% PU238 24473E-03 17%
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Appendix C: LHSSamples and CalculatedNormalizedReleases

Table 0.6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-
Scen. normalized

ID Vector Cuttings Top 3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 350 years)

60 1.3838E-02 AM241 6.0036E-03 43% PU239 4.1680E-03 30% PU238 2.4172E-03 17%

18 1.3728E-02 AM241 595605-03 43% PU239 4.1350E-03 30% PU238 2.3980E-03 17%

61 1.3623E-02 AM241 5.9106E-03 43% PU239 4.1034E-03 30% PU238 2.3797E-03 17%

36 1.3538E-02 AM241 5.8735E-03 43% PU239 4.0777E-03 30% PU238 2.3648E-03 17%

51 1.3329E-02 AM241 57829E-03 43% PU239 4.0148E-03 30% PU238 23283E-03 17%

49 1,3329E-02 AM241 5,7829E-03 43% PU239 4.0148E-03 30% PU238 23263E-03 17%

46 1.3159E-02 AM241 5 7091E-03 43% PU239 39635E-03 30% PU238 2.2986E-03 17%

21 1.3046E-02 AM241 5.6600E-03 43% PU239 3.9294E-03 30% PU238 22788E-03 17%

23 1,2895E-02 AM241 5.5946E-03 43% PU239 38841E-03 30% PU238 22525E-03 17%

52 1.2735E-02 AM241 55253E-03 43% PU239 3,8360E-03 30% PU238 22246E-03 17%

44 1.2698E-02 AM241 5.5090E-03 43% PU239 3,8247E-03 30% PU238 2.21815-03 17%
38 1.2506E-02 AM241 5.4258E-03 43% PU239 3,7669E-03 30% PU238 2,1845E-03 17%

8 12384E-02 AM241 5,3731E-03 43% PU239 3.7303E-03 30% PU238 2.1633E-03 17%
16 1.2305E-02 AM241 5.3387E-03 43% PU239 37064E-03 30% PU238 2,1495E-03 17%

42 1.2221E-02 AM241 5.3024E-03 43% PU239 3,6812E-03 30% PU238 2.1349E-03 17%

33 1.2050E-02 AM241 5.2276E-03 43% PU239 3.6294E-03 30% PU238 2.1048E-03 17%

17 1.19115-02 AM241 5,1675E-03 43% PU239 3.5876E-03 30% PU238 20806E-03 17%

41 1,1813E-02 AM241 5.12545-03 43% PU239 3,5583E-03 30% PU238 2.0636E-03 17%

24 1.1712E-02 AM241 5.0813E-03 43% PU239 3.5277E-03 30% PU238 20458E-03 17%

5 1,1638E-02 AM241 5.0493E-03 43% PU239 35055E-03 30% PU238 2.0330E-03 17%

9 1 1518E-02 AM241 4.9974E-03 43% PU239 34694E-03 30% PU238 2.0121E-03 17%

68 1,1353E-02 AM241 4,9257E-03 43% PU239 3.4197E-03 30% PU238 19832E-03 17%
26 1.1220E-02 AM241 4.8680E-03 43% PU239 3.3796E-03 30% PU238 1.96005-03 17%

27 1,1164E-02 AM241 4.8522E-03 43% PU239 3.36865-03 30% PU238 1,9536E-03 17%

(Time of Intrusion, 1000 years)

04 32 1,0509E-02 _U239 5.8153E-03 55% AM241 3.0092E-03 29% PU240 1.6121E-03 15%
39 1,0425E-02 _U239 5.76935-03 55% AM241 29854E-03 29% PU240 15994E-03 15%
70 1.0395E-02 _U239 5.75245-03 55% AM241 2.9767E-03 29% PU240 1.5947E-03 15%
63 1.0282E-02 _U239 56896E-03 55% AM241 2.9443E-03 29% PU240 1.5774E-03 15%
25 1.0227E-02 :)U239 5.6593E-03 55% AM241 2,9285E-03 29% PU240 1.5689E-03 15%
58 1.0166E-02 _U239 5.6258E-03 55% AM241 2.9112E-03 29% PU240 1,5596E-03 15%
30 1.0100E-02 _U239 5.5893E-03 55% AM241 2.8923E-03 29% PU240 15495E-O3 15%
19 1.0051E-02 =U239 5,5620E-03 55% AM241 2,8782E-03 29% PU240 1.5419E-03 15%
62 9.9678E-03 =U239 5.5271E-03 55% AM241 2.8601E-03 29% PU240 1.5323E-03 15%
3 9.9194E-03 _U239 5.4893E-03 55% AM241 28405E-03 29% PU240 1.5218E-03 15%
13 9.8512E-03 =U239 5.4515E-03 55% AM241 2.8210E-03 29% PU240 1.5113E-03 15%
22 9.7667E-03 _U239 5.4048E-03 55% AM241 2.7968E-03 29% PU240 1.49B3E-03 15%
47 9.7014E-03 _U239 5.3687E-03 55% AM241 2,7781E-03 29% PU240 1.4863E-03 15%
7 9.6092E-03 _U239 5.3176E-03 55% AM241 2 7517E-03 29% PU240 !.'_742E-03 15%
1 9.5740E-03 =U239 5.2981E-03 55% AM241 2.7416E-03 29% PU240 1.4o'38E-03 15%
50 9.4766E-03 =U239 5.2442E-03 55% AM241 2.7137E-03 29% PU240 1.4538E-03 15%
45 9.4307E-03 =U239 5.2188E-03 55% AM241 2.7006E-03 29% PU240 1.4468E-03 15%
65 93526E-03 =U239 5.1756E-03 55% AM241 2.6782E-03 29% PU240 1.4348E-03 15%
43 9.2531E-03 =U239 5.1205E-03 55% AM241 2.6497E-03 29% PU240 1.4195E-03 15%
12 9.2048E-03 =U239 5.0938E-03 55% AM241 2.6359E-03 29% PU240 1.4121E-03 15%
31 9.1565E-03 ;_U239 5.0671E-03 55% AM241 2.6221E-03 29% PU240 1.4047E-03 15%
4 9.0923E-03 _U239 5.0316E-03 55% AM241 2.6037E-03 29% PU240 1.3949E-03 15%
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Appendix C: LHS Samples and Calculated Normalized P.eleases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 1000 years)

48 9.0255E-03 PU239 4,9946E-03 55% AM241 2.5646E-03 29% PU240 1,3846E-03 15%
54 89402E-03 PU239 49474E-03 55% AM241 2.5601E-03 29% PU240 1.3715E-03 15%
37 8.8897E-03 PU239 4.9194E-03 55% AM241 25457E-03 29% PU240 13638E-03 15%
69 8.7914E-03 PU239 4.8651E-03 55% AM241 2.5175E-03 29% PU240 1.3487E-03 15%
2 8.7517E-03 PU239 4.8431E-03 55% AM241 2,5061E-03 29% PU240 1.3426E-03 15%
35 8 6458E-03 PU239 4.7845E-03 55% AM241 24758E-03 29% PU240 13264E-03 15%
67 8.6300E-03 PU239 4.7757E-03 55% AM241 2.4713E-03 29% PU240 1.3240E-03 15%
28 85588E-03 PU239 4,7363E-03 55% AM241 2,4509E-03 29% PU240 1.3130E-03 15%
6 8.4561E-03 PU239 4.6795E-03 55% AM241 2.4215E-03 29% PU240 1.2973E-03 15%
40 8.3695E-03 PU239 4.6316E-03 55% AM241 23967E-03 29% PU240 12840E-03 15%
56 83093E-03 PU239 4,5982E-03 55% AM241 2.3795E-03 29% PU240 12747E-03 15%
10 82857E-03 PU239 45852E-03 55% AM241 2.3727E-03 29% PU240 12711E-03 15%
34 8.2282E-03 PU239 4.5534E-03 55% AM241 23562E-03 29% PU240 1.2623E-03 15%
66 8.1291E-03 PU239 4 4986E-03 55% AM241 2,3279E-03 29% PU240 1.2471E-03 15%
53 80589E-03 PU239 4.4597E-03 55% AM241 2.3078E-03 29% PU240 1 2363E-03 15%
64 7.9732E-03 PU239 4.4123E-03 55% AM241 2.2832E-03 29% PU240 1 2232E-03 15%
59 7,9551E-03 PU239 4.4023E-03 55% AM241 22780E-03 29% PU240 1 2204E-03 15%
57 7.8878E-03 PU239 4.3650E-03 55% AM241 2,2588E-03 29% PU240 1.2101E-03 15%
14 7.8000E-03 PU239 4,3164E-03 55% AM241 22336E-03 29% PU240 1.1966E-03 15%
20 7.7330E-03 PU239 4.2793E-03 55% AM241 2.2144E-03 29% PU240 1.1863E-03 15%
15 7,6481E-03 PU239 4.23245-03 55% AM241 2 1901E-03 29% PU240 1 1733E-03 15%
29 7.6044E-03 PU239 42082E-03 55% AM241 2.1776E-03 29% PU240 11666E-03 15%
11 7.5532E-03 PU239 4.1798E-03 55% AM241 2.1629E-03 29% PU240 1 1588E-03 15%
55 7.4841E-03 PU239 4.1416E-03 55% AM241 2.1431E-03 29% PU240 11482E-03 '15%
60 7 3922E-03 PU239 4.0907E-03 55% AM241 2.1168E-03 29% PU240 1 1341E-03 15%
18 7.3336E-03 PU239 4.0583E-03 55% AM241 2.1000E-03 29% PU240 1 1251E-03 15%
61 72776E-03 PU239 4.0273E-03 55% AM241 20840E-03 29% PU240 1.1165E-03 15%
36 7.2319E-03 PU239 4.0020E-03 55% AM241 2.0709E-03 29% PU240 1.1095E-03 15%
51 7.1204E-03 PU239 3.9404E-03 55% AM241 2.0390E-03 29% PU240 1.0924E-03 15%
49 7 1204E-03 PU239 39404E-03 55% AM241 2.0390E-03 29% PU240 10924E-03 15%
46 7.0295E-03 PU239 3.8900E-03 55% AM241 2.0130E-03 29% PU240 1.077'4E-03 15%
21 6.9690E-03 PU239 38566E-03 55% AM241 1.9956E-03 29% PU240 1.06,_ E-03 15%
23 6.8885E-03 PU239 3.8120E-03 55% AM241 1.9726E-03 29% PU240 1.0568E-03 15%
52 6.8032E-03 PU239 37648E-03 55% AM241 1.9482E-03 29% PU240 1 0437E-03 15%
44 6.7832E-03 PU239 3.7537E-03 55% AM241 1.9424E-03 29% PU240 1.0406E-03 15%
38 6.6807E-03 PU239 36970E-03 55% AM241 1.9131E-03 29% PU240 1,0249E-03 15%
8 66158E-03 PU239 3.6611E-03 55% AM241 1.8945E-03 29% PU240 1.0149E-03 15%
16 65735E-03 PU239 3.6377E-03 55% AM241 1.8824E-03 29% PU240 1.0085E-03 15%
42 65287E-03 PU239 36129E-03 55% AM241 18696E-03 29% PU240 1.0016E-03 15%
33 6.4369E-03 PU239 3.5621E-03 55% AM24t 18433E-03 29% PU240 9.8750E-04 15%
17 63627E-03 PU239 3,5210E-03 55% AM241 1.8220E-03 29% PU240 9.7611E-04 15%
41 6.3108E-03 PU239 3.4923E-03 55% AM241 1.8072E-03 29% PU240 96815E-04 15%
24 6.2565E-03 PU239 34623E-03 55% AM241 1 7916E-03 29% PU240 95983E-04 15%
5 6.2171E-03 PU239 34405E-03 55% AM241 1,7803E-03 29% PU240 95379E-04 15%
9 6 1532E-03 PU239 3.4051E-03 55% AM241 1.7620E-03 29% PU240 9.4398E-04 15%
68 6.0649E-03 PU239 3 3562E-03 55% AM241 1.7367E-03 29% PU240 93043E-04 15%
26 5.9939E-03 PU239 3.3170E-03 55% AM241 1.7164E-03 29% PU240 9.1954E-04 15%
27 59744E-03 PU239 33061E-03 55% AM241 1.7108E-03 29% PU240 9.1654E-04 15%

(Time of Intrusion, 3000 years)

05 32 6.9712E-03 PU239 5.48975-03 79% PU240 1,3041E-03 19% AM241 1.21755-04 2%
39 6.91615-03 PU239 5.44635-03 79% PU240 1.2938E-03 19% AM241 1.20785-04 2%
70 6.89595-03 PU239 5.43045-03 79°/0 PU240 1.2900E-03 19% AM241 1.20435-04 2%
63 6.82085-03 PU239 5.3713E-03 73% PU240 1.2759E-03 19°/0 AM241 119125-04 2%
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AppendixC: LHSSamplesand CalculatedNormalizedReleases

Table C.6. Vectors with OH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-
Scen. normalized

ID Vector Cuttings Top3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 3000 years)

25 6.78425-03 PU239 5.3425E-03 79% PU240 1,26915-03 19% AM241 1.18485-04 2%
58 6,7441E-03 PU239 5,31095-03 79% PU240 1,26165-03 19% AM241 1,1778E-04 2%
30 6,70035-03 PU239 52764E-03 79% PU240 1,2534E-03 19% AM241 1.1702E-04 2°/0
19 6,66765-03 PU239 5.2506E-03 79% PU240 1,2473E-03 19% AM241 1.16445-04 2%
62 6.6258E-03 PU239 5.21775-03 79% PU240 1.2395E-03 19% AM241 1.1571E-04 2°/0
3 6.5804E-03 PU239 5,18205-03 79°/0 PU240 1.23105-03 19% AM241 1.14925-04 2%
13 6.5352E-03 PU239 5,1463E-03 79% PU240 12225E-03 19% AM241 1,1413E-04 2%
22 6.4791E-03 PU239 51022E-03 79% PU240 12120E-03 19% AM241 1.1315E-04 2%
47 6.4358E-03 PU239 50681E-03 79% PU240 1,2039E-03 19% AM241 1.1240E-04 2%
7 6.3746E-03 PU239 5,0199E-03 79% PU240 1,1925E-03 19% AM241 1.1133E-04 2%
1 6.3513E-03 PU239 5.0015E-03 79% PU240 1,1881E-03 19% AM241 1.1092E-04 2%
50 6.2867E-03 PU239 49507E-03 79% PU240 1 1760E-03 19% AM241 1.0979E..04 2%
45 62562E-03 PU239 49267E-03 79% PU240 1.1703E-03 19% AM241 1.0926E-04 2%
65 62044E-03 PU239 4,8859E-03 79% PU240 1,1606E-03 19% AM241 1,0836E-04 2%
43 6,1384E-03 PU239 4,8339E-03 79% PU240 1 1483E-03 19% AM241 1.0720E-04 2%
12 6.1064E-03 PU239 4,8087E-03 79% PU240 1 1423E-03 19% AM241 1,0664E-04 2%
31 6.0744E-03 PU239 4.7835E-03 79% PU240 1 1363E-03 19% AM241 1.0608E-04 2%
4 6,0317E-03 PU239 4,7499E-03 79% PU240 1 12835-03 19% AM241 1 _534E-04 2%
48 59874E-03 PU239 4,7150E-03 79% PU240 1 1200E-03 19% AM241 1 1457E-04 2%
54 5,9309E-03 PU239 4.6705E-03 79% PU240 1 1095E-03 19% AM241 1.0358E-04 2%
37 5,8973E-03 PU239 4.6441E-03 79% PU240 1 1032E-03 19% AM241 1,0299E-04 2%
69 5,8321E-03 PU239 4.5927E-03 79% PU240 1.0910E-03 19% AM241 1,0185E-04 2%
2 5,8058E-03 PU239 45720E-03 79% PU240 1.0861E-03 19% AM241 1.01395-04 2%
35 5.7356E-03 PU239 4.5167E-03 79% PU240 1,0729E-03 19% AM241 1,0017E-04 2%
67 _.7250E-03 PU239 4,5084E-03 79% PU240 1,0710E-03 19% AM241 9.9984E-05 2%
28 5,6778E-03 PU239 4,4712E-03 79% PU240 1.0621E-03 19% AM241 9.9159E-05 2%
6 5,6097E-03 PU239 4.4176E-03 79% PU240 1,0494E-03 19% AM241 9.7970E-05 2%
40 5,5523E-03 PU239 4.3723E-03 79% PU240 1,0386E-03 19% AM241 9,6966E-05 2%
56 55123E-03 PU239 43408E-03 79% PU240 1.0312E-03 19% AM241 9.6268E-05 2%
10 5,4967E-03 PU239 43285E-03 79% PU240 1.0282E-03 19% AM241 9.5996E-05 2%
34 5.4585E-03 PU239 42985E-03 79% PU240 1.0211E-03 19% AM241 9.5329E-05 2%
66 5.3928E-03 PU239 4.2467E-03 79% PU240 1.0088E-03 19% AM241 9.4181E-05 2%
53 5,3462E-03 PU239 4.2101E-03 79% PU240 1.0001E-03 19% AM241 9.3368E-05 2%
64 5.2894E-03 PU239 4.1653E-03 79% PU240 9.8946E-04 19% AM241 9.2375E-05 2%
59 527735-03 PU239 4,1558E-03 79% PU240 9.8721E-04 19% AM241 92165E-05 2%
57 5.2327E-03 PU239 4.1207E-03 79% PU240 9.7885E-04 19% AM241 9.1385E-05 2%
14 5.1744E-03 PU239 4,0748E-03 79% PU240 9.6795E-04 19% AM241 9.0368E-05 2%
20 5,1300E-03 PU239 4,03985-03 79% PU240 9.5964E-04 19% AM241 8,9591E-05 2%
15 50737E-03 PU239 3.9954E-03 79% PU240 9.4911E-04 19% AM241 8.8608E-05 2%
29 5.0447E-03 PU239 3.9726E-03 79% PU240 9.4369E-04 19% AM241 8,8102E-05 2%
11 5.0107E-03 PU239 39458E-03 79% PU240 9.3733E-04 19% AM241 8.7508E-05 2%
55 4,9649E-03 PU239 3.9098E-03 79% PU240 9,2875E-04 19% AM241 8,6708E-05 2%
60 4.9039E-03 PU239 3.8617E-03 79% PU240 9.1735E-04 19% AM241 8.5643E-05 2%
18 4,8650E-03 PU239 3.8311E-03 79% PU240 9.1008E-04 19% AM241 8,49645-05 2%
61 4,8279E-03 PU239 3,8019E-03 79% PU240 9.0313E-04 19% AM241 8.4316E-05 2%
36 4,7976E-03 PU239 3,7780E-03 79% PU240 8.9746E-04 i9% AM241 8 3786E-05 2%
51 472365-03 PU239 3,7198E-03 79% PU240 8,8363E-04 19% AM241 8.2495E-05 2%
49 45.236E-03 PU239 3,7198E-03 79% PU240 8.8363E-04 19% AM241 82495E-05 2%
46 4,6633E-03 PU239 3.6723E-03 79% PU240 8.7234E-04 19% AM241 8,1441E.05 2%
21 4.6232E-03 PU239 3.6407E-03 79% PU240 8,6483E-04 19% AM241 8.0740E-05 2%
23 4.5698E-03 PU239 3,5986E-03 79% PU240 8.5485E-04 19% AM241 79808E-05 2%
52 4,5132E-03 PU239 35541E-03 79% PU240 8,4426E-04 19% AM241 78820E-05 2%
44 4,49995-03 PU239 3,5436E-03 79% PU240 8.4177E-04 19% AM241 7.8587E-05 2%
38 4,4319E-03 PU239 34900E-03 79% PU240 8,2905E-04 19% ,4M241 7,7400E-05 2%
8 4,3889E-03 PU239 34562E-03 79% PU240 8.2100E-04 19% AM241 7.6648E-05 2%
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AppendixC: LHS Samplesand CalculatedNormalizedReleases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp, TotalEPA-
Scen. normalized

ID Vector Cuttings Top 3 RadionucltdesContributionto IntegratedDischarge

(Time of Intrusion, 1000 years)

16 4.3608E-03 PU239 3.4341E-03 79% PU240 8,1575E-04 19% AM241 7.6158E-05 2%
42 4.3311E-03 PU239 3.41075-03 79% PU240 8.10205-04 19°/0 AM241 7.5640E-05 2%
33 4.27025-03 PU239 3,36275-03 79°/0 PU240 7.98805-04 19°/0 AM241 7,45765-05 2%
17 4.22095-03 PU239 3.32395-03 79% PU240 7.89595-04 19% AM241 7.37155-05 2%
41 4.1865E-03 PU239 3,29685-03 79°/0 PU240 7.83155-04 19% AM241 7,3114E-05 2%
24 4.15055-03 PU239 3.26855-03 79°/0 PU240 7.76425-04 19% AM241 7,24865-05 2%
5 4.12445-03 PU239 3.2479E-03 79% PU240 7.71535-04 19°/0 AM241 720295-05 2%
9 4,08205-03 PU239 3.21455-03 79°/0 PU240 7.6359E-04 19°/0 AM241 7,1289E-05 2%
68 4,02345-03 PU239 3.16845-03 79% PU240 7.52645-04 19°/0 AM241 7.0266E-05 2%
26 3,97635-03 PU239 3.13135-03 79% PU240 7,4383E-04 19°/0 AM241 69443E-05 2%
27 3.96335-03 PU239 3.12115-03 79°/0 PU240 7.4140E-04 19% AM241 6.92175-05 2°/0

(Time of Intrusion, 7250 years)

08 32 5.75135-03 PU239 4.8572E-03 84°/0 PU240 830975-04 14% U233 ?.65545-05 0%
39 5.70585-03 PU239 4.8188E-03 84°/0 PU240 8,2440E-04 14% U233 2,63445-05 0%
70 5.68915-03 PU239 4,80475-03 84°/0 PU240 8.21995-04 14°/0 U233 2.62685-05 0%
63 3.62725-03 PU239 4,75245-03 84°/0 PU240 8.1304E-04 14% U233 2.59815-05 0°/0
25 5.59705-03 PU239 4,72695-03 84°/0 PU240 8.08685-04 14% U233 2.58425-05 0°/0
58 5.56395-03 PU239 4.69905-03 84% PU240 8.03895-04 14°/0 U233 2,56895-05 0%
30 5,52785-03 PU239 4,66855-03 84°/0 PU240 7.9868E-04 14% U233 2,55235-05 0%
19 5,50075-03 PU239 4.64575-03 84% PU240 7.94785-04 14°/0 U233 2,5398E-05 0%
62 5.4663E-03 PU239 4,61655-03 84% PU240 7.89795-04 14°/0 U233 25239E-05 0°/0
3 542895-03 PU239 4.58495-03 84°/0 PU240 7,84395-04 14% U233 2.50665-05 0%
13 5,39155-03 PU239 4.55345-03 84% PU240 7.78995-04 14°/0 U233 2,48935-05 0%
22 5.34535-03 PU239 451435-03 84°/0 PU240 7.72315-04 14°/0 U233 2,46805-05 0%
47 5.30965-03 PU239 4.48425-03 84°/0 PU240 7.6715E-04 14°/0 U233 2.45155-05 0°/0
7 5,25915-03 PU239 4.44155-03 84°/0 PU240 75986E-04 14°/0 U233 2.42825-05 0%
1 5.23985-03 PU239 4.42535-03 84°/0 PU240 7.5707E-04 14°/0 U233 24193E-05 0°/0
50 5.1865E-03 PU239 4.3803E-03 84% PU240 7.4937E-04 14% U233 23947E-05 0%
45 5,16145-03 PU239 4,3590E-03 84% PU240 7.4574E-04 14% U233 23831E-05 0%
65 5,1186E-03 PU239 4.3229E-03 84% PU240 73956E-04 14% U233 2.3633E-05 0%
43 5,0642E-03 PU239 4.2769E-03 84% PU240 73170E-04 14% U233 23382E-05 0%
12 5.0377E-03 PU239 42546E-03 84% PU240 7.2788E-04 14% U233 2,3260E-05 0%
31 5.0113E-03 PU239 4.2323E-03 84% PU240 7,2406E-04 14% U233 23138E-05 0%
4 4.9762E-03 PU239 42026E-03 84% PU240 7,1898E-04 14% U233 2.2976E-05 0%
48 49396E-03 PU239 4.1718E-03 84% PU240 7,1370E-04 14% U233 2.2807E-05 0%
54 4.89295-03 PU239 4,1323E-03 84% PU240 7,0696E-04 14% U233 2.2591E-05 0%
37 48653E-03 PU239 4.1090E-03 84% PU240 7.0296E-04 14% U233 2.2464E-05 0%
69 4,81155-03 PU239 4.0635E-03 84% PU240 6.9519E-04 14% U233 2,2215E-05 0%
2 4.7897E-03 PU239 4.0452E-03 84% PU240 69205E-04 14% U233 2,2115E-05 0%
35 4,7318E-03 PU239 3.9963E-03 84% PU240 6,8368E-04 14% U233 2,1848E-05 0%
67 4.7232E-03 PU239 3.9889E-03 84% PU240 68243E-04 14% U233 21808E-05 0%
28 4.6842E-03 PU239 3.9560E-03 84% PU240 6.7679E-04 14% U233 2.1628E-05 0%
6 4,6280E-03 PU239 39086E-03 84% PU240 6.6868E-04 14% U233 2.I368E-05 0%
40 4,5806E-03 PU239 38685E-03 84% PU240 6.6183E-04 14% U233 2,1149E-05 0%
56 4.5476E-03 PU239 3.8407E-03 84% PU240 6,5706E-04 14% U233 20997E-05 0%
10 4.5347E-03 PU239 3,8298E-03 84% PU240 6,5520E-04 14% U233 20938E-05 0%
34 45033E-03 PU239 3.8032E-03 84% PU240 6.5066E-04 14% U233 2,0792E-05 0%
66 4.4490E-03 PU239 3.7574E-03 84% PU240 6.4282E-04 14% U233 20542E-05 0%
53 4,4106E-03 PU239 3,7250E-03 84% PU240 6.3727E-04 14% U233 2,0364E-05 0%
64 4,3637E-03 PU239 3.6854E-03 84% PU240 6.3049E-04 14% U233 2.0148E-05 0%
59 4.3538E-03 PU239 3.6770E-03 84% PU240 62906E-04 1.4% U233 2.0102E-05 0%
57 4.3170E-03 PU239 3,6459E-03 84% PU240 6,2374E-04 14% U233 1.9932E-05 0%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-6. Vectors with CH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7250 years)

14 4.2689E-03 PU239 3.60535-03 84% PU240 6.16795-04 14°/0 U233 1.9710E-05 0°,6
20 4.23225-03 PU239 3.5743E-03 84°/0 PU240 6.1149E-04 14% U233 1.9541E-05 0°,6
15 4,1858E-03 PU239 3.5351E-03 84°/0 PU240 6.04785-04 14°/0 U233 1.9326E-05 0°/0
29 4.16195-03 PU239 3.514o5-03 84% PU240 6.01335-04 14% U233 1.9218E-05 0%
11 4.1338E-03 PU239 3.49125-03 84°/0 PU240 5.97275-04 14% U233 1.90865-05 0%
55 4.09605-03 PU239 3.4593E-03 84°/0 PU240 5,91815-04 14% U233 1.8912E-05 0%
60 4.0457E-03 PU239 3.4168E-03 84% PU240 5.8454E-04 14% U233 1.8680E-05 0%
18 4.0136E-03 PU239 3.3897E-03 84% PU240 5.7991E-04 14% U233 1.8532E-05 0%
61 39830E-03 PU239 3.3638E-03 84% PU240 5.7548E-04 14°,/o U233 1.8390E-05 0%
36 3.9580E-03 PU239 3.3427E-03 84% PU240 57187E-04 14% U233 1.8275E-05 0%
51 3.8970E-03 PU239 3.2912E-03 84% PU240 56305E-04 14% U233 1.7993E-05 0%
49 3.8970E-03 PU239 3.2912E-03 84% PU240 5.63055-04 14% U233 1.7993E-05 0%
46 3.8472E-03 PU239 3.2492E-03 84% PU240 5,5586E-04 14% U233 1.7763E-05 0%
21 3.8141E-03 PU239 3.2212E-03 84% PU240 5.5108E-04 14% U233 1.7610E-05 0%
23 3.7701E-03 PU239 3.1840E-03 84% PU240 5.4472E-04 14% U233 1.7407E-05 0%
52 3.7234E-03 PU239 3.1446E-03 84% PU240 5.3797E-04 14% U233 1.7191E-05 0%
44 37124E-03 PU239 3.1353E-03 84% PU240 5.3639E-04 14% U233 1.7141E-05 0%
38 3.6563E-03 PU239 3.0879E-03 84% PU240 5.2828E-04 14% U233 1.6882E-05 0%
8 3,6208E-03 PU239 3.0579E-03 84% PU240 5.23155-04 14% U233 1.6718E-05 0%
16 3,5976E-03 PU239 3.0384E-03 84% PU240 5,1981E-04 14% U233 16611E-05 0%
42 35731E-03 PU239 3.0177E-03 84% PU240 5.1627E-04 14% U233 16498E-05 0%
33 3.5229E-03 PU239 2.9753E-03 84% PU240 5.0901E-04 14% U233 1.6266E-05 0%
17 34823E-03 PU239 2.9409E-03 84% PU240 50313E-04 14% U233 1,6078E-05 0%
41 3,4539E-03 PU239 2.9170E-03 84% PU240 4.9903E-04 14% U233 1.5947E-05 0%
24 3.4242E-03 PU239 2.8919E-03 84% PU240 4.9474E-04 14% U233 1.5810E-05 0%
5 3,4026E-03 PU239 2.8737E-03 84% PU240 4.9162E-04 14% U233 1.5710E-05 0%
9 33676E-03 PU239 2.8441E-03 84% PU240 4.8657E-04 14% U233 1.5549E-05 0%
68 3.3193E-03 PU239 2.8033E-03 84% PU240 4.7959E-04 14% U233 1.5326E-05 0%
26 32804E-03 PU239 2.7705E-03 84% PU240 4.7398E-04 14% U233 1.5146E-05 0%
27 32697E-03 PU239 2.7615E-03 84% PU240 4.7243E-04 14% U233 1,5097E-05 0%
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AppendixC: LHS Samplesand Calculated NormalizedReleases

Table C-7 lists total EPA summcd normalized release and the pcrcentage contribution for thc top 3 radionuclides for

cach vcctor when drilling into RH waste with an average activity level. Vectors arc ordered from most to least rclcasc. All

vectors havc some small rclcasc whcn intruding into the repositor3' from drilling.

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface

Comp. Total EPA-
Scen. normalized

ID Vector Cuttings Top 3 RadionuclidesContributionto IntegratedDischarge

(Time of Intrusion, 125 years)

01 32 5.30805-03 PU238 1,71865-03 32% PU239 1.17565-03 22% CS137 7.8303E-04 15%
39 5.2660E-03 PU238 1.70505-03 32% PU239 1.1663E-03 22% CS137 7.7684E-04 15%
70 5,25075-03 PU238 1.70005-03 32% PU239 1.16295-03 22% CS137 7,7457E-04 15°/0
63 5.19355-03 PU238 1.6815E-03 32% PU239 1.15035-03 22% CS137 7.6614E-04 15%
25 5.1656E-03 PU238 1.6725E-03 32% PU239 1.1441E-03 22% CS137 7.6203E-04 15%
58 5.1351E-03 PU238 1.6626E-03 32% PU239 1.1373E-03 22% CS137 7.5752E-04 15%
30 5.1018E-03 PU238 1.6518E-03 32% PU239 1.1299E-03 22% CS137 7.5260E-04 15%
19 5.0768E-03 PU238 1.6437E-03 32% PU239 1.1244E-03 22% CS137 7.4893E-04 15%
62 5.0450E-03 PU238 1.6334E-03 32% PU239 1.1174E-03 22% CS137 7.4423E-04 15%
3 5.0105E-03 PU238 1.6222E-03 32% PU239 1.1097E-03 22% CS137 7.3914E-04 15%
13 4.9760E-03 PU238 1.6111E-03 32% PU239 1.1021E-O3 22% CS137 7.3405E-04 15%
22 4.9333E-03 PU238 1.5973E-03 32% PU239 1.0926E-03 22% CS137 7,2776E-04 15%
47 4.9004E-03 PU238 1.5866E-03 32% PU239 1.0853E-03 22% CS137 7.2290E-04 15%
7 4.8538E-03 PU238 1.5715E-03 32% PU239 1.0750E-03 22% CS137 7.1602E-04 15%
1 4.8360E-03 PU238 1,5658E-03 32% PU239 1.0711E-03 22% CS137 7.1340E-04 15%
50 4.7868E-03 PU238 1.5498E-03 32% PU239 1.0_502E-03 22% CS137 7.0614E-04 15%
45 4.7636E-03 PU238 1.5423E-03 32% PU239 1.0551E-03 22% CS137 7.0272E-04 15%
65 4.7241E-03 PU238 1.5295E-03 32% PU239 1.0463E-03 22% CS137 6,9690E-04 15%
43 4.6739E-03 PU238 1.5133E-03 32% PU239 1.0352E-03 22% CS137 6.8949E-04 15%
12 4.6495E-03 PU238 1.5054E-03 32% PU239 1.0298E-03 22% CS137 6.8589E-04 15%
31 4.6251E-03 PU238 1.4975E-03 32% PU239 1.0244E-03 22% CS137 6.8229E-04 15%
4 4.5927E-03 PU238 1.4870E-03 32% PU239 1.0172E-03 22% CS137 6,7751E-04 15%
48 4.5590E-03 PU238 1.4761E-03 32% PU239 1.0097E-03 22% CS137 67253E-04 15%
54 4.5159E-03 PU238 1.4621E-03 32% PU239 1.0002E-03 22% CS137 6.6617E-04 15%
37 4.4903E-03 PU238 1.4538E-03 32% PU239 9.9453E-04 22% CS137 6.6241E-04 15%
69 4.4407E-03 PU238 1.4378E-03 32% PU239 9.8353E-04 22% CS137 6.5508E-04 15%
2 4.4206E-03 PU238 1.4313E-03 32% PU239 9.7908E-04 22% CS137 6.5212E-04 15%
35 43672E-03 PU238 1.4140E-03 32% PU239 9.6725E-04 22% CS137 6.4424E-04 15%
67 4.3592E-03 PU238 1.4114E-03 32% PU239 9.6547E-04 22% CS137 6.4306E-04 15%
28 4.3232E-03 PU238 1.3997E-03 32% PU239 9.5751E-04 22% CS137 63775E-04 15%
6 4.2713E-03 PU238 1,3829E-03 32% PU239 9.4602E-04 22% CS137 6.3010E-04 15%
40 4.2276E-03 PU238 1.3688E-03 32% PU239 9.3633E-04 22% CS137 6.2365E-04 15%
56 4.1972E-03 PU238 1.3589E-03 32% PU239 9,2959E-04 22% CS137 6.1916E-04 15%
10 4,1853E-.03 PU238 1.3551E-03 32% PU239 9.2696E-04 22% CS137 6.1740E-04 15%
34 4.1562E-03 PU238 1.3457E-03 32% PU239 9.2053E-04 22% CS137 6.1312E-04 15%
66 4.1062E-03 PU238 1.3295E-03 32% PU239 9.0944E-04 22% CS137 60574E-04 15%
53 4.0707E-03 PU238 1.3180E-03 32% PU239 9.0158E-04 22% CS137 6.0050E-04 15%
64 4.0274E-03 PU238 1.3040E-03 32% PU239 8.9200E-04 22% CS137 5.9412E-04 15%
59 4.0183E-03 PU238 1.3010E-03 32% PU239 8.8997E-04 22% CS137 5.9277E-04 15%
57 3.9843E-03 PU238 1.2900E-03 32% PU239 8.8244E-04 22% CS137 5.8775E-04 15%
14 3.9399E-03 PU238 1.2756E-03 32% PU239 8.7262E-04 22% CS137 5.8121E-04 15%
20 3.9060E-03 PU238 1.2647E-03 32% PU239 8.6512E-04 22% CS137 5.7621E-04 15%
15 3.8632E-03 PU238 1.2508E-03 32% PU239 8.5562E-04 22% CS137 5.6989E-04 15%
29 3.8411E-03 PU238 1.2436E-03 32% PU239 8.5074E-04 22% CS137 5.6664E-04 15%
11 3.8152E-03 PU238 1.2353E-03 32% PU239 8.4501E-04 22% CS137 5.6282E-04 15%
55 3.7803E-03 PU238 1.2240E-03 32% PU239 8.3728E-04 22% CS137 5.5767E-04 15%
60 3.7339E-03 PU238 1.2089E-03 32% PU239 8.2699E-04 22% CS137 5,5082E-04 15%
18 3.7043E-03 PU238 1.1993E-03 32% PU239 8.2044E-04 22% CS137 5.4645E-04 15%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp Total EPA-
Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 125 years)

61 3.67605-03 PU238 1,19025-03 32°/0 PU239 8.14185-04 22% CS137 5,42295-04 15%
36 3,6530E-03 PU238 1.18275-03 32% PU239 8.0906E-04 22% CS137 5,38885-04 15%
51 3.5966E-03 PU238 1.16455-03 32% PU239 7.9659E-04 22% CS137 5.3057E-04 15%
49 3.5966E-03 PU238 1.16455-03 32% PU239 7.96595-04 22°/0 CS137 5,30575-04 15%
46 3,55075-03 PU238 1.14965-03 32% PU239 7.86425-04 22% CS137 5,23805-04 15%
21 3.52025-03 PU238 1,13975-03 32% PU239 7.79655-04 • 22% CS137 5.19295-04 15%
23 3.4795E-03 PU238 1.1266E-03 32% PU239 7.70655-04 22% CS137 5.1329E-04 15%
52 3.4364E-03 PU238 1.1126E-03 32% PU239 7.6110E-04 22% CS137 5.0694E-04 15%
44 3.4263E-03 PU238 1.1093E-03 32% PU239 7.5886E-04 22% CS137 5,05445-04 15%
38 3.37455-03 PU238 1.09265-03 32% PU239 7.47395-04 22% CS137 4.97805-04 15%
8 3.3418E-03 PU238 1.08205-03 32% PU239 7.4014E-04 22°/0 CS137 4.92975-04 15%
16 3.32045-03 PU238 1.07505-03 32% PU239 7.3540E-04 22% CS137 4.89825-04 15%
42 3.2978E-03 PU238 1.06775-03 32°/0 PU239 7.30405-04 22°/0 CS137 4.8648E-04 15%
33 3.25145-03 PU238 1,0527E-03 32% PU239 7,20125-04 22% CS137 4.79645-04 15%
17 3.2139E-03 PU238 1.0406E-03 32% PU239 7.11825-04 22% CS137 4.74115-04 15%

(Time of Intrusion, 175 years)

02 32 3.26785-03 PU239 1.1731E-03 36% PU238 9.5030E-04 29% AM241 5.4423E-04 17%
39 3,2420E-03 PU239 1.1638E-03 36% PU238 9 4278E-04 29% AM241 53992E-04 17%
70 3.2325E-03 PU239 1.1604E-03 36% PU238 9.4003E-04 29% AM241 5.3835E-04 17%
63 3.1973E-03 PU239 1.1478E-03 36% PU238 92979E-04 29% AM241 5.3248E-04 17%
25 31802E-03 PU239 1.1416E-03 36% PU238 9.2481E-04 29% AM241 5,2963E-04 17%
58 3.1614E-03 PU239 1.1349E-03 36% PU238 9.1933E-04 29% AM241 52649E-04 17%
30 3.1409E-03 PU239 1.1275E-03 36% PU238 9.1337E-04 29% AM241 5.2308E-04 17%
19 3.12555-03 PU239 1.1220E-03 36% PU238 9.0890E-04 29% AM241 5.20525-04 17
62 3,1059E-03 PU239 1.1150E-03 36% PU238 9.0321E-04 29% AM241 5,1726E-04 17%
3 3.0847E-03 PU239 1.1073E-03 36% PU238 8,9702E-04 29% AM241 5.1372E-04 17%
13 3.0634E-03 PU239 1.0997E-03 36% PU238 8.9085E-04 29% AM241 5.1018E-04 17%
22 3.0372E-03 PU239 1.0903E-03 36% PU238 8.8322E-04 29% AM241 5.0581E-04 17%
47 3.0169E-03 PU239 1.0830E-03 36% PU238 8,7731E-04 29% AM241 5.0243E-04 17%
7 2.9882E-03 PU239 1.0727E-03 36% PU238 8.6897E-04 29% AM241 4,9765E-04 17%
1 2.9772E-03 PU239 1.0688E-03 36% PU238 8.6579E-04 29% AM241 4.9583E-04 17%
50 2.9470E-03 PU239 1.0579E-03 36% PU238 8.5698E-04 29% AM241 49079E-04 17%
45 2.9327E-03 PU239 1.05285-03 36% PU238 8.5283E-04 29% AM241 4,8841E-04 17%
65 29084E-03 PU239 1.0441E-03 36% PU238 8.4576E-04 29% AM241 4.8436E-04 17%
43 2.8774E-03 PU239 1.0329E-03 36% PU238 8.3677E-04 29% AM241 4,7921E-04 17%
12 2.8624E-03 PU239 1.0276E-03 36% PU238 8.3240E-04 29% AM241 4.7671E-04 17%
31 28474E-03 PU239 1.0222E-03 36% PU238 8.2804E-04 29% AM241 4,7421E-04 17%
4 2.8275E-03 PU239 1.0150E-03 36% PU238 82223E-04 29% AM241 4.7088E-04 17%
4,9 2.8067E-03 PU239 1.0075E-03 36% PU238 8.1619E-04 29% AM241 4,6743E-04 17%
54 2.7802E-03 PU239 9.9802E-04 36% PU238 8.0848E-04 29% AM241 4.6301E-04 17%
37 27644E-03 PU239 9.9238E-04 36% PU238 8.0390E-04 29% AM241 4,6039E-04 17%
69 2.7339E-03 PU239 9.8141E-04 36% PU238 7.9502E-04 29% AM241 4.5530E-04 17%
2 2.7215E-03 PU239 9.7697E-04 36% PU238 7.9142E-04 29% AM241 45324E-04 17%
35 2.6886E-03 PU239 9.6516E-04 36% PU238 7.8185E-04 29% AM241 4.4776E-04 17%
67 2.6837E-03 PU239 9.6339E-04 36% PU238 7.8042E-04 29% AM241 4,4694E-04 17%
28 2.6615E-03 PU239 9.5544E-04 36% PU238 7.7398E-04 29% AM241 4.4325E-04 17%
6 26296E-03 PU239 9.4398E-04 36% PU238 7.6470E-04 29% AM241 4,3794E-04 17%
40 2.6027E-03 PU239 9.3431E-04 36% PU238 7.5687E-04 29% AM241 4.3345E-04 17%
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Appendix C: LHS Samples and Calculated Norr_lalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

comp Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuchdes Contribution to Integrated Discharge

(Time of Intrusion, 175 years)

56 2.58405-03 PU239 9.2759E-04 36% PU238 7.51425-04 29% AM241 4.3033E-04 17%
10 25766E-03 PU239 9.2496E-04 36% PU238 7.4929E-04 29% AM241 4.2911E-04 17%
34 2.5588E-03 PU239 9.1854E-04 36% PU238 7.4409E-04 29% AM241 4.2613E-04 17%
66 2.5279E-03 PU239 90748E-04 36% PU238 7.3513E-04 29% AM241 4.2100E-04 17%
53 2.5061E-03 PU239 8.9964E-04 36% PU238 72878E-04 29% AM241 4.1736E-04 17%
64 2.4795E-03 PU239 8,9008E-04 36% PU238 7,2103E-04 29% AM241 4.1293E-04 17%
59 2.4738E-03 PU239 8,8805E-04 36% PU238 7.1939E-04 29% AM241 4,1199E-04 17%
57 24529E-03 PU239 8.8054E-04 36% PU238 7.1330E-04 29% AM241 4,0850E-04 17%
14 2.4256E-03 PU239 8.7073E-04 36% PU238 7.0536E-04 29% AM241 4,0395E-04 17%
20 2.4047E-03 PU239 8.6325E-04 36% PU238 6.9930E-04 29% AM241 4.0048E-04 17%
15 2.3783E-03 PU239 8.5378E-04 36% PU238 6.9163E-04 29% AM241 3.9609E-04 17%
29 23648E-03 PU239 8.4891E-04 36% PU238 6.8768E-04 29% AM241 3.9383E-04 17%
11 2.3488E-03 PU239 8.4318E-04 36% PU238 68304E-04 29% AM241 3.9117E-04 17%
55 23273E-03 PU239 83547E-04 36% PU238 676795-04 29% AM241 38759E-04 17%
60 2.2988E-03 PU239 8.2521E-04 36% PU238 6.6848E-04 29% AM241 38283E-04 17%
18 2.2805E-03 PU239 8.1867E-04 36% PU238 66318E-04 29% AM241 37980E-04 17%
61 22631E-03 PU239 8.1242E-04 36% PU238 6.5812E-04 29% AM241 3.7690E-04 17%
36 22489E-03 PU239 80732E-04 36% PU238 6.5399E-04 29% AM241 3.7453E-04 17%
51 2.2143E-03 PU239 7.9487E-04 36% PU238 6,4391E-04 29% AM241 3.6876E-04 17%
49 22143E-03 PU239 7.9487E-04 36% PU238 6,4391E-04 29% AM241 3.6876E-04 17%
46 2,1860E-03 PU239 7,8472E-04 36% PU238 63568E-04 29% AM241 36405E-04 17%
21 2.1672E-03 PU239 7.7797E-04 36% PU238 6.3021E-04 29% AM241 3,6092E-04 17%
23 2.1421E-03 PU239 7.6898E-04 36% PU238 6.2294E-04 29% AM241 3.5675E-04 17%
52 2 1156E-03 PU239 7,5946E-04 36% PU238 6.1522E-04 29% AM241 3.5233E-04 17%
44 21094E-03 PU239 7.5722E-04 36% PU238 61341E-04 29% AM241 3.5129E-04 17%
38 20775E-03 Pu23g 7.4578E-04 36% PU238 6,0414E-04 29% AM241 3,4599E-04 17%
8 2.05735-03 PU239 7,3854E-04 36% PU238 5.9828E-04 29% AM241 3.4263E-04 17%
16 20442E-03 PU239 7.3382E-04 36% PU238 5.9445E-04 29% AM241 3.4044E-04 17%
42 2.0302E-03 PU239 7.2882E-04 36% PU238 5.9040E-04 29% AM241 3.3812E-04 17%
33 2.0017E-03 PU239 7.1857E-04 36% PU238 5.8210E-04 29% AM241 3.3336E-04 17%
17 19786E.,03 PU239 7,1028E-04 36% PU238 5.7538E-04 29% AM241 3.2952E-04 17%
41 1.9625E-03 PU239 7.0449E-04 36% PU238 5,7069E-04 29% AM241 3,2683E-04 17%
24 1,9456E-03 PU239 6.9843E-04 36% PU238 5.6578E-04 29% AM241 3.2402E-04 17%
5 19333E-03 PU239 6.9403E-04 36% PU238 56222E-04 29% AM241 3.2198E-04 17%
9 1.9135E-03 PU239 6.8690E-04 36% PU238 5.5644E-04 29% AM241 3.1867E-04 17%
68 1.8860E-03 PU239 6.7704E-04 36% PU238 5.4845E-04 29% AM241 3.1410E-04 17%
26 1.8639E.O3 PU239 6.6912E-04 36% PU238 5.4204E-04 29% AM241 3,1042E-04 17%
27 1.8579E-03 PU239 6.6694E-04 36% PU238 5.4027E-04 29% AM241 3,0941E-04 17%

(Time of Intrusion, 350 years)

03 32 21649E-03 PU239 1,1672E-03 54% AM241 4.1114E-04 19% PU240 3.0632E-04 14%
39 2,1478E-03 PU239 1.1580E-03 54% AM241 4.0789E-04 19% PU240 3.0389E-04 14%
70 2.1415E-03 PU239 1.1546E-03 54% AM241 4.0670E-04 19% PU240 3.0301E-04 14%
63 2,1182E-03 PU239 1,1420E-03 54% AM241 4.0227E-04 19% PU240 2.9971E-04 14%
25 21069E-03 PU239 1.1359E-03 54% AM241 4 0011E-04 19% PU240 29810E-04 14%
58 2,0944E-03 PU239 1.1292E.03 54% AM241 3,9774E-04 19% PU240 2,9633E-04 14%
30 20808E-03 PU239 1.1218E-03 54% AM241 3.9516E-04 19% PU240 2.9441E-04 14%
19 2 0706E-03 PU239 1.1164E-03 54% AM241 3.9323E-04 19% PU240 2.9297E-04 14%
62 20577E-03 PU239 1.1094E-03 54% AM241 3.9077E-04 19% PU240 2,9114E-04 14%
3 2 0436E-03 PU239 1.1018E-03 54% AM241 3.8809E-04 19% PU240 2.8914E-04 14%
13 20295E-03 PU239 10942E-03 54% AM241 3.8542E-04 19% PU240 2.8715E-04 14%
22 2.0121E-03 PU239 IO848E-03 54% AM241 3.8212E-04 19% PU240 2.8469E-04 14%
47 1.9987E-03 PU239 10776E-03 54% AM241 3,7956E-04 19% PU240 2.8279E-04 14%
7 19797E-03 PU239 1.0673E-03 54% AM241 37595E-04 19% PU240 2,8010E-04 14%
1 19724E-03 PU239 1.0634E-03 54% AM241 37458E-04 19% PU240 2,7907E-04 14%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion. 350 years)

50 1.9523E-03 PU239 1.0526E-03 54% AM241 3.7077E-04 19% PU240 2.76245-04 14%
45 1,9429E-03 PU239 1.0475E-03 54% AM241 3.6897E-04 19% PU240 2.74905-04 14%
65 19268E-03 PU239 1.0388E-03 54% AM241 3,6591E-04 19% PU240 272625-04 14%
43 1.9063E-03 PU239 1.0278E-03 54% AM241 3.6202E-04 19% PU240 26972E-04 14%
12 18963E-03 PU239 1,0224E-03 54% AM241 3.6013E-04 19% PU240 2.6831E-04 14%
31 1 88645-03 PU239 1.0170E-03 54% AM241 3,5824E-04 19% PU240 26691E-04 14%
4 1.8732E-03 PU239 1.0099E-03 54% AM241 35573E-04 19% PU240 2.6503E-04 14%
48 1,8594E-03 PU239 1,0025E-03 54% AM241 353125-04 19% PU240 26309E-04 14%
54 1.8418E-03 PU239 9.9301E-04 54% AM241 3,4978E-04 19% PU240 2.6060E-04 14%
37 1 8314E-03 PU239 9.8739E-04 54% AM241 3.4780E-04 19% PU240 2,59135-04 14%
69 1.8112E-03 PU239 97648E-04 54% AM241 34396E-04 19% PU240 25626E-04 14%
2 1.8030E-03 PU239 9.7206E-04 54% AM241 3.4240E-04 19% PU240 2,5510E-04 14%
35 1.7812E-03 PU239 9.6031E-04 54% AM241 3.3826E-04 19% PU240 2.5202E-04 14%
67 1.7779E-03 PU239 9.5855E-04 54% AM241 3,3764E-04 19% PU240 25156E-04 14%
28 1.7633E-03 PU239 9.5064E-04 54% AM241 3.3486E-04 19% PU240 2.4948E-04 14%
6 1.7421E-03 PU230 9.3924E-04 54% AM241 3,3084E-04 19% PU240 2.4649E-04 14%
40 1.7243E-03 PU239 9.29625-04 54% AM241 32745E-04 19% PU240 2.4397E-04 14%
56 1.7119E-03 PU239 9.2292E-04 54% AM241 3.2510E-04 19% PU240 2.4221E-04 14%
I0 1.7070E-03 PU239 9.2031E-04 54% AM241 3.2417E-04 19% PU240 2.4152E-04 14%
34 1.6952E-03 PU239 9 1392E-04 54% AM241 32193E-94 19% PU240 2 3985E-04 14%
66 16747E-03 PU239 9.0292E-04 54% AM241 3.1805E !i,_4 19% PU240 23696E-04 14%
53 1,6603E-03 PU239 8.9512E-04 54% AM241 3 15305-04 19% PU240 2.34915-04 14%
64 1.6426E-03 PU239 8,8560E-04 54% AM241 3.1195E-04 19% PU240 2,3241E-04 14%
59 1.6389E-03 PU239 8,8359E-04 54% AM241 3.1124E-04 19% PU240 2.31895-04 14%
57 1.6250E-03 PU239 8.7611E-04 54% AM241 3.0861E-04 19% PU240 2.2992E-04 14%
14 1,6069E-03 PU239 8.66355-04 54% AM241 3.0517E-04 19% PU240 2.2736E-04 14%
20 1.5931E-03 PU239 8.5891E-04 54% AM241 3.0255E-04 t9% PU240 2.2541E-04 14%
15 1.5756E-03 PU239 8.4948E-04 54% AM241 2.9923E-04 19% PU240 2.2294E-04 14%
29 1.5666E-03 PU239 8.4464E-04 54% AM241 2.9752E-04 19% PU240 2,2166E-04 14%
11 1.5561E-03 PU239 8,3894E-04 54% AM241 2.9551E-04 19% PU240 2.2017E-04 14%
55 1.5419E-03 PU239 8.3127E-04 54% AM241 2.9281 E-04 19% PU240 2.1816E-04 14%
60 152295-03 PU239 8.2106E-04 54% AM241 2.8921E-04 19% PU240 21548E-04 14%
18 1.5108E-03 PU239 8.1455E-04 54% AM241 2.8692E-04 19% PU240 2.1377E-04 14%
61 1.4993E-03 PU239 8,0834E-04 54% AM241 2.8473E-04 19% PU240 2.1214E-04 14%
36 1.48995-03 PU239 8.0326E-04 54% AM241 2.8294E-04 19% PU240 2.1080E-04 14%
51 1,4669E-03 PU239 7.9088E-04 54% AM241 2.7858E-04 19% PU240 20756E-04 14%
49 1.4669E-03 PU239 7,9088E-04 54% AM241 2.7858E-04 19% PU240 2.0756E-04 14%
46 1.44825-03 PU239 7.8078E-04 54% AM241 2.7502E-04 19% PU240 2,0490E-04 14%
21 1.4357E-03 PU239 77406E-04 54% AM241 2.7266E-04 19% PU240 2.0314E-04 14%
23 1.4192E-03 PU239 7.6512E-04 54% AM24! 2.6951E-04 19% PU240 20080E-04 14%
52 1.4016E-03 PU239 7.5564E-04 54% AM241 2.6617E-04 19% PU240 1.98315-04 14%
44 1.39755-03 PU239 7.5342E-04 54% AM241 2.6539E-04 19% PU240 1.9772E-04 14%
38 13763E-03 PU239 7A203E-04 54% AM241 2.61385-04 19% PU240 1.9474E-04 14%
8 1.36305-03 PU239 7.3483E-04 54% AM241 2.5884E-04 19% PU240 1.9285E-04 14%
16 1.3543E-03 PU239 73013E-04 54% AM241 2.5718E-04 19% PU240 1.9161E-04 14%
42 1.3450E-03 PU239 72516E-04 54% AM241 2.5543E-04 19% PU240 1.9031E-.04 14%
33 1.3261E-03 PU239 7 14965-04 54% AM241 2.5184E-04 19% PU240 1.8763E-04 14%
17 1.3108E-03 PU239 7.0671E-04 54% AM241 2.4894E-04 19% PU240 1.8547E-04 14%
41 1.3001E-03 PU239 7.0095E-04 54% AM241 2.4691E-04 19% PU240 18395E-04 14%
24 1.2890E-03 PU239 6,9492E-04 54% AM241 2.4478E-04 19% PU240 18237E-04 14%
5 1.2808E-03 PU239 6.9054E-04 54% AM241 2.4324E-04 19% PU240 1.8122E-04 14%
9 12677E-03 PU239 6.8344E-04 54% AM241 24074E-04 19% PU240 1.7936E-04 14%
68 1.24955-03 PU239 6.7364E-04 54% AM241 2.3728E-04 19% PU240 176795-04 14%
26 1.2349E-03 PU239 6,6575E-04 54% AM241 2.3451E-04 19% PU240 1.7472E-04 14%
27 12308E-03 PU239 66358E-04 54% AM241 2,3374E-04 19% PU240 1.7415E-04 14% _
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to hltegrated Discharge

(Time of Intrusion, 1000 years)

04 32 16156E-03 PU239 1 1455E-03 71°,6 PU240 2.8591E-04 18°/0 AM241 1.4496E-04 9°/0
39 16028E-03 PU239 1 1365E.03 71% PU240 2.8365E-04 18% AM241 1.4382E-04 9°/0
70 1.5982E-03 PU239 1 1332E-03 71% PU240 2 8282E-04 18% AM241 1.4340E-04 9%
63 1.5808E-03 PU239 1 1208E-03 71% PU240 2.7974E-04 18% AM241 1.4184E-04 9%
25 15723E-03 PU239 1 1148E-03 71% PU240 2.7825E-04 18% AM241 1.4108E-04 9%
58 15630E..03 PU239 1 1082E-03 71% PU240 2.7660E-04 18% AM241 1.4024E-04 9%
30 1.5528E-03 PU239 1 1010E-03 71% PU240 2.7480E-04 18% AM241 1.3933E-04 9%
19 1 5452E-03 PU239 1.0957E-03 71% PU240 2.7346E-04 18% AM241 1.3865E-04 9%
62 1 5356E-03 PU239 1.0888E-03 71% PU240 2.7175E-04 18% AM241 1.3778E-04 9%
3 15250E-03 PU239 1.0813E-03 71% PU240 26989E-04 18% AM241 1.3684E-04 9%
13 15146E-03 PU239 1.0739E-03 71% PU240 26803E-04 18% AM241 1.3590E-04 9%
22 1.5016E-03 PU239 1.0647E-03 71% PU240 2.6573E-04 18% AM241 13473E-04 9%
47 1.4915E-03 PU239 1.0576E-03 71% PU240 2.6396E-04 18% AM241 1.3383E-04 9%
7 1.4774E-03 PU239 1.0475E-03 71% PU240 2.6145E-04 18% AM241 1.3256E-04 9%
1 1.4719E-03 PU239 1.0437E-03 71% PU240 26049E-04 18% AM241 13207E-04 9%
50 1,4570E-03 PU239 1.0331E-03 71% PU240 ?,5784E-04 18% AM241 1.3073E-04 9%
45 1.4499E-03 PU239 1.0281E-03 71% PU240 ,Z.5659E-04 18% AM241 1.3010E-04 9%
65 1,4379E-03 PU239 1.0195E-03 71% PU240 2,5446E-04 18% AM241 1.2902E-04 9%
43 1.4226E-03 PU239 1.0087E-03 71% PU240 2.5176E-04 18% AM241 1.2765E-04 9%
12 1.4152E-03 PU239 1.0034E-03 71% PU240 2.5044E-04 18% AM241 1.2698E-04 9%
31 1,4078E-03 PU239 99817E-04 71.°/o PU240 24913E-04 18% AM241 12631E-04 9%
4 13979E-03 PU239 99117E-04 71% PU240 2,4738E-04 18% AM241 12543E-04 9%
48 13876E-03 PU239 9.8389E-04 71% PU240 2.4557E-04 18% AM241 12451E-04 9%
54 t,3745E-03 PU239 9.7459E-04 71% PU240 2.4324E-04 18% AM241 12333E-04 9%
37 1.3667E-03 PU239 9.6908E-04 71% PU240 2.4187E-04 18% AM241 12263E-04 9%
69 1.3516E-03 PU239 9.5836E-04 71% PU240 2.3920E-04 18% AM241 12128E-04 9%
2 1.3455E-03 PU239 9,5403E-04 71% PU240 2.3811E-04 18% AM24'I 1.2073E-04 9%
35 1.3292E-03 PU239 9,4250E-04 71% PU240 2.3524E-04 18% AM241 1.1927E-04 9%
67 1.3268E-03 PU239 9.4077E-04 71% PU240 23480E-04 18'7o AM241 1,1905E-04 9%
28 1.3159E-03 PU239 9.3300E-04 71% PU240 23287E-04 18% AM241 1.1807E-04 9%
6 13001E-03 PU239 92182E-04 71% PU240 2,3007E-04 18% AM241 11665E-04 9%
40 12868E-03 PU239 9.1237E-04 71% PU240 2.2772E-04 18% AM241 1,1546E-04 9%
56 1,2775E-03 PU239 9,0581E-04 71% PU240 2.2608E-04 18% AM241 1.1463E-04 9%
10 1.2739E-03 PU239 9.0324E-04 71% PU240 2.2544E-04 18% AM241 1,1430E-04 9%
34 12650E-03 PU239 89697E-04 71% PU240 2.2387E-04 18% AM241 1.1351E-04 9%
66 1.2498E-03 PU239 8.8617E-04 71% PU240 2.2118E-04 18% AM241 1.1214E-04 9%
53 12390E-03 PU239 8.7851E-04 71% PU240 2.1927E-04 18% AM24I 1,1117E-04 9%
64 1,2258E-03 PU239 8.6917E-04 71% PU240 2.1694E-04 18% AM241 1,0999E-04 9%
59 1.2230E-03 PU239 8.6720E-04 71% PU240 2.1644E-04 18% AM241 1.0974E-04 9%
57 1,2127E-03 PU239 8.5986E-04 71% PU240 2.1461E-04 18% AM241 1.0881E-04 9%
14 1 1992E-03 PU239 8.5028E-04 71% PU240 2.1222E-04 18% AM241 1.0760E-04 9%
20 1 1889E-03 PU23CJ 8.4298E-04 71% PU240 2.1040E-04 18% AM241 1.0668E-04 9%
15 1 1758E-03 PU239 83373E-04 71% PU240 2.0809E-04 18% AM241 1.0550E-04 9%
29 1 1691E-03 PU239 8.2897E-04 71% PU240 2,0690E-04 18% AM241 1.0490E-04 9%
11 1 1613E-03 PU239 82338E-04 71% PU240 20551E-04 18% AM241 1.0420E-04 9%
55 1 1506E-03 PU239 8.1585E-04 71% PU240 2.0363E-04 18% AM241 1.0324E-04 9%
60 1 1365E-03 PU239 8.0583E-04 71% PU240 2.0113E-04 18% AM241 1.0197E-04 9%
18 1 1275E-03 PU239 7.9944E-04 71% PU240 19953E-04 18% AM241 1 Ol17E-04 9%
61 1 1189E-03 PU239 79334E-04 71% PU240 1.9801E-04 18% AM241 1.0039E-04 9%
36 1 1119E-03 PU239 7.8836E-04 71% PU240 19676E-04 18% AM241 9.9764E-05 9%
51 1.0947E-03 PU239 7.7621E-04 71% PU240 1.9373E-04 18% AM241 9.8226E-05 9%
49 1,0947E-03 PU239 7.7621E-04 71% PU240 1.9373E-04 18% AM241 9.8226E-05 9%
46 1.0807E-03 PU239 7.6629E-04 71% PU240 1.9126E-04 18% AM241 9.6971E-05 9%
21 1.0714E-03 PU239 75970E-04 71% PU240 1.8961E-04 18% AM241 9.6137E-05 9%
23 1.0591E-03 PU239 7,5093E-04 71% PU240 1.8742E-04 18% AM241 9.5026E-05 9%
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AppendixC: LHS Samplesand CalculatedNormalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-
Scen norrnalized

ID Vector Cuttings Top 3 RadionuclidesContribution to IntegratedDischarge

(Time of Intrusion, 100 years)

52 1.0460E-03 PU239 7.41635-04 71% PU240 1.85105-04 18% AM241 9.3850E-05 9%
44 1.04295-03 PU239 7.39445-04 71% PU240 1.8456E-04 18% AM241 9.35735-05 9%
38 1.02715-03 PU239 7.28275-04 71% PU240 1.81775-04 18% AM241 9.2159E-05 9%
8 1.0171E-03 PU239 7212OE-04 71°,6 PU240 1.8000E-04 18% AM241 9.1265E-05 9%
16 10106E-03 PU239 7.16585-04 71% PU240 1.7885E-04 18% AM241 9.06815-05 9%
42 1.00385-03 PU239 7.11715-04 71% PU240 1.7763E-04 18% AM241 9.00635-05 9%
33 9.89645-04 PU239 7.01705-04 71% PU240 1.75135-04 t8% AM241 8.87975-05 9%
17 9.78225-04 PU239 6.93605-04 71% PU240 1.731t5-04 18% AM241 877725-05 9°6
41 9.70245-04 PU239 6.8795E-04 71% PU240 1.7!70E-04 18°,6 AM241 8.70575-05 9%
24 9.6190E-04 PU239 6.82035-04 71% PU240 1.7023E-04 18% AM241 8.6308E-05 9%
5 9.5584E-04 PU239 6.7774E-04 71% PU240 1.69155.04 18% AM241 85765E-05 9%
9 9.4601E-04 PU239 6.7077E-04 71% PU240 1.6742E-04 18% AM241 8.48835-05 9%
68 9.3244E-04 PU239 6.61145-04 71% PU240 1.6501E-04 18% AM241 8.'_a655-05 9%
26 9.2153E-04 PU239 65341E-04 71% PU240 1.63085-04 18% AM241 8.25865-05 9%
27 9.1852E-04 PU239 6.51275-04 71% PU240 1.6255E-04 18% AM241 8.24165-05 9%

(Time of Intrusion, 3000 years)

05 32 135645-03 PU239 1.0814E-03 80% PU240 2.31285-04 17% U233 2.7246E-05 2%
39 1.34575-03 PU239 1.07295-03 80% PU240 2.29455-04 17% U233 2.70315-05 2%
70 1.34185-03 PU239 1.06975-03 80% PU240 2,2878E-04 17% U233 2.6952E-05 2%
63 13271E-03 PU239 1.0581E-03 80% PU240 2.26295-04 17% U233 266585-05 2%
25 1.3200E.-03 PU239 10524E-03 80% PU240 2.2508E-04 17% U233 2.6515E-05 2%
58 1.3122E-03 PU239 104625-03 80% PU240 2.2374E-04 17% U233 26359E-05 2%
30 13037E-03 PU239 1.0394E-03 80% PU240 22229E-04 17% U233 2.6188E-05 2%
19 1.2973E-03 PU_39 1.0343E-03 80% PU240 22121E-04 17% U233 26060E-05 2%
62 1.28925-03 PU239 t.0278E-03 80% PU240 2.1982E-04 17% U233 2 5896E-05 2%
3 12804E-03 PU239 1.0208E-03 80% PU240 2.1831E-04 17% U233 25719E-05 2%
13 1.2716E-03 PU239 1.01385-03 80% PU240 2.1681E-04 17% U233 25542E-05 2%
22 1.2607E-03 PU239 1.0051E-03 80% PU240 2,1495E-04 17% U233 25323E-05 2%
47 1 2522E-03 PU239 9.9837E-04 80% PU240 21352E-04 17% U233 2.5154E-05 2%
7 12403E-03 PU239 9.8887E-04 80% PU240 2.1149E-04 17% U233 2.4915E-05 2%
1 12358E-03 PU239 9,8525E-04 80% PU240 2.1071E-04 17% U233 24823E-05 2%
50 1.2232E-03 PU239 9.7523E-04 80% PU240 2.0857E-04 17% U233 2.4571E-05 2%
45 121735-03 PU239 9.7051E-04 80% PU240 2.07565-04 17% U233 24452E-05 2%
65 12072E-03 PU239 9.6246E-04 80% PU240 2.0584E-04 17% U233 2.4249E-05 2%
43 1.1944E-03 PU239 9.52235-04 80% PU240 20365E-04 17% U233 2.3991E-05 2%
12 1.1881E-03 PU239 9.4726E-04 80% PU240 2.0259E-04 17% U233 2.3866E-05 2%
31 1.1819E-03 PU239 9.4229E-04 80% PU240 20152E-04 17% U233 2.3741E-05 2%
4 1.1736E-03 PU239 9.3568E-04 80% PU240 2.00115-04 17% U233 2.3574E-05 2%
48 1.1650E-03 PU239 92881E-04 80% PU240 19864E-04 17% U233 2.3401E-05 2%
54 1 1540E-03 PU239 9.2003E-04 80% PU240 1.9676E-04 17% U233 2.3180E-05 2%
37 1.1475E-03 PU239 9.1483E-04 80% PU240 1.9565E-04 17% U233 2.3049E-05 2%
69 1.1348E-03 PU239 9.0472E-04 80% PU240 1.9349E-04 17% U233 2.2794E-05 2%
2 1.1296E-03 PU239 9.0063E-04 80% PU240 1.9261E-04 17% U233 2.2691E-05 2%
35 1.1160E-03 PU239 8.8974E-04 80% PU240 19028E-04 17% U233 2.2417E-05 2%
67 1.1139E-03 PU239 8.8811E-04 80% PU240 1.8994E-04 17% U233 2.2376E-05 2%
28 1 1047E-03 PU239 88078E-04 80% PU240 1.88375-04 17% U233 2.2191E-05 2%
6 1.0915E-03 PU239 8.7021E-04 80% PU240 1.8611E-04 17% U233 2.1925E-05 2%
40 1.0803E-03 PU239 8.6130E-04 80% PU240 1.8420E-04 17% U233 2.1700E-05 2%
56 1.0725E-03 PU239 8.5510E-04 80% PU240 1.8288E-04 17% U233 2.1544E-05 2%
10 1.0695E-03 PU239 8.5268E-04 80% PU240 1,8236E-04 17% U233 2.1483E-05 2%
34 1.0621E-03 PU239 8.4676E-04 80% PU240 1.8109E-04 17% U233 2 13345-05 2%
66 1.0493E-03 PU239 8.3656E-04 80% PU240 1.7891E-04 17% U233 2.1077E-05 2%
53 1.0402E-03 PU239 8.2934E-04 80% PU240 1.7737E-04 17% U233 20895E-05 2%
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Appendix C: LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp. Total EPA-

Scen. normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 3000 years)

64 1.02925-03 PU239 8.2052E-04 80% PU240 1.7548E-04 17% U233 2.0673E-05 2%
59 1,0268E-03 PU239 8.18655-04 80% PU240 1.75085-04 17% U233 2.06265-05 2%
57 1.0181E-03 PU239 8.11735-04 80% PU240 1,73605-04 17% U233 20451E-05 2%
14 1.00685-03 PU239 8,02695-04 80% PU240 1.71675-04 17% U233 2.02245-05 2%
20 9.98155-04 PU239 7.95795-04 80°/0 PU240 1,7019E-04 17% U233 2.00505-O5 2%
15 9,8719E-04 PU239 7,8706E-04 80% PU240 1.68325-04 17°/0 U233 1.9830E-05 2%
29 9,8156E-04 PU239 7.8257E-04 80% PU240 1,67365-04 17% U233 1,97175-05 2%
11 97494E-04 PU239 7,7729E-04 80% PU240 1.6624E-04 17% U233 1.9584E-05 2%
55 9.6602E-04 PU239 7,7018E-04 80% PU240 1.6472E-04 17% U233 19405E-05 2%
60 9.5416E-04 PU239 7.6072E-04 80% PU240 1.6269E-04 17% U233 1.9166E-05 2%
18 9.4660E-04 PU239 7.54695-04 80% PU240 1.614OE-04 17% U233 19014E-05 2%
61 9.3937E-04 PU239 7,4893E-04 80% PU240 16017E-04 17% U233 1.8869E-05 2%
36 93347E-04 PU239 7.4423E-04 80% PU240 1,5917E-04 17% U233 18751E-05 2%
51 9.1908E-04 PU239 7.3276E-04 80% PU240 1.56715-04 17% U233 1.8462E-O5 2%
49 9.1908E-04 PU239 7,3276E-04 80% PU240 1,5671E-04 17% U233 1.8462E-05 2%
46 9.0735E-04 PU239 7.2340E-04 80% PU240 1.5471E-04 17% U233 18226E-05 2%
21 89954E-04 PU239 7.1717E-04 80% PU240 15338E-04 17% U233 1.8069E-05 2%
23 8.8915E-04 PU239 7.0889E-04 80% PU240 1.5161E-04 17% U233 1.7860E-05 2%
52 8.7814E-04 PU239 7.0011E-04 80% PU240 1.4973E-04 17% U233 1.7639E-05 2%
44 875555-04 PU239 69805E-04 80% PU240 1.49295-04 17% U233 1.7587E-05 2%
38 8.62325-04 PU239 6.8750E-04 80% PU240 1.4703E-04 17% U233 1.7322E-05 2%
8 8.5395E-04 PU239 6.8083E-04 80% PU240 1,45615-04 17% U233 1.7153E-05 2%
16 8.4849E-04 PU239 6,7647E-04 80% PU240 1.4467E-04 17% U233 1.7044E-05 2%
42 8.4271E-04 PU239 67187E-04 80% PU240 1,4369E-04 17% U233 1.6928E-05 2%
33 83086E-04 PU239 6.6242E-04 80% PU240 1,41675-04 17% U233 1.6690E-05 2%
17 8,2127E-04 PU239 65478E-04 80% PU240 14003E-04 17% U233 16497E-05 2%
41 8.14585-04 PU239 6.49445-04 80% PU240 13889E-04 17% U233 1.63635-05 2%
24 80757E-04 PU239 6.4385E-04 80% PU240 1,37705-04 17°/0 U233 1.6222E-05 2%
5 8.02495-04 PU239 63980E-04 80% PU240 1.36835-04 17% U233 1 61205-05 2%
9 7.9424E-04 PU239 6.33225-04 80% PU240 1.35425-04 17% U233 1.5954E-05 2%
68 7.8284E-04 PU239 6.2413E-04 80% PU240 1,3348E-04 17°/0 U233 1.5725E-05 2%
26 7.73685-04 PU239 6.16835-04 80% PU240 1.31925-04 17% U233 1.55415-05 2%
27 7,7116E-04 PU239 6.t482E-04 80% PU240 1.31495-04 17% U233 1.5490E-05 2%

(Time of Intrusion, 7250 years)

06 32 1.1421E-03 PU239 9.56825-04 84% PU240 1.47375-04 13°/0 U233 2.6750E-05 2%
39 1.13315-03 PU239 9.4925E-04 84% PU240 146215-04 13% U233 2.65385-05 2%
70 1.1298E-03 PU239 9.46485-04 84% PU240 1,45785-04 13°/0 U233 2.6461E-05 2%
63 1.1174E-03 PU239 9.3617E-04 84°/0 PU240 1,44195-04 13°/0 U233 261725-05 2%
25 1.11155-03 PU239 9.3115E-04 84% PU240 1.43425-04 13°/0 U233 2.6032E-05 2%
58 1.1049E-03 PU239 9.25645-04 84% PU240 1.42575-04 13°/0 U233 2.5878E-05 2%
30 1.09775-03 PU239 9.1964E-04 84% PU240 1.41655-04 13°/0 U233 25710E-05 2%
19 1,09235-03 PU239 9.15145-04 84°/0 PU240 1.4095E-04 13°/0 U233 2.55845-05 2%
62 1.08555-03 PU239 9.09415-04 84% PU240 1.40075-04 13°/0 U233 2,54245-05 2%
3 1.07815-03 PU239 9.0318E-04 84% PU240 1.39115-04 13% U233 2.5250E-05 2%
13 1.07075-03 PU239 8.96975-04 84% PU240 1,38155-04 13% U233 2.50765-05 2%
22 1.06155-03 PU239 8.8928E-04 84% PU240 1.3697E-04 13% U233 2.4861E-05 2%
47 1 0544E-03 PU239 8.8334E-04 84% PU240 1.3606E-04 13% U233 24695E-05 2%
7 1,0444E-03 PU239 8.7494E-04 84% PU240 1,3476E-04 13% U233 24460E-05 2%
1 1.0405E-03 PU239 8.7173E-04 84% PU240 1,3427E-04 13% U233 2.4371E-05 2%
50 1.0299E-03 PU239 8,6286E-04 84% PU240 13290E-04 13% U233 2.4123E-05 2%
45 1.02505-03 PU239 85869E-04 84% PU240 1,3226E-04 13% U233 24006E-05 2%
65 1.0165E-03 PU239 8,5157E-04 84% PU240 13116E-04 13% U233 2.3807E-05 2%
43 1.0057E-03 PU239 8.4251E-04 84% PU240 1,2977E-04 13% U233 23554E-05 2%
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Appendix C LHS Samples and Calculated Normalized Releases

Table C-7. Vectors with RH Cuttings Discharged to the Ground Surface (Continued)

Comp Total EPA-

Scen, normalized

ID Vector Cuttings Top 3 Radionuclides Contribution to Integrated Discharge

(Time of Intrusion, 7250 years)

12 10004E-03 PU239 8.3811E-04 84% PU240 1.2909E-04 13% U233 2.3431E-05 2%
31 9.9516E-04 PU239 8.3372E-04 84% PU240 1 2841E-04 13% U233 23308E-05 2%
4 9.8818E-04 PU239 8,2787E-04 84% PU240 12751E-04 13% U233 2.3145E-05 2%
48 9.8092E-04 PU239 82179E-04 84% PU240 12658E-04 13% U233 2.2975E-05 2%
,54 9 7165E-04 PU239 8 1403E-04 84% PU240 12538E-04 13% U233 22757E-05 2%
37 96616E-04 PU239 8.0942E-04 84% PU240 1.2467E-04 13% U233 2.2629E-05 2%
69 9 5548E-04 PU239 80048E-04 84% PU240 12329E-04 13% U233 22379E-05 2%
2 95116E-04 PU239 79686E-04 84% PU240 1.2274E-04 13% U233 22277E-05 2%
35 93966E-04 PU239 78722E-04 84% PU240 1.2125E-04 13% U233 22008E-05 2%
67 9 3793E-04 PU239 7.8578E-04 84% PU240 1 2103E-04 13% U233 2.1968E-05 2%
28 9,3019E-04 PU239 77929E-04 84% PU240 1 2003E-04 13% U233 2.1786E-05 2%
6 9 1904E-04 PU239 7.6995E-04 84% PU240 1.1859E-04 13% U233 2.1525E-05 2%
40 9.0962E-04 PU239 7 6206E-04 84% PU240 1.1738E-04 13% U233 2.1305E-05 2%
56 9 0308E-04 PU239 7.5658E-04 84% PU240 1,1653E-04 13% U233 2,1151E-05 2%
10 9,0052E-04 PU239 7,5443E-04 84% PU240 1.1620E-04 13% U233 21091E_05 2%
34 89427E-04 PU239 7.4920E-04 84% PU240 1 1539E-04 13% U233 20945E-05 2%
66 88350E-04 PU239 7 4018E-04 84% PU240 1 1400E-04 13% U233 2.0693E-05 2%
53 8 7587E-04 PU239 73378E-04 84% PU240 1.1302E-04 13% U233 20514E-05 2%
64 8 6656E-04 PU239 7 2598E-04 84% PU240 1 1182E-04 !3% U233 2 0296E-05 2%
59 86458E-04 PU239 7 2433E-04 84% PU240 1 1156E-04 13% U233 20250E-05 2%
57 85727E-04 PU239 7.1820E-04 84% PU240 1 1062E-04 13% U233 20078E-05 2%
14 8.4772E-04 PU239 7.1020E-04 84% PU240 1,0939E-04 13% U233 19855E-05 2%
20 8.4044E-04 PU239 7 0410E-04 84% PU240 1 0845E-04 13% U233 1 9684E-05 2%
15 8 3122E-04 PU239 69637E-04 84% PU240 1 0726E-04 13% U233 1 9468E-05 2%
29 8 2647E-04 PU239 69240E-04 84% PU240 1.0665E-04 13% U233 19357E-05 2%
11 8.2090E-04 PU239 68773E-04 84% PU240 1,0593E-04 13% U233 1 9227E-05 2%
55 8 1339E-04 PU239 68144E-04 84% PU240 1 0496E-04 13% U233 19051E-05 2%
60 80340E-04 PU239 67307E-04 84% PU240 1 0367E-04 13% U233 18817E-05 2%
18 79703E-.04 PU239 6.6774E-04 84% PU240 1.0285E-04 13% U233 18668E-05 2%
61 7 9095E-04 PU239 66264E-04 84% PU240 1 0206E-04 13% U233 18525E-05 2%
36 7 8598E-04 PU239 6.5848E-04 84% PU240 1 0142E-04 13% U233 1 8409E-05 2%
51 7.7387E-04 PU239 64833E-04 84% PU240 99858E-05 13% U233 18125E-05 2%
49 7 7387E-04 PU239 6 4833E-04 84% PU240 9 9858E-05 13% U233 1.8125E-05 2%
46 7.6399E-04 PU239 64005E-04 84% PU240 9.8583E-05 13% U233 1 7894E-05 2%
21 7 5741E-04 PU239 63454E-04 84% PU240 97735E-05 13% U233 1 7740E-05 2%
23 7,4866E-04 PU239 62721E-04 84% PU240 96606E-05 13% U233 1.7535E-05 2%
52 7.3939E-04 PU239 6,1945E-04 84% PU240 9 5410E-05 13% U233 1 7318E-05 2%
44 7 3722E-04 PU239 61762E-04 84% PU240 9.5129E-05 13% U233 1.7267E-05 2%
38 7.2607E-04 PU239 60829E-04 84% PU240 93691E-05 13% U233 1,7006E-05 2%
8 7 1903E-04 PU239 60238E-04 84% PU240 92782E-05 13% U233 1.6841E-05 2%
16 7.1443E-04 PU239 59853E-04 84% PU240 9.2188E-05 13% U233 1.6733E-05 2%
42 7.0956E-04 PU239 59445E-04 84% PU240 9,1560E-05 13% U233 1,6619E-05 2%
33 69958E-04 PU239 5,8609E-04 84% PU240 90273E-05 13% U233 16385E-05 2%
17 6.9151E-04 PU239 5.7933E-04 84% PU240 8,9231E-05 13% U233 16196E-05 2%
41 6.8587E-04 PU239 5,7461E-04 84% PU240 8.8504E-05 13% U233 1.6064E-05 2%
24 67998E-04 PU239 56967E-04 84% PU240 8.7743E-05 13% U233 15926E-05 2%
5 67569E-04 PU239 56608E-04 84% PU240 8.7190E-05 13% U233 1.5826E-05 2%
9 6 6875E-04 PU239 5.6026E-04 84% PU240 8.6294E-05 13% U233 1.5663E-05 2%
68 6,5915E-04 PU239 5,5222E-04 84% PU240 8.5055E-05 13% U233 1.5438E-05 2%
26 6,5144E-04 PU239 54576E-04 84% PU240 8,4060E-05 13% U233 1.5258E-05 2%
27 6,4931E-04 PU239 5.4398E-04 84% PU240 8.3786E-05 13% U233 1 5208E-05 2%
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Marietta and Nowak, November 25, 1992

Date: 11/25/92

To : Distribution

From: M.G. Marietta, 6342, and EoJ. Nowak, 6345

Subject: Joint Memorandum from SNL Departments 6342 and 6345 on WIPP

Performance Assessment Needs, Priorities, and Thresholds for

Solubility Tests

Marietta and Gelbard, December 14, 1992

Date: 12/14/92

To: Distribution

From: M.G. Marietta, 6342, and F. Gelbard, 6119

Subject: Joint Memora1_dum from SNL Departments 6342 and 6119 on WIPP

Performance Assessment Needs, Priorities, and Thresholds for

Tracer Column l_xperiments
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SandiaNationalLaboratories
date November 25, 1992 Albuquerque. New Mexico 87185

to_ Distribution

from . G. a 'etta (6342) and E. J. Nowak (6345)

subject Joint Memorandum from SNL Departments 6342 and 6345 on WIPP Performance Assessment
Needs, Priorities, and Thresholds for Solubility Tests

This memo (1) records present WIPP Performance Assessment (PA) needs concerning
radionuclide concentrations in the waste-disposal panels and priorities of these needs, (2)
documents PA guidance and requests for information from the radionuclide source term
activities, and (3) discusses feasibility of providing these critical information needs.

BACKGROUND
(M. O. Marietta, 6342)

PA's needs for a quantitative understanding of radionuclide concentrations in the waste-
disposal panels should be considered in the context of the present understanding of the
Project's status with regard to regulatory compliance.

Performance assessments to date (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP
PA Division, 1991) indicate that radionuclides will reach the accessible environment only if
the repository is breached by human intrusion, and therefore only the Containment
Requirements of 40 CFR 191B and the safety assessments needed for NEPA evaluations are
of concern. The long-term requirements of RCRA (40 CFR 268.6) apply to the release of
non-radioactive contaminants at the disposal-unit boundary (i.e., the top of the Salado
Formation and the subsurface extension of the land-withdrawal boundary), and, as presently
interpreted by the WIPP Project, only to the undisturbed performance of the disposal
system. Calculations of undisturbed performance indicate that brine (and, by implication,
radionuclides) does not migrate from the disturbed rock zone surrounding the panels (WIPP
PA Department, 1992). Therefore, concentrations in brine are not needed for assessing
compliance with the long-term requirements of RCRA.

Assessments to date indicate that, for the preferred choice of conceptual model (i.e.,
including gas generation in the waste and dual-porosity transport in the Culebra with
chemical retardation), the shape and position of the CCDF used for comparison with 40
CFR 191B are determined primarily by the direct releases at the ground surface during
drilling (cuttings) (WIPP PA Division, 1991; Helton et al., 1992). Figure l shows the CCDFs
calculated for the 1991 performance assessment with and without groundwater transport in
the Culebra. Note that the mean, median, and 10and 90 quantile curves are relatively close
together, their positions are essentially unchanged by the inclusion of subsurface
groundwater releases, and normalized releases in the region of regulatory interest are
approximately 10-1 If subsurface releases are to affect the position of the CCDF, they must
result in normalized releases comparable in magnitude to those caused by cuttings. Releases
of radionuclides mobilized in brine that may flow directly to the ground surface following
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borehole intrusion have not been included in CCDFs to date, but preliminary estimates
indicate that they will be significantly less than particulate releases of cuttings.

These observations about the magnitude of the releases that may affect compliance lead to a
recognition of PA priorities for information on radionuclide concentrations in disposal
rooms. Releases orders of magnitude below the predicted cuttings releases are of little
regulatory interest. Because radionuclide concentrations do not affect the quantity of
particulate waste brought to the surface as cuttings and cavings, the primary impact of
changes in concentrations will be on subsurface releases, and changes that result in relatively
small changes in the subsurface release will have little effect on compliance. PA therefore
recommends concentrating solubility research on those radionuclides with the potential to
result in normalized releases greater than 10-2 (approximately one order of magnitude below
the presently predicted cuttings releases).

Figure 2 shows the EPA-normalized inventory of the repository, radionuclide by
radionuclide, as a function of time (based on the most recent IDB, as will be reported in
Volume 3 of the 1992 Preliminary Performance Assessment). Note that the two portions of
the figure are plotted at different scales, and that a horizontal line is drawn on each at an
EPA-normalized value of 10-2. Time-dependent inventories are shown to 105 yr, although a
vertical line is drawn on each figure at 104 yr, indicating the end of the regulatory period
specified by 40 CFR 19lB. Radionuclides whose normalized inventories never exceed 10-2
during 10t yr cannot result in releases greater than 10-2, and can therefore be dropped from
further consideration in analyses for 40 CFR 19lB.

Figure 2a shows that the normalized inventories of 239pu, 24°Pu, 24XAm, 233L.1,2_4U, 23rNp,
229Th, 23OTh, and 226Ra all exceed 10-_ during the 104-yr period. Figure 2b shows
normalized inventories for two additional radionuclides exceeding 10-2; 238pu (which is high
early in the regulatory period) and 21°pb (which barely reaches 10.2 at very late times
approaching 105 yr) exceeding 10-2. PA modeling for 1991 examined transport to the
accessible environment of 7 of these radionuclides (230pu, 24°Pu, 241Am, 233U, 2s'_U, 237Np,

and 23OTh) (WIPP PA Division, 1991, volume 2, section 6.5.2.10). Subsurface transport of
two of the remaining radionuclides will be modeled in 1992, 2ZOThand :26Ra. Transport of
238pu in the Culebra will not be modeled because of its short half-life (87.7 yr). Subsurface
transport of 21°pb will not be modeled because of its low inventory at 104 yr and short half-
life (22.3 yr), and consequent low impact on 40 CFR 191B compliance. 21Opb may be
considered for subsurface transport in future dose calculations as a daughter product created
in the Culebra. Transport of both 238Pu and _l°Pb in brine brought directly to the ground
surface following intrusion (not yet included in performance assessments)also has the
potential to contribute to doses.

Figure 3 shows cumulative (104 yr) normalized releases into the Culebra resulting from an
intrusion borehole that occurs at 103 yr (1991 PA, as reported in Helton et al., 1992) for the
seven transported radionuclides for the E IE2 scenario (upper row) and El scenario (lower
row) for three different assumptions. Figure 4 shows the corresponding CCDF plots.

The first column in Figure 3 plots releases into the Culebra from the borehole, bgfore any
retardation can occur in the Culebra. The corresponding CCDFs are shown in the top row
of Figure 4. The second column of Figure 3 shows releases to the accessible environment (5
km for this analysis) assuming no c.hemical retardation in the Culebra (i.e., K d = 0, as
stipulated in the Consultation and Cooperation (C & C) agreement between DOE and the
State of New Mexico [US DOE and State of New Mexico, 1981 as modified]). Note that
because a dual-porosity transport model was used, physical retardation does occur because of
diffusion into the dolomite matrix. The corresponding CCDFs are shown in the middle row
of Figure 4. The third column of Figure 3 shows releases to the accessible environment
calculated using the sampled values for Kd, and the corresponding CCDFs are shown in the
bottom row of Figure 4. These curves are incorporated in the total release CCDFs shown in
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the top half of Figure 1, although the contribution of the groundwater release can be
observed in only one realization shown in Figure la.

(In interpreting Figure 3, note that upper and lower bounds of the boxes for each
radionuclide indicate the 25th and 75th percentiles from the total number of realizations, the
vertical line within the box is the median value, and the black dot is the mean. The
horizontal lines extending above the boxes extend to either the maximum value or the value
representing x.r5 + 1.5(x.r 5 - x.25), which ever is lower, and the lines extending below the
boxes indicate the comparable lower value. Observations falling outside these ranges are
shown with individual "x" symbols. These plots do not contain information about the
probability of scenario occurrence, and therefore assign equal weight to each scenario.
[Helton et al., 1992])

Clearly, retardation in the Culebra may be an important contributor to increasing our
confidence of complying with 40 CFR 191B and of defending the overall long-term safety
of the WIPP. Given the stipulations of the C & C agreement, however, chemical retardation
in the Culebra will not be assumed for a final compliance evaluation until confirmed by the
tracer column experiments. To insure a defensible multi-barrier system, we recommend that
radionuclide concentration research be designed assuming no credit for retardation in the
Culebra. Therefore, we recommend that radionuclide concentration research be designed
with respect to releases into the Culebra, as shown in the first column of Figure 3. These
releases are calculated before any retardation can occur in the Culebra, and are primarily
dependent on the available inventory and the sampled values for solubility limits (and
quantity of brine flowing up the borehole, as calculated by the two-phase flow code
BRAGFLO). Note that cumulative normalized releases of all seven radionuclides into the
Culebra have the potential to exceed 10-2 for both scenarios. Cumulative releases for many
radionuclides exceed 10o in some realizations, resulting in the potential for a violation of 40
CFR 191B and causing some individual CCDFs in the top row of Figure 4 to exceed the
EPA limits.

Concentrations of all radionuclides shown in Figure 3 are therefore important to PA,
although special importance falls to U (which is the major contributor to the 1991
subsurface releases at the accessible environment assuming chemical retardation in the
Culebra, as shown in the third column of Figure 3) and to Pu (which is an important
contributor to releases into the Culebra, as shown in the first column of Figure 3, and could
dominate releases to the accessible environment if chemical retardation were not allowed).
Of the remaining radionuclides, Ra and Pb are relatively less important for compliance with
40 CFR 191B because of their lower inventories. Ra and Pb are important, however, in
safety assessments because of their potential contributions to doses to humans througheither
subsurface transport or the direct release of brine at the ground surface during drilling.
Because of the relatively short half-lives of 22eRa and 21Opb (1600 yr and 22.3 yr,
respectively) their concentrations in disposal-room brine are primarily of concern for direct
releases at the ground surface. Most subsurface transport of these isotopes will be of decay
products of other radionuclides.

Solubility distributions used in the 1991 PA were based on the judgment of an expert panel
(Trauth et al., !992), and are shown in Figure 5. Distributions were provided for different
oxidation states for the major radionuclides, reflecting uncertainty in the chemical
conditions in the waste-panel environment. Solubilities used in the multiple simulations
were selected from these distributions by Latin hypercube sampling after first sampling on
Eh-pHconditions within the panel to determine the oxidation states present. (For additional
information, see Sections 3.3.5 and 3.3.6 of Volume 3 of WIPP PA Division, 1991.)
Concentrations of elements dissolved in waste-panel brine were then calculated assuming
equilibrium conditions and uniform distribution of waste. Concentrations of individual
isotopes of eaclt element were proportional to their relative abundance in the solid phase of
the element. (For additional information, see Section 5.3.2 of Volume 2 of WIPP PA
Division, 1991).
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As noted above, solubility, inventory, and the quantity of brine flowing up the borehole are
the main factors controlling the magnitude of the releases into the Culebra shown in Figure
3. Sensitivity analyses provide a means to separate the relative contribution of brine flow
and isolate the effects of uncertainty in solubility. As shown in Figure 6, far-field halite
permeability in the Salado Formation (SALPERM) was one of the most important two-phase
flow parameter affecting radionuclide migration up the borehole under the assumptions of
the 1991 PA (Helton et al., 1992). Releases of 2_gPu do not occur for an El-type intrusion
at l0 s yr for sampled values of SALPERM below approximately 5 x 10-21. Above that
value, the magnitude of release shows no apparent correlation with SALPERM. This
"switch" effect, which is also observed for releases of other radionuclides, reflects the
control of SALPERM over brine inflow from the far-field. At low values of SALPERM,
the panel never becomes brine-saturated, in part because inflow is restricted by elevated gas
pressures within the panel and in part because corrosion consumes what brine does enter,
and less brine is available to transport radionuclides up the borehole.

Figure 7 (Helton et al., 1992) shows scatterplots of releases versus sampled values for
solubility for 239Pu for El and E IE2 intrusions at 103 yr. Releases on the vertical axis of
Figure 7a, the El intrusion, are the same as those shown in Figure 6. Note the zero releases
(plotted at 10-a) corresponding to low values of SALPERM. Figure 7b shows the same
relationship for the EIE2 intrusion at 103 yr. Note that there are far fewer zero releases,
reflecting the abundant supply of brine from the Castile reservoir assumed in the E IE2
scenario. In both plots, for those realizations that do result in a release, the log of the
magnitude of the release is linearly dependent on the log of the sampled value for solubility.
Both plots show a solubility threshold for 239Pu for releases of regulatory interest (above
approximately 10-2) between 10'8 and 10 -7 mol/2. PA therefore recommends that
radionuclide concentration research concentrate on possible values above this threshold.

Figure 8 (Helton et al., 1992) shows a scatterplot of releases versus sampled values for
solubility for 234U for an EIE2 intrusion at 103 yr. In this case, sampled solubilities were
high enough (see Figure 5, U+6) and the inventory low enough that releases were in many
realizations limited by the available inventory rather than by the sampled solubility value.
Only below solubilities of approximately 10-5 mol/2 was a log-log linear relationship present
between releases and solubilities, and a threshold of regulatory interest (i.e., releases below
approximately 10-=) does not occur until solubilities drop below approximately 10-6 mol/2.
The cutoff recommended for U is the same as that suggested above for Pu, between
approximately 10-8 and 10-r mol/_.

RECOMMENDATIONS FROM PA FOR THE EXPERIMENTAL PROGRAM
(M. G. Marietta, 6342)

40 CFR 191B

With regard to 40 CFR 191B, PA needs data on concentrations above approximately
10-r mol/_ for

U and Pu (highest priority)
Am, Np, and Th (high priority)
Ra and Pb (lower priority--not essential)

For all radionuclides, data on concentrations less than approximately 10-r mol/,_ are less
important, because releases from this range will have essentially no impact on the
location of the CCDF.
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NEPA

With regard to NEPA, PA needs data for

U and Pu (highest priority)
Np and Th (high priority)
Am, Ra, and Pb (low priority)

Again, data on concentrations less than approximately 10-r tool/2 will have little effect
on the determination of disposal-system safety. Ra and Pb are given low priority here
despite their potential to contribute to doses from subsurface releases because most
transport of these radionuclides in the Culebra will be of decay products formed during
transport of other radionuclides. Low initial inventories and relatively short half-lives
of 226Ra and _l°Pb will cause the amount of these radionuclides dissolved in repository
brine to have little affect on doses following transport in the Culebra.

Overall Recommendation,_s

Taking into account relative priorities of compliance evaluations with 40 CFR 191B
(high) and safety evaluations (relatively lower), our composite recommendations are as
follows:

U and Pu data are critical (highest priority)

Am, Np, and Th are importal_t (high priority)

Ra and Pb should be included if possible and if their inclusion does not add
significantly to the cost of the experiments or detract from the ultimate
defensibility of data for the other elements. This judgement is based on some
remaining uncertainty regarding possible brine flow directly to the surface during
drilling. Assumptions about future drilling techniques and practices will be a
concern of regulators and could change.

ACTINIDE SOURCE TERM PROGRAM
RESPONSE TO RECOMMENDATIONS FROM PA

(E. J. Nowak, 6345)

The actinide source term program consists of laboratory tests with radionuclides in WIPP
brines, source term model development, and a source term waste test program (STTP) with
actual waste in WIPP brines. The laboratory tests produce data on species identification,
stability constants of chemical complexes, solubilities, sorption on backfill materials that may
be used in the WIPP, and colloid formation. An actinide source term model will be
developed with data produced by laboratory tests. The model will predict the concentrations
of actinide species in brines within the disposal rooms and panels, with particular emphas ",
on upper bounds. Results from the tests with actual waste (STTP) will be used to test the
validity of the source term model. STTPdata will be interpreted with the aid of the
laboratory test data.

The actinide source term model will include isotopes of pluton!um, americium, neptunium,
thorium, and uranium. The model will reflect the complex chemical behavior of these
elements, including radionuclide-containing colloid formation and sensitivities to parameters
such as Eh, pH, and the concentrations of organic and inorganic ligands that can act as
complexing agents. Numerical models that incorporate these parameters and thermodynamic
relationships are being evaluated in the modeling effort.
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Inclusion of radium and lead is not planned at this time, because significant additional
resources would be required to do so, and the priority for data on these elements h_s not
been established at a sufficiently high level to warrant the required expansion of the
actinide source term program.
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Release to Accessible Environment, R Release to Accessible Environment, R
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TRI.6342-1383- I TRI.6342- i .561-0

Figure 1. Distributions of CCDFs and summary CCDFs from the 1991 WIPP preliminary
performance assessment. Figures l a and l b show total releases (subsurface and
cuttings) assuming dual porosity transport with chemical retardation in the
Culebra (Figures 2.1-2 and 4.1-1 in Helton et al., 1992). Figures lc and ld
show the same curves without subsurface releases (i.e., cuttings only) (Figure
4-1.2 in Helton et al., 1992).
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Figure 2. Decay histories for the present IDB inventory. Note scale change between
Figures 2a and 2b. Horizontal line at 10-1 indicates threshold of importance
for PA. Vertical line at 104 yr indicates EPA regulatory time period.
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Figure 3. Cumulative normalized releases for radionuclides from E IE2 (upper row) and
El (lower row) intrusions at 10_ yr. (1991 WIPP preliminary performance
assessment) (Heiton at al., 1992).
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1)-16



Appendix D Memoranda Regarding Reference Data

O;,tidanon Solution Solution
State Species Conditions

= O O "_ Am':} (AmCI2)"

{:3 -"J-(3- It 0 C _ Cm "3 Cm3"

I:>,--.O {3- = _ NP'4 (Np(OH)s)

= _ Np°s (NpO2CO3)

0 O---C = 01:3 Pb '2 PbCI4 2 Carbonate
Present

pb °2 PbCI4 2 Cartx)nale
Absen!

O---O O--------: O----O---O pu,4 (Pu(OH)s).

o---o o = o _----o pu,S (PuO2).

o-- o---o_w,---_ o--a Ra .2 Ra 2• Cartx)nale
Presenl

Ra 02 Ra 2- SuHale
Present

Ra .2 Ra 2" Carbonate
& Sultale
Presenl

"3----- : _ Th_ Th(OH)4°

o a o : _ U"A U(OH)4°

O----O------O : _ U"6 UO2(CO3)22

• _ . • • ........ t '" •

10 18 10 16 10 14 10 12 10 l0 10 8 10.6 10.4 10 2 10 0 10 2

Concentration (m)

The blocks represent from leit !o right, the 0 O0 0 10.0 25.0 50.0 75.0g0 and 1 00 Iractiles

TR¢._2,1410.O

Figure 5. Distribulions used For elemental solubilities in the 1991 PA (WIPP PA
Division, 1991, Volume 3).
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Figure 6. Scatterplot showing relationship between release of 239Pu to the Culebra and
sampled value for far-field halite permeability in the Salado Formation (Helton
et al., 1992).
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SandiaNationalI.aboratodes
date December 14, 1992 Albuquerque, New Mexico 87185

to_ Distribution

from . O. lVl'arietta, 6342, and F. Gelbard, 6119-

subjecl Joint Memorandum from SNL Departments 6342 and 6119 on WIPP Performance Assessment
Needs, Priorities, and Thresholds for Tracer Column Experiments

This memo records present WIPP Performance Assessment (PA) needs concerning
radionuclide retardation measurements in the Culebra Dolomite and priorities of these needs.
The importance of both physical and chemical retardation is discussed, and threshold values
for matrix distribution coefficients (assuming double porosity transport can be justified), as
observed in sensitivity analyses of the 1991 preliminary PA, are provided. The feasibility of
fulfilling PA needs is briefly discussed. The memo documents PA guidance and requests for
information from the tracer column experiments.

BACKGROUND
(M. G. Marietta)

PA's needs for a quantitative understanding of radionuclide retardation in the Culebra
should be considered in the context of the present understanding of the Project's status with
regard to regulatory compliance.

Performance assessments to date (Marietta et al., 1989; Bertram-Howery et al., 1990; WIPP
PA Division, 1991) indicate that radionuclides will reach the Culebra only if the repository
is breached by human intrusion, and therefore only the Containment Requirements of 40
CFR 191B and the safety assessments needed for NEPA evaluations are of concern. The
long-term requirements of RCRA (40 CFR 268.6) apply to the release of non-radioactive
contaminants at the disposal-unit boundary (i.e., the top of the Salado Formation and the
subsurface extension of the land-withdrawal boundary), and as presently interpreted by the
WIPP Project, only to the undisturbed performance of the disposal system.

The conceptual model used in assessments to date has assumed that radionuclide transport in
the Culebra occurs in a double-porosity medium, with both physical and chemical
retardation occurring in the dolomite matrix (WlPP PA Division, 1991; Helton et al., 1992).
Given the assumptions of this model, retardation during groundwater transport is sufficient
to reduce subsurface releases in the Culebra below those estimated to occur directly at the
ground surface during drilling (i.e., cuttings).

If present assumptions about transport mechanisms and retardation in the Culebra can be
justified experimentally, subsurface releases may continue to have little affect on the
position of the CCDF. If, however, assumptions about retardation change or cannot be
defended, estimates of subsurface releases comparable in magnitude to or greater than those
estimated for cuttings may result, and may affect regulatory compliance.
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For the purposes of setting priorities, PA recommends concentrating retardation research on
those radionuclides with the potential to result in normalized releases greater than 10-2
(approximately one order of magnitude below the presently predicted cutting releases).
Figure 1 shows the EPA normalized inventory of the repository, radionuclide by
radionuclide, as a function of time (based on the most recent ID8 [US DOE, 1991], as will
be reported in Volume 3 of the 1992 Preliminary Performance Assessment). Note that the
two portions of the figure are plotted at different scales, and that a horizontal line is drawn
on each at an EPA normalized value of 10-2. Time-dependent inventories are shown to 105
yr, although a vertical line is drawn at 104 yr, indicating the end of the regulatory period
specified by 40 CFR 19lB. Radionuclides with normalized inventories that never exceed
10-z during 104 yr cannot result in releases greater than ]0L and can therefore be dropped
from further consideration.

Figure la shows that the normalized inventories of zS°pu, z4opu, Z41Am, _ssU, _s4u, 2S7Np'
ngTh, ZSOTh,and Z26Ra all exceed 10-z during the 104 yr period. Figure l b shows 2SSpu
and n°Pb (just barely at very late times approaching 105 yr) exceeding 10-2. PA modeling
for 1991 examined transport of 7 of these radionuclides (zSOpu, a4oPu, 24,Am, 2ssU, 2s4U,
=SeNp, and ZSOTh)(WIPP PA Division, 1991, volume 2, section 6.5.2.10). Subsurface
transport of two of the remaining radionuclides will be modeled in 1992, 2ZOThand nORa.
Transport of zSSPu in the Culebra will not be modeled because of its short half-life (87.7
yr). Subsurface transport of zX°Pb will not be modeled because of its low inventory at 104
yr and therefore low impact on 40 CFR 191B compliance. 21opb may be considered for
subsurface transport in future dose calculations as a daughter product created in the Culebra
by the decay of n°Ra. Transport of both 2SSPu and 21opb in brine brought directly to the
ground surface following intrusion (not yet included in performance assessments) also has
the potential to contribute to doses.

Figure 2 shows cumulative normalized releases (1991 PA, as reported in Helton et al., 1992)
for the seven transported radionuclides for the El E2 scenario (upper row) and E! scenario
(lower row) at 1000 yr for three different assumptions. Figure 3 shows the corresponding
CCDF plots.

The first column in Figure 4 plots releases into the Culebra from the borehole, before any
retardation can occur i.n the ¢.ultbra.. These releases are calculated assuming gas generation
in the repository and no pressure-dependent fracturing of anhydrite layers in the Salado
Formation, which may underestimate radionuclide releases to the Culebra, The
corresponding CCDFs are shown in the top row of Figure 3. The second column of Figure
2 shows releases to the accessible environment (5 km for this analysis) a_ssumin_ no chemical
retardation (i,e., K d = 0, as stipulated in the Consultation and Cooperation agreement
between DOE and the State of New Mexico [US DOE and State of New Mexico, 1981 as
modified]). Note that because a double-porosity transport model was used, physical
retardation does occur because of diffusion into the dolomite matrix. The corresponding
CCDFs are shown in the middle row of Figure 3. The third column of Figure 2 shows
releases to the a:cessible environment calculated using the sampled values for Kd. The
corresponding CCDFs are shown in the bottom row of Figure 3.

(In interpreting Figure 2, note that upper and lower bounds of the boxes for each
radionuclide indicate the 25th and 75th percentiles from the total number of realizations, the
vertical line within the box is the median value, and the black dot is the mean. The
horizontal lines extending above the boxes extend to either the maximum value or the value
representing x.75 + 1.5(x.75 - x.25), which ever is lower, and the lines extending below the
boxes indicate the comparable lower value. Observations falling outside these ranges are
shown with individual "x" symbols. These plots do not contain information about the
probability of scenario occurrence, and therefore assign equal weight to each scenario.
[Helton et al., 1992])
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The first column of Figure 2 shows that cumulative normalized releases of all seven
radionuclides into the Culebra have tt,e potential to exceed 10-= for both scenarios.
Therefore, transport of all seven in the Culebra has the potential to affect regulatory
compliance. (Note that cumulative releases for many radionuclides exceed 10o in some
realizations, resulting in the potential for a violation of 40 CFR 191B).

The second column of Figure 2 (K d = 0) shows that physical retardation by matrix diffusion
significantly lowers cumulative normalized releases. Most radionuclides still exceed 10-1 for
some realizations, but mean values are now in all cases within the EPA limit. This
observation indicates that verification of physical retardation may be important to defending
compliance with 191B, and that physical retardation should receive special attention in the
experimental program.

The third column of Figure 2 (sampled values for KdS) shows that using chemical
retardation estimates based on judgment from two experts (C. Novak and R. Dosch, as
reported in Trauth et al., 1992) resulted in only one value close to 10-1 (2s(U in a single
EIE2 realization) and very few values greater than 10-s. Although the experts' values
represent the best information available at this point, there are no actual data to support
these values rigorously. Chemical retardation has the potential to greatly reduce releases to
the accessible environment, and defensible values for KdS in the Culebra may be very
important for building confidence in a demonstration of compliance with 19lB.

All of the radionuclides listed in Figure 2 are important for consideration in the
experimental program. Special importance falls to U, which is the main contributor to
releases, and to Pu, which dominates the inventory but makes no subsurface contribution to
the 1991 CCDF because of its assumed high chemical retardation in the Culebra (compare
columns 2 and 3 of Figure 2). It may' be critically important for PA to be able to defend
the high K d values for Pu. (Although not shown in Figure 2 and not discussed further in
this memo, releases of Pu into the Culebra [column 1] are limited by the assumed solubility
of Pu in the repository brine, and defensible solubilities are therefore also important.)

Figure 4 provides additional insight into the sensitivity of PA results to the assumed values
for KdS, As seen in the upper left scatterplot, K d values greater than 10-= mS/kg imply,
essentially zero release of 23(U to the accessible environment. (Note that, in these
scatterplots, cumulative normalized releases are given at one-quarter of the distance to the
accessible environment, rather than at the accessible environment boundary.) Kd values
greater than approximately 10-1 m3/kg imply essentially zero release of 2agPu and 2(1Am.

A major purpose of the column experiments is to generate defensible information on
chemical retardation in the Culebra. Therefore, column experiments should include all
radionuclides that, in the absence of chemical and physical retardation, have the potential to
reach the accessible environment in quantities large enough to violate the Standard. These
include isotopes of Pu, Am, U, Np, Th, and Ra. Pb should be included because of its
potential to contribute to long-term doses.

RECOMMENDATIONS FROM PA FOR THE EXPERIMENTAL PROGRAM
(M. G. Marietta)

1. With regard to 40 CFR 191B, PA needs transport data for:

U and Pu (highest priority,)
Am, Np, and Th (high priority,)
Ra (lower priority--not essential)
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2. With regard to NEPA, PA needs transport data for

U (highest priority)
Ra and Pb (high priority)
Np and Th (low priority)
(assuming retardation of Pu is defensible)

3. Taking into account relative priorities of compliance evaluations with 40 CFR 191B
(high) and safety evaluations (relatively lower), PA's composite recommendations are as
follows:

U and Pu data are critical (highest priority)

Am, Np, and Th are important (high priority)

Ra and Pb should be included if possible and if their inclusion does not add
significantly to the cost of the experiment or detract from the ultimate
defensibility of data for the other elements.

FEASIBILITY
(F. Gelbard)

The radiation detectors purchased for the experiment are designed to detect, identify, and
measure the concentration of individual radioisotopes in a mixture of radioisotopes, A
germanium detector, cooled with liquid nitrogen, is used to analyze gamma radiation from a
sample. Although in principle, our system should be able to distinguish an arbitrary
number of radionuclides, we have not yet tested the system. Obviously, the fewer the
number of radionuclides, the easier to distinguish a specific radionuclide. Furthermore, for
ES&H considerations, we would like to minimize the total radioactivity, and thus reduce the
number of radionuclides.

With these considerations, we expect that a mixture with the following radioisotopes can be
measured with our equipment: 2a2U, 228Th, 241Am and/or 24aAm, 2aTNp, 226Ra, 210pb, and
22Na (nonsorbing tracer). We are investigating which isotope of Pu would be best to use. In
addition, we may also include the following isotopes, laaBa (analog for Ra), a radioactive
rare-earth metal (analog for radionuclides in the +3 oxidation state), and =4aCm. If we
encounter difficulty in the measurements, Ra, Ba, and/or Pb may be excluded from our
measurements.

The number of experiments that can be performed is limited not only by time and cost, but
also because it would be virtually impossible to obtain more core. Furthermore, ES&H
requirements limit the number of experiments. All the liquid radioactive effluent,
regardless of the activity level, is considered radioactive waste and must be stored in the
laboratory indefinitely (or until SNL has an acceptable means for disposal). Because of the
large volume of waste generated for each experiment, and our plans to perform destructive
post-test analysis on the cores, it is crucial that the above list of radioisotopes be complete.

Based on the composite recommendations of the PA Department (6342) given previously, the
only elements requiring retardation measurements in Culebra rock are U, Pu, Th, Am, Np,
Ra, and Pb, with Ra and Pb of least importance. Both physical and chemical retardation
measurements are needed for these elements. The oxidation states of the radionuclides in
solution is cletermined by the brine composition, pH, and temperature. In the experiments
these three variables will be controlled to be the same as that found in the Culebra from
which the cores were taken. Therefore, retardation factors will be obtained for the
radionuclides in whatever oxidation state they would be in in the field, but the oxidation
state will not be measured.
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Figure 1. Decay histories for the present IDB inventory. Note scale change between
Figures 2a and 2b. Horizontal line at l0 -2 indicates threshold of importance
for PA. Vertical line at l0 4 yr indicates EPA regulatory time period.
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Figure 3 CCDFs corresponding to the releases plotted in Figure 2 (Helton et al., 1992).
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