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SUBPART B FOR THE WASTE ISOLATION PILOT PLANT, 
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VOLUME 2: PROBABILITY AND CONSEQUENCE MODELING 

WIPP Performance Assessment Division 
Sandia National Laboratories 

Albuquerque, New Mexico 87185 

ABSTRACT 

This second volume documents the probability and consequence modeling done by the 
Performance Assessment Division of Sandia National Laboratories for the 1991 preliminary 
performance assessment (PA) of the Waste Isolation Pilot Plant (WIPP). The volume provides an 
overview of the PA calculations; discusses the mechanics of the probability modeling and 
construction of the complementary cumulative distribution functions (CCDFs); discusses the 
generic computational models and the applied (or site-specific) models used in consequence 
analysis and the results that these models predict for both undisturbed conditions (base case) and 
disturbed conditions (in which one or more hypothetical boreholes intrude the repository during 
the 10,000-year regulatory period); and tabulates the calculational results used to construct the 
CCDFs reported in Volume 1.. 
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Role of Volume 2 

1 1. INTRODUCTION—Rob P. Rechard 

2 

3 1.1 Role of Volume 2 
4 The Waste Isolation Pilot Plant (WIPP) is planned as the first mined geologic repository for 

5 u-ansuranic (TRU) wastes generated by defense programs of the United States Department of 

6 Energy (DOE). Before disposing of waste at die WIPP, die DOE must evaluate compliance widi 

7 the United States Environmental Protection Agency's Standard, Environmental Radiation 

8 Protection Standards for Management and Disposal of Spent Nuclear Fuel, High-Level and 

9 Transuranic Radioactive Wastes (40 CFR Part 191, U. S. EPA, 1985). 

10 This volume deals primarily widi probabihty and consequence modeling of the WIPP disposal 

11 system for evaluating compliance with the quantitative requirements of Subpart B of the EPA 

12 Standard. Volume 1 deals primarily widi scenario development and the regulations in 40 CFR 

13 Part 191 and their application to the WIPP, but also summarizes aspects of diis volume. Volume 

14 3 compiles pertinent data from disposal system characterization. Finally, uncertainty/sensitivity 

15 analysis is discussed in Volume 4. 

16 

17 1.2 Organization of Volume 2 
18 This introduction to Volume 2 provides an overview of the 1991 PA calculations using the 

19 general tasks of the performance assessment mediodology as a framework. It also summarizes the 

20 CAMCON (Compliance Assessment Methodology CONtroller) computer system used to perform 

21 these complex calculations. 

22 The two chapters following the introduction discuss probability modeling and complementary 

23 cumulative disU-ibution function (CCDF) consu-ucuon for the 1991 PA: 

24 • Chapter 2 describes the probability model for computational scenarios in the 1991 

25 calculauons. 

26 • Chapter 3 describes the mathematical consu-uction of the CCDF for WIPP performance 

27 assessment. 

28 The next four chapters discuss the generic computational models and the applied (or site-

29 specific) models used in consequence analysis and the results that these models predict: 

30 • Chapter 4 discusses predicted undisturbed performance of the repository/shaft system (where 

31 no boreholes ina"ude the repository during the 10,000-year regulatory period). Because no 

32 releases beyond the repository shaft are predicted for undisturbed conditions, radionuclide 

33 release into the groundwater of die Culebra was not evaluated. 

34 • Chapter 5 discusses disturbed performance of the repository/shaft system (in which one or 

35 more hypothetical boreholes inu-ude the repository during the 10,000-year regulatory 

36 period). 
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Chapter 1. Introduction 

1 • Chapter 6 discusses predicted radionuclide release into the Culebra groundwater for disturbed 

2 conditions. 

3 • Chapter 7 discusses predicted radionuclide release by transport of cuttings and eroded material 

4 to the surface during borehole intrusion. 

5 Discussion in Chapters 4 through 7 is limited to the seven generic computational models 

6 ("codes") and die corresponding applied models used to simulate the major conceptual components 

7 of the WIPP disposal system. Details of code development and uses are not presented here; in 

8 most cases, that information is available separately in user's manuals for the various codes. 

9 Furthermore, details of CAMCON, including information about the codes that link the major 

10 models and control data flow, are also not presented here. That information is contained in the 

11 CAMCON user's manual (Rechard et al., 1989). 

12 Finally, this volume contains two appendices: 

13 • Appendix A discusses the theory of multiphase flow through porous media. This appendix 

14 is included in the report because two of the analysis models, BOAST II (for undisturbed 

15 conditions) and BRAGFLO (for disturbed conditions), describe simultaneous flow of brine 

16 and gas dirough porous media. 

17 • Appendix B presents the input and output data for calculauons reported in Volumes 1 and 2. 

18 

19 1.3 Background on PA Methodology 
20 The Sandia methodology for assessing the compliance of the WIPP with the Containment 

21 Requirements, § 191.13 of 40 CFR Part 191 (U.S. EPA, 1985), hereafter referred to as 

22 performance assessment (PA), consists of six general tasks (Figure 1-1): 

23 1. characterization of die WTPP disposal system and regional area 

24 2. scenario development and selection of scenarios to model 

25 3. development and execution of probability models 

26 4. development and execution of consequence models (both generic computational and site-

27 specific models) including uncertainty 

28 5. regulatory compliance assessment 

29 6. uncertainty/sensitivity analysis. 

30 The first task is performed primarily outside the PA organization (except for estimating the 

31 radionuclide inventory), and die data are compiled in Volume 3. The odier five tasks are performed 

32 inside the PA division. 

33 For the WIPP, the PA process is conducted in annual cycles, and the 1991 PA is the second* 

34 in a series of annual "Performance Analysis and DOE Documentation" activities shown in the 

The PA process actually started in 1989, but it was primarily a demonstration with a specific example 
from the WIPP. 
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Chapter 1. Introduction 

1 Performance Assessment Time-Phased Activities for the Test Phase (U.S. DOE, 1991). In each 

2 cycle, data from the test program are used to update scenarios, update conceptual models (and 

3 computational models if necessary), and provide input to applied models to evaluate compliance. 

4 The first two PA tasks listed above are referred to collectively as model conceptualization 

5 (Figure 1-1). Characterization of the disposal system and surrounding regional hydrology has been 

6 in progress since project inception in 1975 (e.g.. Powers et al., 1978) and is nearing completion. 

7 Screening of events and processes that may affect performance of the system during the next 

8 10,000 years is also nearly complete, and significant summary scenarios have been identified for 

9 consideration in consequence modeling (Guzowski, 1990; and Volume 1). 

10 For Task 3, a probability model has been developed to evaluate probabilities of detailed 

11 computational scenarios for analysis, which are a decomposition of the summary scenarios 

12 developed above as part of Task 2. The scenarios incorporate stochastic variability (IAEA, 1989) 

13 into ,the performance assessment. 

14 A major portion of the methodology consists of simulating physical processes to estimate the 

15 amount of radionuclides released to the accessible environment. This process is referred to as 

16 consequence modeling and analysis and actually is a composite function of several models (Task 4) 

17 (Figure 1-1). Construction of the modeling system begins with the development of conceptual 

18 models that identify the processes that will be simulated. These conceptual models provide a 

19 framework in which to interpret observational data and a basis for developing predictive 

20 mathematical models. In most cases, the choice of a conceptual model introduces simplifying 

21 assumptions about the real world that permit interpretation of entire components of the system 

22 using limited available data. In some cases the choice of a conceptual model may also be 

23 infiuenced by the availability of computational models to simulate it. For some processes, 

24 available generic computational models required adaptation. For other components of the disposal 

25 system, such as the coupled processes of gas generation, brine fiow, and creep closure in the 

26 repository domain, computauonal models were developed specifically for the WIPP. 

27 The complexity of die WIPP disposal system and the need to use multiple codes to describe 

28 the various components poses operational problems in performing calculations. An executive 

29 controller, CAMCON (Compliance Assessment Methodology CONu-oller) (Rechard et al., 1989), 

30 links codes within the modeling system, manages data flow from one component to the next, and 

31 minimizes the opportunities for operator error. 

32 Because of imprecisely known parameters, uncertainty is incorporated into the performance 

33 assessment through a Monte Carlo analysis (part of Task 4). As discussed in more detail in 

34 Chapter 3 of Volume I and compiled in Volume 3, Monte Cario analysis consists of first 

35 identifying the important parameters to vary and assigning ranges and distributions. Second, 

36 sample elements are generated from these distributions. In the WIPP performance assessment, 
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1 Latin hypercube sampling (LHS) is used to minimize die number of sample elements needed to 

2 capture variability in die parameters adequately. And finally, each sample element is propagated 

3 through the consequence modeling system. For the 1991 calculations, 60 sample elements were 

4 drawn from the distributions assigned to 45 imprecisely known parameters. The repository 

5 performance was evaluated for each sample element (a vector of 45 parameter values). 

6 From the consequence results using Monte Carlo analysis, the final two tasks naturally 

7 follow. In Task 5, estimated releases are combined into a complementary cumulative distribution 

8 function (CCDF) for each sample element. A CCDF (exceedance probability curve) is used for 

9 evaluating compliance with § 191.13 of 40 CFR Part 191. The CCDF from each sample element 

10 results in a distribution (family) of CCDFs. Summary statistics of the CCDFs (e.g. mean, 

11 median, and different quantiles) are also produced. The CCDFs for the WIPP are presented în 

12 Volume 1. 

13 In Task 6, sensitivity analyses are used to analyze the results. For example, sensitivity 

14 analyses can be used to identify those parameters for which variability in the sampled value had the 

15 greatest effect on results, to provide guidance for research that may improve confidence in. the 

16 estimate of performance. This sixdi task is reported in Volume 4. CCDFs using several different 

17 modehng assumptions are also presented in Volume 4. 

18 

19 1.4 Overview of Calculations 

20 The following discusses the calculations using the framework of the PA methodology. (Tasks 

21 3 and 4 are particularly pertinent to Volume 2.) 
22 V >' 

23 1.4.1 SUMMARY SCENARIOS MODELED ^ 

24 Four summary scenarios from the scenario development task are examined for the 1991 PA: 

25 diree disturbed (human intrusion) scenarios and die undisturbed (base case) scenario (see Chapter 4, 

26 Volume 1). (These same scenarios were examined for die 1990 PA calculations.) Disturbed 

27 performance scenarios include the possibility of human disruption of die repository by exploratory 

28 drilling or the occurrence of unlikely events. Undisturbed performance forms the base case for 

29 scenario development (Guzowski, 1990). As defined in the EPA Standard, "undisturbed 

30 performance" means "die predicted behavior of a disposal system, including consideration of the 

31 uncertainties in predicted behavior, if the disposal system is not disrupted by human intrusion or 

32 the occurrence of unlikely natural events" (U.S. EPA, 1985, § 191.12(p)). 

33 The approach for the calculations for the human intrusion and base case scenarios differs 

34 somewhat for the WIPP disposal system. If human intrusion by drilling hypothetically occurs 

35 some time in the next 10,000 years, some releases by removal of cuttings are certain (but do not 

36 necessarily exceed EPA limits). Furthermore, the long-term consequence from disrupting the 
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1 repository must be evaluated. ConsequenUy, a complex modeling effort is required. For 

2 undisturbed conditions, a number of deterministic calculations are performed to investigate 

3 radionuclide transport in and adjacent to the repository. It is tempting to describe the deterministic 

4 calculations as bounding since the conceptual model often appears conservative—but they are not 

5 always. For example, in one analysis the disposal region was assumed to be direcUy in the 

6 MB 139 anhydrite layer, a potential pathway. However, the selection of conservative values for 

7 many of die parameters of these models was problematic since it was often difficult to assess their 

8 influence on such a complex system a priori. Thus, median values (not "conservative" values) 

9 were typically selected. (The Monte Carlo calculations for undisturbed conditions are described in 

10 Volume 4.) Because of the excellent isolating capabilities of the bedded salt in the Salado 

11 Formation, the undisturbed scenario has zero releases of radionuclides, and only the region direcUy 

12 around die repository needs to be modeled. 

13 
14 1.4.2 PROBABILITY MODELING AND REGULATORY COMPLIANCE 

15 EVALUATION 

16 Following the usual sequential order of the tasks presented above, regulatory assessment (Task 

17 5) would be discussed later. However, because probability modeling is intimately tied to 

18 regulatory evaluation, both are disciissed here prjor to the consequence analysis (Task 4) 

19 discussion. 

20 Last year for the 1990 PA, probabilities for the four summary scenarios were determined from 

21 (1) professional judgment and (2) assuming a Poisson process. These probabilities were then 

22 paired widi EPA-summed normalized releases, and the CCDF was constructed. 

23 For the 1991 PA, the probabilities were also evaluated assuming drilling is a Poisson process. 

24 However, although the summary scenarios are the same as for the 1990 PA, these summary 

25 scenarios were decomposed based on (1) number of drilling intrusions (1 to 15), (2) time of 

26 intrusion (5 times—1000, 3000, 5000, 7000, and 9000 years), and (3) the activity level of the 

27 waste penetrated by die boreholes (five activity levels—four for contact-handled (CH) and one for 

28 remote-handled (RH) waste). This decomposition more fully resolves the CCDF, that is, each 

29 individual CCDF has numerous small steps rather than the four large steps (with two being 

30 identical) shown in the 1990 PA calculations (Bertram-Howery et al., 1990). The decomposition 

31 of the summary scenarios required many more simulations, as described in the following sections 

32 of this introduction. 

33 The construction of the CCDF is possible once all the simulations are completed in each of 

34 the three modeling systems described below. The code, CCDFCALC, extracts the radionuclide 

35 concentration history and the cuttings concentration history calculated in die consequence modeling 

36 described below and evaluates cumulative releases and EPA-summed normalized releases. The 
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1 actual construction of the CCDF required a new program, CCDFPERM, in addition to 

2 CCDFCALC to decompose die summary scenarios. The Poisson probability model for evaluating 

3 decomposed scenario probabilities and the theory underlying the CCDF construction are 

4 dioroughly described in Chapters 2 and 3, respectively. 

5 
6 1.4.3 CONSEQUENCE MODELING OF DISTURBED CONDITIONS 

7 The consequence modeling of disturbed conditions of die WIPP is discussed first because the 

8 modeling for undisturbed conditions is actually a simplification of this complex modeling system. 

9 

10 1.4.3.1 Physical Features Modeled 

11 Of the numerous computer codes required to perform the PA, relatively few generic 

12 computational models ("codes") are necessary to simulate the major physical features of the WIPP 

13 disposal system (Figure 1-2). Five computational models are used for disturbed conditions. (Four 

14 computational models are used for undisturbed conditions, the base case summary scenario [see 

15 Section 1.4.5 of this introduction]). Except for PANEL, which implements analytic solutions to 

16 the mathematical model to model flow and radionuclide concentration in a WIPP disposal panel, 

17 the computer codes are generic and implement a variety of mathematical models using several 

18 numerical solution techniques. Hence, some codes were used to model several different physical 

19 features of the WIPP disposal system and are repeated in several places. Furthermore, the 

20 CAMCON model system was developed so that different codes could be used to model any one 

21 physical feature with relative ease; thus some WIPP disposal systems features in Figure 1-2 show 

22 more than one code being used. Specifically, three codes (BRAGFLO, STAFF2D, and SUTRA) 

23 can be used to simulate flow and transport within the repository environment. PANEL estimates 

24 radionuclide concentrations in repository brine and can analytically simulate flow near the 

25 repository. CUTTINGS estimates the amount of radioactive material brought to the surface during 

26 drilling. SEC0_2DH simulates regional groundwater flow within the Culebra Dolomite Member 

27 of the Rustler Formation, and STAFF2D simulates local groundwater flow and radionuclide 

28 transport within the Culebra. 

29 ,. 

30 1.4.3.2 Modeling Systems 

31 Depicting the generic computational models and the physical features they represent is fairly 

32 straightforward. However, the actual mechanics of moving through the calculations are more 

33 complicated. For modeling, die WIPP disposal system was divided into three modeling systems: 

34 repository/shaft/borehole, Culebra groundwater flow and transport, and cuttings. The seven major 

35 computational models and the systems they model are listed in Table 1-1. For disturbed 

36 conditions, all three modeling systems are used. Each of these modeling systems are analyzed in 
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Figure 1-2. Major Computational Models and the Physical Features They 
Simulate in the WIPP Disposal System (Disturbed Conditions). Five 
generic computational models used for disturbed conditions. 

Table 1-1. The Seven Major Computational Models Grouped According 
to the Modeling Systems Used in Modeling the WIPP 
Disposal System in the 1991 PA 

Modeling System Generic Computational Models ("Codes") 
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Repository/Shaft/Borehole 

Culebra Groundwater Flow and 

Transport 

BOAST I I , BRAGFLO 

SUTRA, STAFF2D, PANEL 

SECO 2DH, STAFF2D 

Cuttings CUTTINGS 
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1 parallel and results are combined during the regulatory compliance assessment (described in the 

2 previous section) and sensitivity analysis (described below) tasks. 

3 The modeling systems do not correspond to the geologic and engineered barrier systems 

4 associated with physical parts of the WIPP disposal system and defined in the EPA Standard. 

5 Rather, these categories are an alternate subdivision of the WIPP disposal system done to facilitate 

6 modehng. The modeling subdivision and the identified components may change from year to year 

7 as required by the analysis whereas the physical systems described in the EPA Standard are 

8 invariant. 

9 Twenty-nine major and support codes are used in these modeling systems (Figure 1-3). 

10 Section 1.5 provides a brief description of these codes. A more thorough discussion of the codes is 

11 provided in the CAMCON user's manual (Rechard et al., 1989). 

12 The codes and general flow of information used in calculations of disturbed conditions has not 

13 substantially changed from the 1990 PA calculations. Specific changes for calculations of 

14 disturbed conditions are (1) die full incorporation of BOAST II and BRAGFLO, used to analyze 

15 two-phase flow, and CUTTINGS, used to analyze cuttings release, into the procedure rather than 

16 their use as subsidiary calculations as in the 1990 PA, (2) the use of die codes GARFIELD (which 

17 generates equally likely transmissivity fields), GENOBS (which generates head impulse functions 

18 at selected points along the boundary), FITBND (which determines functional relationships 

19 between well heads and pressure boundary conditions and optimizes the fit of pressure boundary 

20 conditions), and SWIFT I I (which models hydrologic flow) during model conceptualization to 

21 evaluate uncertainty of the transmissivity field within the Culebra Dolomite Member of the 

22 Rustier Formation, and (3) the evaluation of scenario probabilities and the permutation of 

23 computational scenarios within CCDFPERM, which calculates decomposed scenario probabilities 

•24 (Chapter 2). This last change is a result of decomposition of die summary scenarios used in the 

25 PA (mentioned earlier). ' Although the software tools have not substantially changed, the 

26 underlying treatment of the calculations, as represented by CCDFPERM, has changed substantially 

27 and is described in Chapters 2 and 3. 

28 The overview of the mechanics of die 1991 PA calculations for disturbed conditions is shown 

29 in Figure 1-3. Model and parameter selection and the modeling steps in each of the modeling 

30 systems are discussed in the following sections. 

31 

32 1.4.3.3 Model and Parameter Selection 

33 The calculations start with model and parameter selection. This can be a time-consuming 

34 process, but in short, the process involves evaluating data and then developing conceptual, 

35 mathematical, and computational models if necessary. It is then followed by a selection of 

36 parameters to vary (45 parameters in die 1991 PA). Following these decisions, data are entered in 
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General CAMCON 
Task Modules* 

Description 

Model 
Conceptualization 
(Disposal System 

and Regional 
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and Scenario 
Development (Sj)} 

Consequence 
Modeling 

t 
Probability 

Modeling P(Sj{xn)) 

I 
Regulatory 
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• 
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Data Base 

• 

Mesh 
Generation 
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Water 
Flow 

t 
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i 
t 

Transpon 

Compliance 

Statistical 

i 

Repository/ 
Shaft 

Modeling •« 

Groundwater 
Flow and 
Transport 
Culebra 

Modeling 

Cuttings 
Modeling 

Model and 
Parameter 
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Mesh Repository and 
Salado with GENMESH 

Set Material 
Propenies with 

MATSET. BCSET, ICSET 

Evaluate Brine & Gas 
Flow in Disposal 

Area with BRAGFLO 

Evaluate Contamination 
Concentration in 

Disposal Area and 
Borehole with PANEL 

Select Scenarios Sj(Xn) 
(Scenario Uncertainty) and 

Models and Alternatives 
(Conceptual Model 

Uncertainty) 

Mesh C 
with GE 
and RE 

Culebra 
NMESH 
SHAPE 

Mesh 8 
with GE 

ore hole 
ENNET 

Assign Data(Xn} and 
Place in SDB File 
wKh INGRESS® 

Set Material 
Propenies with 

MATSET, BCSET. ICSET 

Set Material 
Attributes 

with GRIDGEOS 

Compute Code 
Parameters with 

ALGEBRA 

Set Material 
Propenies with 

MATSET 

Generate Transmissivity 
Fields wilh GARFIELD 

Evaluate Transmissivity 
Field Plausibility with 

GENOBS. FITBND. and 
SWIFT 

Evaluate Regional 
Culebra Fluid 

Flow with 
SECO 20 

Examine Panicle 
Paths with 
TRACKER 

Refine Calculation 
Domain with 

RELATE 

Evaluate Local Flow 
and Transpon in 

Culebra to Boundary after 
Intrusion wilh STAFF 2D 

and ALGEBRA 

Select Parameters (Xk) 
to Vary 

(Parameter Uncertainly) 

Sample Data 
with LHS 

Compute Code 
Parameters with 

ALGEBRA 

* Codes trom the Suppon and Utility 
Modules Are Used throughout 
Calculations 

» . Although Typical Codes Shown. 
Other Codes Irom CAMCON 
Modules May Be Used: 
Furthermore. Translators 
Necessary for Several Codes 
Have Been Omitted 

Evaluate Removal 
of Cuttings with 

CUTTINGS 

Evaluate Scenario Prob
abilities with CCDFCALC 

and CCDFPERM 

Evaluate WIPP Com
pliance with 40 CFR 191 

with CCDFPLOT 
and NUCPLOT 

Evaluate Overall 
Safely for NEPA with 

GENII and DOSE 

Perform Sensitivity 
Analysis with 

PCCSRC 
STEPWISE 

Figure 1-3. Overview of 1991 PA Calculations for Disturbed Conditions 
(Human Intrusion). Refer to Section 1.5 and CAMCON User's Manual 
(Rechard et al., 1989) for description of codes listed. 
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1 the data base and are sampled. The parameters sampled and die sampled values are presented in 

2 Tables B-l through B-3 in Appendix B. All other data used for the 1991 PA calculations are 

3 documented in Volume 3. The fixed data are not repeated in this volume unless the data differed 

4 from what is reported in Volume 3. (Differences usually occurred only for the undisturbed 

5 calculauons because they began in May 1991, prior to final decisions for some parameters.) 

6 Once this critical step is completed, the analysts can begin the task of performing the 

7 calculations. (In this volume, the analysts have authored the parts of die calculations for which 

8 they are responsible.) As mentioned previously, the next steps are performed in parallel. In 

9 general, this consists of preparation of input wilh several computer codes, followed by the 

10 simulation and finally followed by examination of intermediate results and usually very little 

11 preparation for use by odier codes. The intermediate results, along with the details of the applied 

12 models, are the subject of Chapters 4, 5, and 6. 

13 

14 1.4.3.4 Cuttings Modeling 

15 The mechanics of modeling the initial human intrusion by drilling into the repository is fairly 

16 simple. It involves input preparation using GENMESH, the mesh generation model of 

17 CAMCON, (the mesh is a simple line representing the borehole since the analysis of cuttings is 

18 implemented with an analytic solution), extraction of pertinent data from the database using 

19 MATSET and sampled parameters from LHS using ALGEBRA. Then the CUTTINGS code is run 

20 for each sample element for each time, first assuming an intrusion into contact-handled (CH) waste 

21. and then an intrusion into remote-handled (RH) waste. (The time of intrusion was important 

22 because of radionuclide decay.) Six hundred simulations are required—two for the RH and CH 

23 wastes, five for the time intervals, and 60 for the sample elements. Once the 600' simulations 

24 are complete, die output is stored for use by CCDFCALC. The simulation release results for CH 

25 and RH waste are presented in Tables B-6 and B-7, respecuvely (Appendix B). 

26 

27 1.4.3.5 Repository/Borehole Modeling 

28 The repository/borehole modeling system models phenomena around the repository. These 

29 phenomena include gas generation from corrosion and microbiological degradation of the waste, 

30 brine movement around the waste over time, and the possible saturation of the waste by the brine 

31 reservoir following inu-usion and creep closure. The two-phase numerical code BRAGFLO and die 

32 one-phase analytic code PANEL were developed specifically to model these phenomena. (The 

33 creep closure phenomenon is not modeled in the 1991 PA calculations. Rather, constant room 

34 state corresponding to high porosity after gas generation was selected.) For most calculations 

The numerous addilional simulalions required for the sensitivity analysis presented in Volume 4 are not 
included in these or any of the following simulation counts. 
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1 reported in Chapter 5, the brine-phase flow results from the cylindrical approximation of the 

2 repository, Castile brine reservoir, and Culebra using BRAGFLO were used by PANEL to evaluate 

3 radionuclide concentrations using a equilibrium-mixing cell mathemaucal model. However, in one 

4 case PANEL was also used to evaluate analytically brine inflow from the Salado and brine 

5 reservoir to make comparisons widi BRAGFLO. 

6 Modeling the repository/borehole area required 600 simulations: 2x5x60; two for the E2 and 

7 E1E2 summary scenarios, five for the five time intervals selected to decompose these two 

8 scenarios, and 60 for the sample elements used to describe parameter uncertainty. (Based on onc-

9 phase and early two-phase simuladons, the El summary scenario was assumed to be similar to the 

10 E2 summary scenario—and bounded by the E1E2 summary scenario. This assumption is more 

11 thoroughly examined in Volume 4.) 

12 

13 1.4.3.6 Culebra Groundwater Flow Modeling 

14 Flow and transport are grouped into the same modeling subdivision because they model the 

15 same-.physical features of die same unit, the Culebra Dolomite Member at the Rustler Formadon. 

16 However, die modeling and number of simulations are different and are separated in diis discussion. 

17 (Transport modeling is discussed in SecUon 1.4.3.7 of this inu-oduction.) 

18 The groundwater flow component of the Culebra modeling system was quite complicated. It 

19 not only consisted of a normal daui-preparation step using GENMESH to set up a planar, two-

20 dimensional mesh at the Culebra and MATSET, BCSET, and ICSET to set fixed material 

21 properties and boundary conditions, but as indicated in Figure 1-3 it also consisted of evaluating 

22 the uncertainty of the transmissivity fields using GARFIELD, GENOBS, FITBND, and the 

23 groundwter flow code SWIFT II. 

24 Specifically, the procedure consisted of using GARFIELD to randomly generate thousands of 

25 transmissivity fields of the Culebra, which had die general spatial vitriance (same variogram) as 

26 suggested by the data, after which a set of head impul.se functions at selected points along the mesh 

27 boundary were generated (40 impulse functions in the 1991 PA), followed by an evaluation of the 

28 steady-state, linear response of the thousands of Culebra "systems" (including brine density 

29 variation) to these impulse functions using the hydrologic code SWIFT 11. Finally, each of the 

30 generated transmissivity fields were conditioned to die steady-state equivalent hciid measurements at 

31 wells by using the 40 linear responses to select the optimal pressure conditions on the boundaries 

32 of the regional model using FITBND. The first 60 transmissivity fields generated by this 

33 procedure diat had (1) good agreement with die head measurements and (2) agreement with known 

34 general flow directions in the area were retained. (About 1 in 5 meets these selection criteria;' thus, 

35 about 12,000 simulations (60x40x5) of the steady-state Culebra system were made with 

36 SWIFT II.) Uncertainty of the transmissivity fields is die subject of the first part of Chapter 6. 
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1 Once the final 60 transmissivity fields were selected, the regional fluid flow assuming 

2 constant brine density was determined 60 times with a newly developed hydrologic code, 

3 SEC0_2DH. The regional analyses included effects from varying head boundary condiuons that 

4 were related to increases in precipitation. Capabilities of SEC0_2DH and the results are the 

5 second topic discussed in Chapter 6. 

6 

7 

8 1.4.3.7 Culebra Groundwater Transport 

9 The second part of the Culebra modeling system is the evaluation of radionuclide transport 

10 from the intrusion borehole to die 5-km boundary of the accessible environment and dirough the 

11 Culebra. The code RELATE was used to evaluate fluid flow boundary condiuons on a greatly 

12 decreased local mesh. STAFF2D was then used to evaluate first flow and then u-ansport on this 

13 local two-dimensional domain. Note that no borehole model was used; rather, die radionuclide 

14 concenuations (mass flux only) from the repository/borehole modeling system were direcUy 

15 injected into die Culebra at a point direcUy above the center of the disposal area. Following the 

16 STAFF2D simulations, the support program ALGEBRA was used to evaluate radionuclide 

17 transport across the 5-km boundary of the accessible environment. 

18 While die evaluaUon of local fiuid flow with STAFF2D only required 60 simuladons, the 

19 evaluauon of transport required 600 simulations because 600 different "source terms" come from 

20 the repository/borehole modeling system. The u-ansport conceptual model reported here and in 

21 Volume 1 is dual porosity. A fracture-porosity-only transport model is reported in Volume 4. 

22 The integrated releases from these transport simulations are reported in Tables B-4 and B-5 

23 (Appendix B). 

24 

25 

26 1.4.4 SENSITIVITY ANALYSIS 

27 The final task, sensiuvity analysis, can only start after major results have been calculated. 

28 Hence, Volume 4, where the sensiuvity analysis is described, must of necessity be produced after 

29 Volumes 1, 2, and 3. It involves plotung scatter plots and developing regression models between 

30 the parameters varied (and their ranks) and various results (e.g., EPA-summed normalized releases 

31 for cumulative releases of each radionuclide from the 600 combined simulations or the 600 

32 cuttings simulations) using the Sandia statistics codes PCCSRC (which calculates partial 

33 correlauon coefficients and standardized regression coefficients) and STEPWISE (which selects die 

34 regression model using stepwise techniques). In addiuon, several odier issues such as conceptual 

35 model uncertainty is explored in Volume 4, so the number of total simulations increases four or 

36 five times. 
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1 1.4.5 CONSEQUENCE MODELING SYSTEM FOR UNDISTURBED 
2 CONDITIONS 

3 Preliminary results from the 1989 PA demonsu-auoh showed no releases to the accessible 

4 environment (Marietta et al., 1989) for undisturbed conditions. Consequently, simuladons of 

5 undisturbed conditions were not performed in 1990; instead, the preliminary results showing no 

6 releases were summarized (Bertram-Howery et al., 1990). Simulations of undisturbed conditions 

7 were repeated in 1991 with updated data and computational models to verify Uiese results and 

8 examine the influence of gas generation in the repository. 

9 Prior to running the two-phase undisturbed calculations with BRAGFLO, much work was 

10 expended to gain experience in using several one-phase models (both planar and cross-sectional 

11 using STAFF2D and SUTRA) assuming a constant and varying gas drive with modifications to 

12 the porosity and permeability to examine various alternative modeling schemes. The 

13 modifications to porosity and permeability were based on preliminary calculations using BOAST II 

14 because development of BRAGFLO was not complete in May 1991, when these undisturbed 

15 calculations were being run. The alternative modeling schemes could find use in providing design 

16 criteria for panel and shaft backfill or for examining engineered modifications to the waste where 

17 detailed calculauons may be necessary and approximations to the two-phase flow formulation rnay 

18 be desirable. The different modeling schemes arc presented in Chapter 4. (The physical features 

19 modeled and the codes used are shown in Figure 1-4.) TTie overview of the mechanics of the 1991 

20 PA calculations for undisturbed conditions is shown in Figure 1-5. Thirteen major codes are used 

21 in die repository/shaft modeling system. 

22 For the undisturbed calculations incorporating two-phase flow, two cases were run using 

23 BRAGFLO. First, the 60 simulations of the cylindrical model for the E2 scenario (without a 

24 borehole) were extended to the full 10,000-year performance period. Second, a separate BRAGFLO 

25 vertical cross-section model of the repository that included the shaft was also run. This latter two-

26 dimensional model included three-dimensional effects by gradually increasing the thickness of 

27 elements as a function of distance from the repository. (Because only fluid-flow comparisons were 

28 planned, this latter case used a new LHS sampling with only 22 sampled elements.) These 

29 undisturbed calculations widi BRAGFLO are reported in Volume 4. 

30 The conclusion has remained the same since the 1989 preliminary calculations: if no one 

31 drills into the repository during die 10,000-year performance period, there will be no radionuclide 

32 releases from WIPP to the accessible environment, and furthermore, no radionuclide movement 

33 outside die Salado Formation. 

34 

35 1.5 Background on the CAMCON System 
36 As shown in Figures 1-3 and 1-5, many different types of software are necessary to investigate 

37 various events and physical processes, perform the assessment, and present the final output as a 
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Figure 1-4. Major Computational Models and the Physical Features They 
Simulate Jn the WIPP Disposal System (Undisturbed Conditions). Four 
generic computational models used for undisturbed conditions. 

complementary cumulative distribution function (CCDF) for comparison with the probabilistically 

based release limits in 40 CFR 191. While Figures 1-3 and 1-5 show the modeling mechanics of 

producing a CCDF, the support su-ucture (framework) for the modeling system is CAMCON 

(Compliance Assessment Methodology CONu-oller). CAMCON manipulates diis software as an 

analysis system (analysis "toolbox") by assisting the flow of information between numerous 

codes. 

1.5.1 ASSISTING THE FLOW OF INFORMATION: THE CAMCON SYSTEM 

CAMCON, the analysis toolbox for running the calculations, has two important functions. 

First, it provides the analyst with the necessary tools and flexibility to build and execute all or 

portions of an assessment for the WIPP. For example, it allows an analyst lo quickly identify 

available software and die necessary information for using individual codes, enabling the analyst to 
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1 select the code(s) best suited for a particular study. Second, several of CAMCON's procedures, 

2 utility programs, and even directory sUucture assist in implementing software QA procedures 

3 (Rechard et al., 1989). For example, CAMCON serves as a software management system, 

4 providing (1) rudimentary configuration conu-ol, (2) FORTRAN libraries of commonly used 

5 subroutines, and (3) on-Une documentation for each code, consisting of a description of the code 

6 and its capability, summary of user commands, update history, and examples. 

7 Related to die first function, CAMCON has five main features that help die analyst perform a 

8 quality analysis: (1) the ability to read model parameters from one central data base to ensure data 

9 consistency; (2) semi-automated linkage of codes, reducing errors in keying in data, (3) a 

10 computational data base that stores all data results in one location; (4) codes to algebraically 

11 manipulate and plot any intermediate (and final) results for careful scrutiny; and (5) a procedure to 

12 help archive analysis input and output. 

13 

14 1.5.2 THE CAMCON SYSTEM PARTS 

15 The primary parts of die CAMCON system consist of (Figure 1-6): 

16 1. Code modules broken down into: 

17 • seven computational modules (mesh generation, property assignment and Monte 

18 Carlo sampling, etc.) 

19 • one support module (e.g., plotung and algebraic manipulation) (eighth module) 

20 • one utility module for archiving input files and results, listing programs, reporting 

21 code discrepancies, etc. (ninth module) 

22 • a data base module containing software for storing and/or manipulating die secondary 

23 and computational data bases 

24 2. A computational data base, CAMDAT, and several secondary data bases 

25 3. A collection of frequently used subroutines in FORTRAN object libraries (e.g., plot 

26 libraries) 

27 4. A suite of procedural files (and symbols to set up the computer environment) for ready 

28 access and execution (either batch or interactively) of the computational and support 

29 modules. The VAXA'MS procedures are written in DEC (Digital Equipment 

30 Corporation) Conuol Language (DCL). 

31 5. Directory sffucture and protocols for storing codes for rudimentary configuration conu-ol. 

32 6. Help files for on-line documentation. - • 

33 The CAMCON software (modules, procedures, help files, and libraries) is stored within its own 

34 directory on die WIPP 8810 VAX computer. 

35 
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Tool 
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Figure 1-6. The Analysis Tool, CAMCON. CAMCON consists of (1) code 
modules broken down into seven computational modules, one support 
module (not shown), one utility module (not shown), and a data base 
module, a computational data base (CAMDAT), and several secondary 
data bases, (3) software libraries (not shown), (4) procedural files to 
access modules (not shown), (5) directory structures and protocols for 
storing codes (not shown), and (6) help files for on-line documentation 
(not shown). 
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1 1.5.3 CODES AVAILABLE IN THE CAMCON MODULES 

2 The ten code modules (groupings of codes) mentioned above are the (1) mesh generation 

3 module, (2) material property module, (3) regional and local hydrologic module, (4) panel module, 

4 (5) U-ansport module, (6) compliance calculation module, (7) statistical module, (8) support 

5 module, (9) utility module, and (10) data base module. 

6 • The Mesh Generation Module discreuzes the models needed for assessing consequences of 

7 one scenario. 

8 • The Property (Monte Cario sampling) Module samples disu-ibutions of geologic and 

9 hydrologic properues needed for uncertainty and sensitivity calculations. 

10 • The Regional and Local Fluid-Flow Module establishes flow conditions within the 

11 conn-oiled area of the repository. 

12 • The Repository Module develops a source term for u-ansport calculations by incorporating 

13 die complex processes in the waste container, storage room, drifts, shaft, and seals. 

14 • The Nuclide Transport Module predicts radionuclide migration from the repository source to 

15 the accessible environment boundary for EPA standard calculations or the maximally 

16 exposed individuals for die NEPA calculations. 

17 • The Compliance Module evaluates the cumulative disu-ibution function (CCDF) from 

18 simulations on all scenarios to assess compliance wilh die EPA Standard. 

19 • The Statistical Module evaluates parameter sensiuvity through regressiori analysis. 

20 • The Support Module provides daUi base manipulation and plotting codes to support the 

21 other modules. 

22 • The Utility Module coniiiins codes that assist in the operation of the CAMCON system 

23 (e.g., listing programs, etc.). 

24 • The Property Data Base Module inputs and manipulates the data collected during disposal 

25 system characterization. 

26 .CAMCON currcntiy consists of about 75 codes and FORTRAN object libraries, which 

27 includes those codes and libraries developed external to Sandia, those internal to Sandia but 

28 developed in other organizations, and those developed specifically for the WIPP project. The total 

29 FORTRAN lines of software written specifically for the WIPP project is about 300,000 (of which 

30 about 51% are comment lines). Imported software, much of which was modified for use in the 

31 WIPP project, totals about 175,000 (25% comments) but excludes six libraries and codes for 

32 which only cxecuUibles are available. Thus, the toUil is about 475,000 lines of FORTRAN coding 

33 that may be selected by die analyst. 

34 In most cases, a choice of computer codes is available within each module. For example, five 

35 codes are available in the groundwater flow module; the selection depends upon the type of 

36 problem under consideration. The codes available within each module are listed below: 
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1 . Mesh Generation Module 

2 • FASTQ: generate finite-element mesh 

3 • GENMESH: generate rectilinear mesh 

4 • GENNET: generate network 

5 • PATEXO: u-ansfonn PATRAN neuual file to CAMDAT data base format 

6 

7 Property Module 

8 • BCSET: set up boundary condition 

9 • FITBND: determine functional relationships between well heads and pressure boundary 

10 conditions and optimize fit of pressure boundary conditions 

11 • GARFIELD: generate equally likely attribute fields, e.g., transmissivity 

12 • GENOBS: generate a set of impulse functions at selected points along the boundary 

13 • GRIDGEOS: interpolate from data to mesh 

14 • ICSET: set up initial conditions 

15 • LHS: sample using Latin hypercube sampling 

16 - PRELHS: d-anslate from property secondary data base to LHS 

17 - POSTLHS: uanslate from LHS output to CAMDAT 

18 • MATSET: set up material properties 

19 • RELATE: interpolate from coarse to fine mesh and fine to coarse mesh (relates property 

20 and boundary conditions) 

21 • SORTLHS: reorders LHS vectors 

22 

23 Groundwater Flow Module 

24 • BRAGFLO: model two-phase fiow 

25 • BOASTJI: model black oil 

26 - PREBOAST: u-anslate from CAMDAT to BOASTJI 

27 - POSTBOAST: translate from BOASTJI to CAMDAT 

28 • HST3D: model hydrologic flow 

29 - PREHST: u-anslatc from CAMDAT to HST3D 

30 - POSTHST: uanslate from HST3D to CAMDAT 

31 • SEC0_2DH: model 2-D hydrologic flow using head formulation 

32 • SUTRA: model hydrologic flow 

33 - PRESUTRA: u-anslate from CAMDAT to SUTRA 

34 - POSTSUTRA: translate from SUTRA to CAMDAT 

35 • SUTRA_GAS: SUTRA modified for fluid as gas instead of liquid 
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1 • SWIFT J I : model hydrologic flow 

2 - PRESWIFT: u-anslate from CAMDAT to SWIFT J I 

3 - POSTSWIFT: u-anslate from SWIFTJI to CAMDAT 

4 

5 Repository Module 

6 • CUTTINGS: evaluate amount of material removed during drilling 

7 • PANEL: model flow (analytically) and radionuclide concenu-ation (mixing cell) in a WIPP 

8 disposal panel 

9 

10 Transport Module 

11 • NEFTRAN: simulate transport with network model 

12 - PRENEF: U-anslate from CAMDAT to NEFTRAN 

13 - POSTNEF: u-anslate from NEFTRAN to CAMDAT 

14 • STAFF2D: model U-ansport using finite elements 

15 -PRESTAFF: uanslate from CAMDAT to STAFF2D 

16 - POSTSTAFF: translate from STAFF2D to CAMDAT 

17 

18 Compliance Module 

19 • CCDFCALC: preprocess radionuclide time histories for CCDF 

20 • CCDFPERM: calculate decomposed scenario probabilities 

21 • NUCPLOT: plot box plots of each radionuclide conu-ibution to CCDF 

22 • CCDFPLOT: plot CCDF 

23 • GENII: calculate human doses 

24 • DOSE: calculate doses from uansfer factors 

25 

26 Support Module 

27 • ALGEBRA: manipulate data in CAMDAT 

28 • BLOT: plot mesh and resulLs 

29 • GROPE: read CAMDAT file for debugging 

30 • RESHAPE: redefine blocks (i.e., groupings of mesh elements) 

31 • TRACKER: track a neuU-ally buoyant particle 

32 • UNSWIFT: convert SWIFT_11 input files into CAMDAT data base 

33 

34 Statistical Module 

35 • PCCSRC: calculate partial correlation coefficients and standardized regression coefficients 

36 • STEPWISE: select regression model using stepwise techniques 
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1 • LHS2STEP: u-anslate from LHS output to STEPWISE or PCCSRC 

2 • CCD2STEP: uanslate from CCDFCALC to STEPWISE or PCCSRC 

3 

4 

5 Utility Module 

6 • CHAIN: calculate radionuclide chains 

7 • CHANGES: record needed enhancements to CAMCON or codes 

8 • DISTRPLT: plots pdf's given parameters 

9 • FLINT: analyze FORTRAN codes 

10 • HLP2ABS: convert help file to software abstfact 

11 • LISTDCL: Hst DEC command procedural files 

12 • LISTFOR: list programs; summarize comments and active FORTRAN lines 

13 • NEFDIS: plot NEFTRAN discharge history as a function of time 

14 

15 Data Base Module 

16 • GENPROP: enter item into property data base 

17 • INGRES: store and manipulate data (commercial relational data base manager) 

18 • LISTSDB: tabulate data in secondary data base for reports 

19 • PLOTSDB: plot parameter distributions in property secondary data base 

20 . CAM2TXT: convert binary CAMDAT to ASCII format file 

21 • SCANCAMDAT: quickly summarize data in CAMDAT 

22 • TXT2CAM: convert ASCII file to binary CAMDAT data base 
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Introduction 

1 2. DRILLING INTRUSION PROBABILITIES—Jon C. Helton 
2 
3 2.1 Introduction 
4 

The U.S. Environmental Protection Agency (EPA) has promulgated the following as a 

6 requirement for the geologic disposal of radioactive waste (U.S. EPA, 1985): 
7 191.13 Containment requirements. 
8 (a) Disposal systems for spent nuclear fuel or high-level or transuranic radioactive wastes 
9 shall be designed to provide a reasonable expectation, based upon performance 

10 assessments, that the cumulative releases of radionuclides to the accessible environment 
11 for 10,000 -years after disposal from all significant processes and events that may affect 
12 the disposal system shall: 
13 (1) Have a likelihood of less than one chance in 10 of exceeding the quantities calculated 
14 according to Table 1 (Appendix A); and 
15 (2) Have a likelihood of less than one chance in 1,000 of exceeding ten times the 
16 quantities calculated according to Table 1 (Appendix A). 

17 The term accessible environment means "(1) die atmosphere; (2) land surfaces; (3) surface waters; 

18 (4) oceans; and (5) all of die lithosphere that is beyond the conuolled area" [U.S. EPA, 1985, 

19 191.12 (k)]. Further, conu-olled area means "(1) a surface location, to be identified by passive 

20 institutional controls, that encompasses no more than 100 square kilometers and extends 

21 horizontally no more than 5 kdometers in any direction from die outer boundary of the original 

22 location of the radioactive wastes in a disposal system; and (2) the subsurface underlying such a 

23 surface location" [U.S. EPA, 1985, 191.12 (g)]. Table 1 (Appendix A), which is referred to in the 

24 preceding containment requirements, is reproduced here as Table 2-1. 

25 For releases to the accessible environment that involve a mix of radionuclides, the limits in 

26 Table 2-1 are used to define normalized releases for comparison with the release limits. 

27 Specifically, the normalized release for u-ansuranic waste is defined by 

„/? = y f e l f l x I O ^ C i / c ) , (2-1) 28 

29 where 

30 

31 Ql = cumulative release (Ci) of radionuclide /' to the accessible environment during the 

32 10,000-year period following closure of the repository, 

33 Ll = die release limit (Ci) for radionuclide / given in Table 2-1, 

34 

35 and 

36 

37 C = amount of transuranic waste (Ci) emplaced in the repository. 

38 For die 1991 WIPP performance assessment, C = 11.87 x 10^ Ci. 
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Table 2-1. Release Limits for the Containment Requirements 
(U.S. EPA, 1985, Appendix A, Table 1) 

Radionuclide Release Limit L, per 1,000 MTHM* 
or Other Unit of Waste (Curies) 

Americium-231 or -243 

Carbon 14 

Cesium-135 or-137 

lodine-129 

NeptUnium-237 • 

Plutonium-238,-239, -240, -or -242 

Radium-226 

Strontium-90 

100 

100 

1,000 

100 

100 

100 

100 

1,000 

Technetium-99 

Thorium-230, or -232 

Tin-126 

10,000 

10 

1,000 

Uranium-233, -234, -235, -236, or -238 100 

Any other alpha-emitting radionuclide with a half-
life greater than 20 years 

100 

8 
9 

10 
11 
12 

Any other radionuclide with a half-life greater than 
20 years that does not emit alpha particles 

1,000 

* Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of 
heavy metal (MWd/MTHM) and 40,000 MWd/MTHM. 
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1 In addition, the EPA directs that the results of a performance assessment intended to show 

2 compliance with the release limits in 191.13 should be assembled into a single complementary 

3 cumulative disuibution function (CCDF). Specifically, the following statement is made: 

4 
5 . . whenever practicable, the implementing agency will assemble all of the results of the 
6 performance assessments to determine compliance with [section] 191.13 into a 
7 "complementary cumulative distribution function" that indicates the probability of 
8 exceeding various levels of cumulative release. When the uncertainties in parameters are 
9 considered in a performance assessment, the effects of the uncertainties considered can be 

10 incorporated into a single such distribution function for each disposal system considered. 
11 The Agency assumes that a disposal system can be considered to be in compliance with 
12 [section] 191.13 if this single distribution function meets the requirements of [section] 
13 191.13(a). (U.S. EPA, 1985, Appendbc B, p. 38088). 

14 

15 Construction of the single CCDF requires a clear conceptual representation for a performance 

16 assessment. A representation based on a set of ordered triples provides a suitable way to organize a 

17 performance assessment and leads naturally to the presentation of the outcome of a performance 

18 assessment as a CCDF (Kaplan and Garrick, 1981; Helton et al., 1991). Specifically, the outcome 

19 of a performance assessment can be represented by a set of ordered triples of the form 

20 

21 ' ] l = {{Si,pSi,cSi),i = h...,nS], (2-2) 

22 

23 where 
24 

25 Sl = a set of similar occurrences, 

26 pSi = probability that an occurrence in set 5,- will take place, 

27 cS,- = a vector of consequences associated wilh 5,-

28 

29 and 

30 

31 nS = number of sets selected for consideration. 

32 

33 In terms of performance assessment, the 5/ are scenarios, the are scenario probabilities, and 

34 the cS,- are vectors containing results or consequences associated with scenarios. 

35 The information contained in the pSi and cS/ shown in (2-2) can be summarized in CCDFs. 

36 With the assumptions that a particular consequence result cS (e.g., normalized release to the 

37 accessible environment) is under consideration and that the values for diis result have been ordered 

38 so diat c5,- < c5/+i for / = 1,2,..., - 1 , Figure 2-1 shows the resultant CCDF. As illustrated in 
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1 Figure 2-2, the EPA containment requirement in 191.13 specifies that the CCDF for normalized 

2 release to. the accessible environment should fall below a curve defined by the points (1, 0.1) and 

3 (10, 0.001). The vertical lines in Figure 2-2 have been added for visual appeal but are not really 

4 part of the CCDF. A waste disposal site can be considered to be in compliance with the EPA 

5 release limits if the CCDF for normalized release to the accessible environment falls below the 

6 bounding curve shown in Figure 2-2. 

7 Since the representation for a performance assessment in (2-2) and the resultant CCDFs in 

8 Figures 2-1 and 2-2 involve probabilities, there must be an underlying sample space. For 

9 performance assessments conducted to provide comparisons with the EPA release limits, the 

10 sample space is the set S defined by 

11 

12 S = {x:x a single 10,000-year time history beginning at decommissioning of the facility 

13 under consideration}. (2-3) 

14 
15 Each 10,000-year history is complete in the sense that it provides a full specification, including 

16 time of occurrence, for everything of importance to performance assessment that happens in diis 

17 time interval. The 5,- appearing in (2-1) are disjoint subsets of S for which 

18 
nS 

19 

20 In die terminology of probability theory, the 5j are events and the pSi are the probabilities for 

21 these events. It is the discretization of S into die sets 5/ that leads to die steps in the estimated 

22 CCDFs in Figures 2-1 and 2-2. The use of more sets will reduce the step sizes but will not alter 

23 the fact that CCDFs are the basic outcome of a performance assessment (Helton et al., 1991, 

24 Chapter VI). 

25 Important parts of any performance assessment are the discretization of S into the sets 5, , 

26 commonly referred lo as scenario development (Hunter, 1989; Ross, 1989; Cranwell et al., 1990; 

27 Guzowski, 1990), and the subsequent determination of probabilities for these sets (Mann and 

28 Hunter, 1988; Hunter and Mann, 1989; Guzowski, 1991). For radioactive waste disposal in 

29 sedimentary basins, many computational scenarios (i.e., scenarios defined specifically for the 

30 consu-uction of CCDFs) result from unintended intrusions due exploratory drilling for natural 

31 resources, particularly oil and gas. To consunict CCDFs of die form shown in Figures 2-1 and 2-

32 2, the time histories associated with these drilling intrusions must be sorted into disjoint sets such 
33 that (1) each 5,- is sufficiently homogeneous that it is reasonable to use the same consequence 
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1 result cSj- for all elements of 5,-, (2) a probability pSi can be determined for each 5/, and (3) die 

2 computational costs for estimation of pSi and cS,- are acceptable. 

3 This chapter describes a decomposition of drilling intrusions into computational scenarios pn 

4 the basis of number of intrusions and their times of occurrence and derives the necessary formulas 

5 to convert from drilling rales to scenario probabilities. For these derivations, the occurrence of 

6 individual drilling intrusions is assumed to be random in time and space, although the drilling rate 

7 is not assumed to be constant or, for that matter, even continuous through time. A following 

8 presentation will describe a computational procedure that can be used to determine CCDFs for 

9 inu-usions due to driUing (Chapter 3). 

10 

11 2.2 Mathematical Preliminaries 
12 

13 The symbol Sk{a,b) will be used to denote the subset of S [see (2-3)] defined by 

14 

15 Sk.{a,b)={x:x an element of 5 that involves exactiy k drilling intrusions in the time 

16 interval [a,b] } . (2-5) 

17 

18 One of the objectives of this presentation is to derive a probability p[5;t(a,i>)] for Sk{a,b). 

19 Membership in 5^(a,ft) only places a resu-iction on intrusions in the time interval [a,b] and thus 

20 does not preclude intrusions in other time intervals. As a result, an additional objective will be to 

21 determine the probability p[n"=i^n(i-)('i-l ' ' i)] for Ihe set n^^j5„(,-)(/,-_i,//), where 

22 tQ<ti<---<t^ and each n{ i ) , i= \ ,2 , . . . ,n , is a nonnegative integer. This corresponds to 

23 determining die probability of a computational scenario in which exactiy n(\) intrusions occur in 

24 time interval [^o.'l]. exactiy /i(2) inunisions occur in time interval [^1,^2]. ^nd so on. 

25 The probability of having exactly one intrusion in the time interval [M,V] will be 

26 approximated by a function F such that 

27 

28 p[5\(u,v)]=F{u,v) + o\{v-u) 

31 

32 

(2-6) 

29 

30 where the preceding notation is a shorthand for the statement diat the ratio 

p[S\{u,v)\ - F{u,v) 

( v - " ) ' (2-7) 
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1 is bounded as V - M approaches zero. More precisely, the statement in (2-6) is satisfied on a time 

2 interval [a,b] if there exists a number B and a sequence of times a = tQ < t̂  <•••< t^ = b such 

3 that, if 1 < / < « and < u < V<i?, then 

p[Si{u,v)]-F{u,v) 
< B . (2-8) 

5 

6 The expressions in (2-6) and (2-8) are providing a madiematical form for the statement "F{u,v) is 

7 a good approximation to p[5i(w,v)] when v-w is small." 

8 The function F in (2-6) can be defined in a number of ways. The simplest definition is 

9 

10 Fiu,v) = X{v-u) . (2-9) 

11 

12 In this case, F corresponds to a Poisson process (Cox and Lewis, 1966; Haight, 1967; Cox and 

13 Isham, 1980) with a fixed rate of constant X (i.e., a homogeneous Poisson process). A step up in 

14 complexity is 

15 

16 F{u,v) = X{u)iv-u) , (2-10) 

17 

18 in which case F corresponds to a Poisson process with a time-dependent rate constant (i.e., a 

19 nonhomogeneous Poisson process). Results obtained in an expert review process indicate that the 

20 WIPP performance assessment may need to use time-dependent values for X (Hora et al., 1991). 

21 Another possibility is 

22 

23 F{u,v) = f{u)[g{v)-g{u)], (2-11) 

24 
25 where g{t) is the probability that no inU-usions wdl have occurred by time / and f{t) = -1/g{t). 
26 As a final example, F might be defined by 

[A.(v-w) otherwise, V V / 

28 

29 where <r,- and 0<p,- < 1 for / = 1,2,"-. The preceding example allows nonzero failure, or 

30 inu-usion, probabilities at fixed points in time; this type of discontinuity is unlikely to arise in 

31 radioactive waste disposal problems but does help show die generality of characterizing a Poisson 

32 process with an interval function. 
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1 The following presentation will require two types of integrals involving interval functions of 

2 the type defined in (2-9) through (2-12): sum integrals and product integrals. These integrals, 

3 along with some related terminology, are now defined. 

4 

5 Definition 1. The statement that 'D = [ X I ] J I Q is a subdivision of an interval [a,b] means 

6 a = XQ < Xl <•••< Xf„ = b. 

7 Definition 2. The statement that is a refinement of a subdivision 2) of [a,b] means (1) ^K, 

8 is a subdivision of [a,b] and (2) every point in 2) is also a point in !}{^. 

rb 
9 Definition 3. The statement that the sum integral F exists means there exists a number 

10 L such that, if e>0 , then there exists a subdivision 2? of [a,b] such that, if "!{, = [''i]"=Q 'S a 

11 refinement of 2), dien -L] /^(^--i )|<e • 

12 Definition 4. The statement that the product integral a 11 (̂1 + E) exists means there exists a 

13 numberL such diat, if e>0, dien there exists a subdivision 2)of [a,b] such that, if = {'"iJl'-o 

14 is a refinement of (D, then 

23 

L-nr=][l+/^(';--l,'i-)]|<e-

15 

16 As indicated in the two preceding definitions, the sum and product integrals 

17 F and^J^^l- i-F) 

18 

19 are simply representations for limits involving 

20 

(2-13) 

'ZF{n_i,n)an6Ylll + F{n..l,n)], (2-i4) 

/• = 1 i = \ 

21 

22 respectively. These definitions lead to die equalities 

24 fV= [V-i- f F 
Ja Ja Jx 

(2-15) 

25 

26 arri 

27 
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1 l l ^ l + F)^ Yl^'il + F) Y l \ l + F) (2-16) 

2 

3 for a< x < b , where 

4 

j ' ' F = 0 a n d ^ f | ' ' ( l + F) = l . (2-17) r-
'AT 

6 

7 As shown by the following two theorems, there is a reciprocal relationship between sum and 

8 product integrals. 

9 

10 Theorem 1 (Helton, 1973a). If F is an interval function defined on [a,b] and either 
tb rb 

11 (V) \ F exists and F^exists, 
Ja • Ja 

12 

13 or 

rb 
14 (2) [ Fexistsand \~\ (1-i-F) exists and is not zero. 

15 

16 or 

a-^ a J 

18 

17 (3) each of J ^ V + O^nd j P j ' ' ( l - F ) exists and is not zero. 

19 then j ' ^ F , J^F^ and ]^ '^( l - i -F) exist for a < x < y < 

20 ' 

21 Theorem 2 (Davis and Chatfield, 1970; Helton, 1973b). If F is an interval function defined on 

22 [a,b] and eidier j * F exists or xY\^{\-^F) exists for a< x < y <b , then either of the following 

23 two statements implies the other: 

24 

25 and 

(1) + and 1"^^ bothexistand ^]^-^(I-t-F) = exp|^J'*'Fj for a < x < y < / 7 . 

26 (2) F 2 =0 . 
Ja 

27 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 
17 
18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

The definition of F in (2-9) satisfies both theorems, as does the definition in (2-10) if X{u) is 

bounded and integrableon [a,b]. It is also possible for the definition in (2-11) to satisfy both 

theorems when g does not have any discontinuities. The definition in (2-12) satisfies Theorem I 

when S^jP/ exists but will not satisfy Theorem 2 unless pi =0 for j = 1,2,---. Theorem 2 is 

important because it presents the relationship between product integrals and exponentials of sum 

integrals. 

In the discussions that follow, it will be assumed diat F is sufficienUy well-behaved for the 

existence of bodi | ^ F 2 and xU^{ l + F) for a < x < y < b . Actually, we will be interested in the 

existenceof x n ^ ( l - ^ ) . which follows from Theorem 1 if \^F and xU^{i-^F) both exist, or 

equivalently, if \^F and j ^ F ^ both exist. Further, the exponential relationship in Theorem 2 

will be used to simplify relationships under the added assumption that j ^ F = 0. 

Although not widely used, product integrals are a very useful mathematical construction. 

Additional background and information can be found in several references (Masani, 1947; Helton, 

1977; Dollard and Friedman, 1979; Gill and Johansen, 1990). 

2.3 Computational Scenario Probabilities for Single Time 
Intervals 

This section presents a derivation for die probability that exactly k inuusions will occur in a 

fixed time interval. More specifically, the purpose of this section is to determine die probability 

p[Sic{a,b)] of Skia.b). Notation will involve a subdivision {'(-}"_o of [^ .^] - Further, limits 

are assumed to be of die subdivision-refinement type, although the notation does not expressly 

indicate this. The function F is also assumed to be sufficiendy well-behaved for all indicated 

integrals lo exist. 

The probabihty of no intrusions in die interval [a,b] is given by 

p[So{a,b)]^ r}}Î oo, Y l [ ^ - F { t i _ , , t i ) ] 

1 = 1 

29 = exp 
Ja 

if ["^2=0 
Ja 
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1 

2 

3 

4 

5 

oxp[-X{b-a)] , [if F{r,s) = X{s-r)] (2-18) 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

where the final expression is the usual form for a Poisson process wilh a fixed rate constant X. 

The expressions 

]^*(1-F) and exp|^-J^ F (2-19) 

give the probability of no inu-usions under less restrictive conditions. In particular, the 

exponential form includes time-dependent values for X, and the product integral form is sufficiendy 

general lo permit nonzero intrusion probabilities at fixed points in time. A discussion of similar 

derivations in other contexts is given in Gill and Johansen (1990), Section 4.1. 

The probability of exactiy one intrusion in the interval [a, b] is given by 

p[Si{a,b)]= J^plSo{aJi-i)]F{ti_i,ti)p[So{ti,b)] 

i = 1 

= \%[So{a,r)]F{r,s) p[So{s,b)] 

Ja a-̂  -*• J-*-

• 
if f^F2 =0 

Ja 

l \ exp(-f^ 
•'a J \ •'a 

[X{b - a)]exp[-X{b - a)], [if F{r,s) = X{s - r)] (2-20) 

where die final expression is again the usual form for a Poisson process with a fixed rate constant 

X. The expressions 

give the probability of exactly one intrusion under less resti-ictive conditions. 

The probabUity of exactiy two inuiisions in ihe interval [a,b] is given by 

(2-21) 
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8 

9 

10 

11 

12 

13 

p[S2{a,b)]= n^™«, f^p[Si{a,ti_i)]F{ti_i,ti)p[So{ti,b)] 

i = l 

= \^p[Si{a,u)]F{u,v)p[So{v,b)] 
Ja 

=i1rHI'n"<'-f)V("''')n''('-'-) • kj i f \ F=0 
a 

X^{b-af 
exp[-X{b-a)], [if F(u,v) = > . (V-M) ] (2-22) 

where the final expression is the usual form for a Poisson process wilh a fixed rate constant X. 

Various representations for a Poisson process under less resu-ictive assumptions are also given in 

die preceding sequence of equalities. 

The preceding derivations can be continued for k = 3,4,---. In general, the probability of 

exactly k inuiisions, k = 1,2,3,- in die interval [a,b] is given by 

14 p[Sk{a,b)]= „'i!?oo ^plSk-l{a,ti_i)]F{ti..i,ti)p[So{ti,b)] 

15 

16 

17 

18 

19 

t = 1 

: f p[Sk-i{a,u)]F{u,v) p[Soiv,b)] 
Ja 

\F{U,V) 

X'^jb-a)'' 

k\ 

•b 9 

'a 

exp[-X{b - a)]. [i{F{u,v) = Xiv-u)] (2-23) 

where the preceding iterated integral involves k integrals. The final expression is the usual form 

for a Poisson process with a fixed rate constant X, As before, die two preceding expressions give 
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1 representations for p[5^(a,fe)] with less restrictive conditions on F. For a formal development, 

2 die equalities in (2-23) could be established by mathematical induction. 

3 

4 2.4 Computational Scenario Probabilities for Multiple Time 
5 Intervals 
6 

7 This section presents a derivation for the probability of a pattern of intrusions involving 

8 multiple time intervals. Suppose {'i}"_o is a subdivision of die time interval [a, b]. Further, for 

9 / = l,2,---,Ai, let 5(r,-_i,r,-) denote a subset of 5 that is defined on the basis of drilling intrusions 

10 occurring in the time interval [<,•_],;,]. That is, the conditions that determine whether or not an 

11 element J: of 5 is also an element of are specified only for [ / ,_ i , r , ] , and thus, the 

12 possible intrusions associated with x in other time intervals do not affect membership in 

13 S{ti_Ui)-

14 A set of time histories satisfying the conditions imposed on for all i can be 

15 obtained by forming the intersection of the sets Specifically, the time histories in the 

16 set 

17 5(a,6)= (2-24) 
1 = 1 

18 

19 satisfy the conditions imposed on each of die sets 5(< , -_ i ) - The intrusion model is based on the 

20 assumption that die occurrences of boreholes are independent in time and space. Thus, the sets 

21 (i.e., events) and s [ l j - \ , t j ^ are independent for i ^ j . As a result, the probability of 

22 S{a,b) can be obtained from the relationship 

23 p[S{a,b)]=p 
./ = 1 

: J|/'W'M.'/)]- (2-25) 
/• = I 

24 

25 In words, the probability of S{a, b) is the product of the probabilities for the sets ,/,-). 

26 The sets are often specified by the number of drilling intrusions (i.e., boreholes) 

27 occurring within the time interval [ ' / -b ' / ] . As indicated in Section 2.2, 5„^-^(r,_i,i,) can be 

28 used to denote the subset of 3 such that jc e 5„(,)(',_i only if x involves exactly n{i) 

29 inu-usions within the time interval [ / , _ ] , ; , ] . Then, 

2-14 



Computational Scenario Probabilities for Single Time Intervals 

S{a,b)= f]Sn(i){ti-hti) 
i" = l 

(2-26) 

denotes die set of time histories in which exactiy n(l) intrusions occur in the time interval 

['Q.fl]. exactiy n{2) intrusions occur in the time interval [ri,/2]> and so on. As shown in (2-25), 

the probability of Sia,b) is given by 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

p[S{a,b)]=llplSn(i){ti-hti)]-
i = \ 

(2-27) 

These Section 2.3 provides computational formulas for the probabilities p 5„(,-)(/,-_i,?/) 

formulas in conjunction with the relationship in (2-27) provide a means to determine the 

probabilities of a wide variety of scenarios involving drilling indaisions. 

Several examples are now presented to illustrate die use of the formula in (2-27). The first 

example is for a single borehole in time interval ,ry j and no intrusions in all other intervals, 

which is equivalent to 

ri i f 1 = 7 
n{i) = 

0 if j> j. 

In this case. 

(2-28) 

17 p[Sia,b)]=Ylp[Sn{i){'i-\Ji)] 
1 = 1 

[from (2-27)] 

18 

19 

n4^0(',-l.',)] 
/ = 1 

np[5o («,-_!. ?,-)] 
/ = y + i 

[from (2-28)] 

20 

21 

U' = 1 n IM'^'-'^ 
i=j+l'-

[from (2-18)] 
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10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

-23 

24 

={.n''-'(>-̂ )}{4̂ .('.-..';)i}{,_,n"o-n}. (2-29) 

3 The value for p̂ S\ (ry_i, t j j | is given in (2-20) and results in the equality 

(2-30) 

The preceding representation for p[5(a,6)] was developed widi no resffictions on F odier than the 

existence of the integrals involved. Simpler representations result when additional restrictions are 

placed on F. 

When the requirement that j^F =0 is added, the representation in (2-30) becomes 

iS{a,b)] = i^txpl-j'j-\ 

I'^F cxp\-f 

Further, the representation in (2-30) becomes 

p[S{a,b)] = \x(tj-tj_i)]exp[-X{b-a)] 

1 r ( u \ 

exp []exp -[•' 
. 0 - 1 . I 0-1 j JI I •'0 ) 

(2-31) 

(2-32) 

when the additional requirement that F{u, v) = X{v-u) is added. 

The intrusion pattern indicated in (2-28) is equivalent to no intrusions in the time intervals 

and ['y.^] together with exactiy 1 intrusion in the time interval [ 'y-i . ' ; ] - When this 

decomposition is used, the representation for p[5(a,ft)] is 

p[S{a, b)] = [PISO (a, tj-i)]} [p[Si (^-i, tj )]}{p[So (tj ,b)]] 
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={»n''(>-̂ )}{''h('.-.-'>)i}{,,̂ n'('-'')}. (2-33) 

[from (2-27)] 

8 

9 

10 

11 

12 

13 

14 

15 

16 

which is the same as the representation in (2-29). 

The second example is for exactiy k boreholes in time interval \tj-\, tj j and no intrusion in 

all other intervals, which is equivalent to 

{kifi = j 
" < ' " ' - | o i f / < ; . < -̂̂ > 

As indicated in both (2-29) and (2-33), diis case leads to 

p[-̂ (̂ '')]={.n'̂ -̂  (1 - ̂ )} {p[M'M''j )]}{tj n'(^- ̂ )}-

The form taken by /7[̂ 5 (̂iy_i,?y-)] is shown in (2-29), which leads to 

(2-35) 

17 for the general case. 

(2-36) 

t' r -
Y ^ 

18 p[Sia,b)] = t' r - ft ' F(r,s) •F{u,v) 18 p[Sia,b)] = 
•'o-i .0-1 .ro-i j 

exp -i>] (2-37) 

19 

20 for the case f^p'^ = 0, and 

21 p[S(a,b)]: 
k\ 

exp[-X{b-a)] (2-38) 

22 
23 for the case F(a,v) = A,(v-M). 
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1 The third example is for exactiy k boreholes in time interval ^ry_i,/y|, exactly m boreholes in 

2 time interval [ r / _ i , / / ] , and no intrusions in all other intervals, which is equivalent to 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

«(/) = 

k i i i = j 

m i l i = l 

0 otherwise. 

(2-39) 

Derivations similar to those shown in (2-29) and (2-33) lead to 

[̂•̂(«>)]={«n'̂'"̂(i-̂)}W'̂ (̂o-i-o)]}{,̂.n''"̂  
ip[Sm[ti-i^n)]]\]\\^-n (240) 

with the assumption that t j < / / . The forms taken by p | 5 j t ( ' y - i , ) ] and /?[5,„(//_i,//)] are 

shown in (2-29) and can be substituted into (2-40) to produce expressions corresponding to diose 

shown in (2-36), (2-37) and (2-38). The general case and the case for j ^ F ^ = 0 will involve two 

pairs of iterated integrals. The relatively simple expression 

p[S{a,b)] = ̂ '""(o-o-if(^/-'/-ir 
k\m\ 

Qxp\-X{b-a)\ ® (241) 

is produced for die case F(u,v) = X{v-u). 

This section concludes by returning to the general case shown in (2-27) in which exactly n[i) 

inuusions occur for each time interval. Equation (2-29) provides computational formulas for the 

probabilities p 5„(,)(',-_i,<,-)j appearing in (2-27). Thus, a general formula for /7[5(a,i?)] could 

be generated by substituting the relations in (2-29) into (2-27). The resultant relationships for the 

general case and the case j ^ F = 0 are notationally messy due to the many iterated integrals 

involved. However, die relatively compact relationship 

p[S{a,b)]-- n 
n{i) 

nii)\ 
exp[-X{b-a)] (242) 
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1 results for the case F(M,V) = X( v-w). 

2 

3 2.5 Computational Scenario Probabilities for Pressurized 
4 Brine Pockets 
5 

6 Field data indicate that part of the waste panels at the WIPP may be underlain by one or more 

7 pressurized brine pockets in the Castile formation (Eardi Technology Corp., 1987). The possible 

8 location of these pockets is shown in Figure 2-3. As a result, a potentially important summary 

9 scenario involves two or more boreholes through a waste panel in which at least one borehole 

10 penefrates a pressurized brine pocket and at least one borehole does not. The significance of diis 

11 summary scenario results because fluid may flow up one borehole from the pressurized brine 

12 pocket, through the panel, and then out through another borehole. This was referred to as the 

13 E1E2 scenario in the 1990 WIPP performance assessment for the case involving two boreholes 

14 through a panel in which one borehole penefrates a pressurized brine pocket, one borehole does not 

15 penefrate a pressurized brine pocket, and the borehole seals fail in a pattern that induces flow 

16 through the panel as shown in Figure 2-4 (Bertram-Howery et al., 1990). 

17 Determination of probabilities for ElE2-type computational scenarios is based on the subsets 

18 'B'P^{i,a,b) and 'B<P^{l;a,b) of 5, where 

19 

20 'B(Pj^{l;a,b) = [x:x an element of S that involves exactly k drilling inu-usions dirough 

21 waste panel / in the time interval [a,b] diat penetrate a pressurized 

22 brine pocket} (2-43) 

23 

24 aitl 

25 

26 CBTj^{l;a,b) = [x:x an element of S that involves exactiy k drilUng inu-usions through 

27 waste panel / in the time interval [a,b] that do not penefrate a 

28 pressurized brine pocket}. (2-44) 

29 Computational scenarios of the ElE2-type are defined by the intersection of sets of the form 

30 shown in (2-43) and (2-44). 

31 As shown in (2-18) and (2-23), the probabilities for 'BT^{l\a,b) and 'B'P^{i,a,b) are given 

32 by 

33 

34 'BT^ {l;a,b)] = J ^ [ \ - F ^ { l ; u , v ) ] , (245) 
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1.25 X 103 

1.00 

0.75 

0.50 

0.25 

0.00 

-0.25 -

-444.3 50.1 

•:-V:V v̂:'--:::\v-̂ ^ 

0,00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 XIO^ 

TRI-6342-1239-0 

Figure 2-3. Contour Map of Elevation to First Major Conductor below 
WIPP Disposal Area (after Eartli Tecfinology Corp., 1987) (see 
Section 5.1.1 of Volume 3 of tfiis report). 
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Exploratory 
Drilling Rigs 

Culebra 
Dolomite Member 

•acc 

DRZ (not to scale) Anhydrite Layers A and B 
//... 

7—Repository 

Marker Bed 139 

Castile Fm 

R c = Release of Cuttings and Eroded Material 
R acc = Release at the Subsurface Boundary of the Accessible Environment 
DRZ = Disturbed Rock Zone 

TRI-6342-217-3 

Figure 2-4. Conceptual Model for Scenario E1E2 (Bertram-Howery et al., 
1990, Fig. IV-6). Arrows indicate direction of flow. The indicated plugs 
are assumed to be intact; other possible plugs are assumed to be 
degraded.) 
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8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

«!P+(/;a,ft)] = j%[«!P+_l(/;a,u)]F+(/;M,v)p[«!Po+(^ • 

'BTQil;a,b)\=^Yl^[l-F-{l;u,v)\ 

(246) 

(247) 

and 

p[(B!P^-{l;a,b)\ = (/;a,w)]/^"(/;«,v)P['BCPQ {I;v,b)\, (248) 

where k = l,2,--- in (246) and (248) and die functions F'^{l;u,v) and F (/;«, v) approximate the 

probability of drilling through panel / in time interval [u,v] and peneuating a pressurized brine 

pocket F̂"*" j and not peneuating a pressurized brine pocket (^~) . respectively. 

Since drilling is assumed to be random in time and space, f "*"(/;u,v) and F~{l;u,v) are 

related to die function F used in Sections 2.3 and 2.4 by 

F"*"(/;u,v): 
aBP{l) 

aTOT{l) 

aBP{l)\ 

aTOT )• 

aTOT{l) 

aTOT 
F{u,v) 

= f^V(.,v) 

and 

(249) 

/= '"( / ;M,V): 
aTOT{l)-aBPil)YaTOTil)\ 

aTOT{l) )[ aTOT ) 

aTOT{l)-aBP{l) 

aTOT 
F{u,v), 

(2-50) 

respectively, where 

aBP{l) = area (m2) of pressurized brine pocket under waste panel/, 

aTOT{l) = total.area (m2) of waste panel /, 

and 
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1 aTOT = total area (m^) of all waste panels. 

2 For the special case in which F{u,v)=X{v-u) , the functions F'*'(/;M,V) and F~{i,u,v) are 

3 defined by 

4 

5 F+(/;«,v) = a(/)(v-M)andF-(/;M,v) = P(/)(v-M), (2-51) 

6 

7 where 

8 

13 

15 

18 

aTOT 

\ 
X. (2-52) 

10 

11 The probability of having an ElE2-type computational scenario involving waste panel / 

12 during the time interval [a,b] is given by 

14 /7[s!P+(/;a,i>)n«!Pf (/;a,6)] = p[«!P+(/;a,6)]p[!B!Pf(/;a,Z,) (2-53) 

16 where (/;«,&)] and p[«2', il;a,b)j are defined in (2-46) and (2-48). For die special case in 

17 which F(M,V) = X(v-«), the preceding expression becomes 

19 p['BT^'-{l;a,b)f]'ST{-{l;a,b)\ 

20 = {(xil)ib - a)^xp\-o.{l)(b - a)]}{mb - a)exp[-p(/)(ft - a)]] 

21 =a(/)3(/)(i,-a)2exp{-[a(/) + P( / ) ] [^ , -4 

ĵ...(0[.r..(0-̂ .(/)]ĵ ^^ 

23 

24 where a(/) and P(/) are defined in (2-52) and the values for p 'B'P^{l;a,b)^ and pj^SiPf (/;a,&)j 

25 follow from a derivation analogous to the one shown in (2-20). 

26 In a similar manner the probability of having an ElE2-type computational scenario for the 

27 time interval [a, b] in which r boreholes pass through waste panel / and subsequentiy penetrate a 

28 pressurized brine pocket and ^ boreholes pass through waste panel / but do not penetrate a 

29 pressurized brine pocket is given by 
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8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

p\'B(P;!-{i;a,b)r\'B^;{l;a,b)\ = p[(B(P;!-{l;a,b)] p[^'P^ {l;a,b) 

For die special case in which F(u, v) = X(v - u), the preceding expression becomes 

'B'P^{l;a,b)V^'BT;{i,a,b) 

= {[a(/)]^ [b - o f txp[a{l){b - fl)]}{[P(/)]'[fc - a f exp[P(/)(̂ , - a)]} 

= ^aBP{l)X [aTOT{l) - aDP{l)] 'IaTOr+'Y+'{b - a)'^' 

• exp^aTOT{l)laTOT]X{b- a)], 

(2-55) 

(2-56) 

which reduces to the expression in (2-54) when r = s = 1. 

Radier than basing die probability of an EIE2-type computational scenario for waste panel / 

on the sets "Bi^{i,a,b) and {i,a,b), a more conservative (i.e., larger) probability can be 

obtained by using the sets 

'B(P'̂ {i,a,b) = {x:x an element of 5 that involves one or more drilling inu-usions through 

waste panel / in the time interval [a,b] diat penefrate a pressurized 

brine pocket} (2-57) 

and 

"BT {l;.a,b) = {x:x an element of 5 that involves one or more drilling ind-usions through 

waste panel / in the time interval [a,b] that do not peneu-ate a 

pressurized brine pocket} . (2-58) 

In this case, the probability for an EIE2-type computational scenario is given by 

p\'3(P'^{l\a,b)r\'B^~{l<a,b)j = p 'BT'^{l;a,b) p 'B'P~{l;a,b) 

(2-59) 

2-24 



Computational Scenario Probabilities for Pressurized Brine Pockets 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

where the second equality follows from (2-18). For the special case in which F{u,v) = X{v-u) , 

die preceding expression becomes 

'B¥^{l ;a ,b) r \ 'B(p-{l ;a ,b) \={l -&xp[-a{l ){b-a) ]}[ l -exp[-mb-a)] ] , (2-60) 

where a(/) and P(/) are defined in (2-52). 

Thus far, this section has dealt with ElE2-type computational scenarios that involve a single 

waste panel. A complete performance assessment requires consideration of all waste panels. This 

leads to computational scenarios defined by sets of die form 

'BT^^~{a,b) = {x:x an element of 5 in which at least one waste panel is penefrated by 

exactiy two boreholes during the time interval [a^b], of which one 

penetrates a pressurized brine pocket and one does not}. 

--^\BT^'-{l;a,b)P[Bl\ {l;a,h)\. (2-61) 

where nP is the number of waste panels in die repository. The probability of 'BT̂ -̂  (a,6) is then 

given by 

p\BT^-{a,b)\ = p U {'B!P+(/;a,/7)n«!Pr(';a.^)| 
. /=1^ -

nP 
'-IP 

nP 

l^'B¥^^(t;a,b)f]'B(PY{l;a,b)} 

I p BT{{i,a,b) p'BT{[l\a,b) 
1=1 ^ ^ 

As indicated in (2-54), die preceding relation becomes 

(2-62) 

nP 

'S^P+-(«,ft)]= 5;[a(/)P(/)(/7-«)2 exp{-[a(/) + P(/)][^-«]} 

/ = 1 

•(2-63) 
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when F{u,v) = X{v - u) , where a(/) and P(/) are defined in (2-52). 

As shown in conjunction with (2-60), it is also possible to determine a more conservative 

probability for ElE2-type computational scenarios by considering one or more boreholes rather 

than the single boreholes associated with die sets 'B'P^ {i,a,b) and 'BT{'(l;a,h). This leads to 

computational scenarios defined by sets of the form 

'BT^ {a,b)=[x: x an element of S in which at least one waste panel is penetrated by two or 

more boreholes during the time interval [a,b], of which at least one 

penetrates a pressurized brine pocket and at least one does not} 

nP 
U l'BT'^il\a,b)f]'BT {l;a,b)\. 

As shown in (2-62), die probability of BT^ (a,/?) can be approximated by 

nP 
p[si'+-(a,fc)]= Z p^BT'^{l;a,b)^p^'B(p-{l;a,b)\. 

(2-64) 

(2-65) 

Further, when the condition that F{u,v) = X{v-u) is added, it follows from (2-60) that 

nP 

BT^-ia, b)] = 5^ {l - oxp[-a{l){h - a)]] {l - exp[-P(/)(ft -a)]}, 

1=1 

(2-66) 

where a(/) and P(/) are defined in (2-52). 

The approximations appearing in (2-62), (2-63), (2-65) and (2-66) result from use of the 

identity 

21 p 

22 

= l J i = \ '1<'2 ';<'2 <•-•<'« 

+ ...+ (-i)^-^^p(5in^2n-n^A')- (2-67) 

which leads to the inequality 
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f N 

U = i 

N 

^ IpiSi). (2-68) 

J = 1 

Thus, die relations in (2-62), (2-63), (2-65) and (2-66) actually provide bounds on the probabilities 

involved. Strict equalities could be derived. However, as indicated by (2-67), the resultant 

relationships would be very cumbersome. 

As indicated in (2-52), a(/) and P(/) depend on die ratios 

aBP{l)/aTOT and [aTOT{l)- aBP{l)]/aTOT. 

Thus, as shown in (2-63) and (2-66) for F{u,v)=X{v-u) , p BT^f{a,b) 

also depend on these ratios. When only an estimate for 

nP 

aBP= ^aBP{l) 

1 = 1 

and p 

(2-69) 

B'P^~(a,b) 

(2-70) 

is available, where aSP is the total brine pocket area under the waste panels, aBP{l) can be 

estimated by 

aBP{l) = aBP/nP, (2-71) 

which leads to 

a(/) = 
oBP 

nP aTOT 
X andP(/): 

aTOT{l)-aBP/nP 

aTOT 
X. (2-72) 

The preceding values for a(/) and P(/) can be used in conjunction with (2-63) and (2-66) to 

estimate the probabilities for 'B(P^^~{a,b) and B'P'^~{a,b), which correspond to ElE2-type 

computational scenarios involving exactiy one intrusion of each type and one or more intrusions 

of each type, respectively. 

2.6 Example Results 

The 1990 WIPP performance assessment (Bertram-Howery et al., 1990) used a value of 
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1 • • 

2 •A, = 3.28xl0~^yr"' (2-73) 

3 • 

4 for drilling intrusions, which was derived from an assumption of 30 boreholes per square kilometer 

5 per 10,000-years (U.S. EPA, 1985) and an excavated disposal area of 1.09 x 10^ m2 (Volume 3 of 

6 this report). For illusu-ation. Table 2-2 shows the probability of various computational scenarios 

7 involving drilling during different 2,000-year time intervals over a 10,000-year time period. 

8 For a specified number of inu-usions, the first column in Table 2 2 indicates the time interval 

9 in which die first inuusion takes place, the second column indicates the time interval in which the 

10 second intrusion takes place, and so on. The last column lists the probability for each 

11 combination of intrusions. For example, the row 

12 • 
J l 12 I-i U Prob 

.1 3 4 1.062x10"'̂  

13 : : : : : 

14 

15 under 3 Intrusions indicates that the first, second and third intrusions occur during the time 

16 intervals [0, 2000], [4000, 6000] and [6000, 8000], respectively, and diat the probabUity of this 

17 pattern of intrusions (i.e., scenario) is 1.062x10 . When expressed with previously used 

18 notation, this row indicates that 

19 

(0,2000)p| 5o (2000,4000)p| 5i (4000,6000 ) | ^ 5i (6000,8000) 

Pj5o(8000,10000)] = 1.062 x 10" 
20 I . /J - • (2-74)' 

21 

22 The probabilities appearing in Table 2-2 were calculated widi die relationship shown in (2-42). 

23 For each specified.number of inu-usions, say k, in Table 2-2, die resultant number of cases, or 

24 scenarios, is the total number of combinations of the 2,000-year intervals taken kala time with 

25 repetition. In general, the number of combinations of n elements taken ^ at a time widi repetition 

26 is given by (Gellert et al., 1977, p. 578) 

27 = 
(n + k-W 

k 
(2-75) 

28 For Table 2-2, n = 5 and )t = 1, 2 , 1 5 . 

29 The EPA standard allows a 100-year period of administrative conu-ol to be assumed after the 

30 decommissioning of a waste disposal facility in which no disruptions due to human intrusion can 

2-28 



Example Results 

1 occur. Table 2-3 shows the result of recalculating the scenario probabilities in Table 2-2 with an 

2 assumed 100-year period of adminisuation conu-ol (i.e., no drilling inu-usions can occur in the first 

3 lOO-years after decommissioning, which is equivalent to assuming diat = 0 in the time interval 

4 [0, 100]). As comparison of Tables 2-2 and 2-3 shows, the assumption of a 100-year period of 

5 administrative conu-ol has littie effect on scenario probabilities defined by a Poisson process over a 

6 10,000-year period. 

7 Probabilities for ElE2-type computational scenarios are shown in Table 2-4. The 

8 probabilities in diis table are actually approximations due to the use of die relations in (2-62), (2-

9 65) and (2-66). Exact results can be obuained but the formulas are very involved. The values used 

10 (or aBP(e), aTOT(e) and aTOT in the generation of Table 2-4 are shown in Table 2-5. For 

11 comparison. Table 2-6 shows the probabilities that result when an initial 100-year period of 

12 administrative control is assumed. As previously seen in Tables 2-2 and 2-3, the exclusion of 

13 drilling for a 100-year period does not have a large impact when a 10,000-year period is under 

14 consideration. 

15 Probabilities for various types of drilling scenarios are shown in Tables 2-2, 2-3, 2-4 and 2-6. 

16 Another factor that can enter into compuUitional scenario definition is die distribution of activity 

17 levels (i.e., Ci/m2) within the waste emplaced in the repository. A projected distribution for the 

18 activity levels in waste that will be shipped to die WIPP is shown in Table 2-7. Chapter 3 of diis 

19 volume discusses how activity loading can be incorporated into both the definition and probability 

20 of individual computational scenarios and the CCDF that can be determined for comparison with 

21 the EPA release limits. 
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1 Table 2-2. Probabilities for Computational Scenarios Involving 
2 Mult iple I n t r u s i o n s over 1 0 , 0 0 0 - y e a r s for 
3 X = 3.28x10-4yr-1 and 2,000-Year Time Intervals. For a 
4 specified number of intrusions, the first column indicates 
5 the time interval in which the first intrusion occurs, the 
6 second column indicates the time interval in which the 
7 second intrusion occurs, and so on, where 1 ~ [0,2000], 
8 2 ~ [2000,4000], 3 ~ [4000,6000], 4 ~ [ 6 0 0 0 , 8 0 0 0 ] 
9 and 5 ~ [8000,10000]; the last column l ists the 

10 probability for each pattern of intrusions calculated with 
11 the relationship in (2-42). 
12 

0 Intrusions 
(prob = 3.763E-02) 
(cum prob = 3.763E-02) 
(comb of intrusions = 1) 

3 Intrusions 
(prob = 2.213E-01) 
(cum prob = 5.848E-01) 
(comb of intrusions = 35) 

4 Intrusions 
(prob = 1.815E-01) 
(cum prob = 7.662E-01) 
(comb of intrusions = 70) 

h l2 I3 I4 Prob h I2 13 I4 
1 Intrusion 
(prob= 1.234E-01) 
(cum prob = 1.610E-01) 
(comb of intrusions = 5) 

h I2 13 I4 

1 
2 
3. 
4 
5 

Prob 

2.468E-02 
2.468E-02 
2.468E-02 
2.468E-02 
2.468E-02 
1.234E-01 

2 Intrusions 
(prob = 2.024E-01) 
(cum prob = 3.635E-01) 
(comb of intrusions = 15) 

ll l2 I3 I4 Prob 

1 1 8.096E-03 
1 2 1.619E-02 
1 3 1.619E-d2 
1 4 1.619E-02 
1 5 1.619E-02 
2 2 8.096E-03 
2 3 1.619E-02 
2 4 1.619E-02 
2 5 1.619E-02 
3 3 8.096E-03 
3 4 1.619E-02 
3 5 1.619E-02 
4 4 8.096E-03 
4 5 1.619E-02 
5 5 8.096E-03 

2.024E-01 

2 
2 
2 
2 
3 
3 
3 
4 
4 
5 
2 
2 
2 
2 
3 
3 
3 
4 
4 
5 
3 
3 
3 
4 
4 
5 
4 
4 
5 
5 

1 
2 
3 
4 
5 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 
3 
4 
5 
4 
5 
5 
4 
5 
5 
5 

1.770E-03 
5.311E-03 
5.311E-03 
5.311E-03 
5.311E-03 
5.311E-03 
1.062E-02 
1.062E-02 
1.062E-02 
5.311E-03 
1.062E-02 
1.062E-02 
5.311E-03 
1.062E-02 
5.311E-03 
1.770E-03 
5.311E-03 
5.311E-03 
5.311E-03 
5.311E-03 
1.062E-02 
1.062E-02 
5.311E-03 
1.062E-02 
5.311E-03 
1.770E-03 
5.311E-03 
5.311E-03 
5.311E-03 
1.062E-02 
5.311E-03 
1.770E-03 
5.311E-03 
5.311E-03 
1.770E-03 
2.213E-01 

Prob 

2.903E-04 
1.161E-03 

1 2 3 4 6.968E-03 

4 5 5 5 1.161E-03 
5 5 5 5 2.903E-04 

1.815E-01 

5 Intrusions 
(prob = 1.190E-01) 
(cum prob = 8.853E-01) 
(comb of intrusions = 126) 

6 Intrusions 
(prob = 6.508E-02) 
(cum prob = 9.503E-01) 
(comb of intrusions = 210) 

7 Intrusions 
(prob = 3.049E-02) 
(cum prob = 9.808E-01) 
(comb of intrusions = 330) 
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Example Results 

1 
2 

3 
4 
5 

Table 2-2. Probabilities for Computational Scenarios Involving 
Multiple Intrusions over 10,000-years for 
X = 3.28x10 
(Concluded) 

•4yr- l and 2,000-Year Time Intervals. 

8 Intrusions 
(prob= 1.250E-02) 
(cum prob = 9.933E-01) 
(comb of intrusions = 495) 

11 Intrusions 
(prob = 4.456E-04) 
(cum prob = 9.998E-01) 
(comb of intrusions =1365) 

14 Intrusions 
(prob = 7.200E-06) 
(cum prob = 1.000E+00) 
(comb of intrusions =3060) 

9 Intrusions 
(prob = 4.556E-03) 
(cum prob = 9.979E-01) 
(comb of intrusions = 715) 

12 Intrusions 
(prob = 1.218E-04) 
(cum prob = 1.000E+00) 
(comb of intrusions =1820) 

15 Intrusions 
(prob= 1.574E-06) 
(cum prob = 1.000E+00) 
(comb of intrusions =3876) 

10 Intrusions 
(prob= 1.494E-03) 
(cum prob = 9.994E-01) 
(comb of intrusions =1001) 

13 Intrusions 
(prob = 3.073E-05) 
(cum prob = 1.000E+00) 
(comb of intrusions =2380) 
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1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Table 2-3. Probabilities for Computational Scenarios Involving 
Multiple Intrusions over 10,000-years for 
\ = 3.28x10'^yr"^, a 100-year Period Of Administrative 
Control During Which No Drilling Intrusions Can Occur, 
and 2,000-Year Time Intervals. For a specified number of 
intrusions, the first column indicates the time interval in 

occurs, the second column 
in which the second intrusion 

where 1 ~ [ 0 , 2 0 0 0 ] , 
2 ~ [2000,4000], 3 ~ [4000,6000], 4 [6000,8000] 
and 5 ~ [8000,10000]; the last column lists the 
probability for each pattern of intrusions calculated with 
the relationship in (2-42). 

which the first intrusion 
indicates the time interval 
occurs, and so on. 

0 Intrusions 
(prob = 3.888E-02)' 
(cum prob = 3.888E-02) 
(comb of intrusions = 1) 

1 Intrusion 
(prob= 1.263E-01) 
(cum prob= 1.651 E-01) 
(comb of intrusions = 5) 

l l l2 l3 l4 

1 
2 
3 
4 
5 

Prob 

2.423E-02 
2.551 E-02 
2.551 E-02 
2.551 E-02 
2.551 E-02 
1.263E-01 

2 Intrusions 
(prob = 2.050E-01) 
(cum prob = 3.701 E-01) 
(comb of intrusions = 15) 

h l2 I3 I4 Prob 

1 1 7.551 E-03 
1 2 1.590E-02 
1 3 1.590E-02 
1 4 1.590E-02 
1 5 1.590E-02 
2 2 8.366E-03 
2 3 1.673E-02 
2 4 1.673E-02 
2 5 1.673E-02 
3 3 8.366E-03 
3 4 1.673E-02 
3 5 1.673E-02 
4 4 8.366E-03 
4 5 1.673E-02 
5 5 8.366E-03 

2.050E-01 

3 Intrusions 
prob = 2.219E-01) 
cum prob = 5.920E-01) 
comb of intrusions = 35) 

1 I2 13 I4 Prob 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
5 

2 
2 
2 
2 
3 
3 
3 
4 
4 
5 
2 
2 
2 
2 
3 
3 
3 
4 
4 
5 
3 
3 
3 
4 
4 
5 
4 
4 
5 
5 

1 
2 
3 
4 
5 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 
3 
4 
5 
4 
5 
5 
4 
5 
5 
5 

1.569E-03 
4.953E-03 
4.953E-03 
4.953E-03 
4.953E-03 
5.214E-03 
1.043E-02 
1.043E-02 
1.043E-02 
5.214E-03 
1.043E-02 
1.043E-02 
5.214E-03 
1.043E-02 
5.214E-03 
1.829E-03 
5.488E-03 
5.488E-03 
5.488E-03 
5.488E-03 
1.098E-02 
1.098E-02 
5.488E-03 
1.098E-02 
5.488E-03 
1.829E-03 
5.488E-03 
5.488E-03 
5.488E-03 
1.098E-02 
5.488E-03 
1.829E-03 
5.488E-03 
5.488E-03 
1.829E-03 
2.219E-01 

4 Intrusions 
(prob = 1.801 E-01) 
(cum prob = 7.722E-01) 
(comb of intrusions = 70) 

h i2 13 I4 Prob 

1 2.444E-04 
2 1.029E-03 

4 6.841 E-03 

5 1.200E-03 
5 3.000E-04 

1.801 E-01 

5 Intrusions 
(prob = 1.170E-01) 
(cum prob = 8.891 E-01) 
(comb of intrusions = 126) 

6 Intrusions 
(prob = 6.331 E-02) 
(cum prob = 9.525E-01) 
(comb of intrusions = 210) 

7 Intrusions 
(prob = 2.937E-02) 
(cum prob = 9.818E-01) 
(comb of intrusions = 330) 
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Table 2-3. Probabilities for Computational Scenarios Involving 
Multiple Intrusions over 10,000-years for 
X = 3.28x10"^yr"^, a 100-year Period Of Administrative 
Control During Which. No Drilling Intrusions Can Occur, 
and 2,000-Year Time Intervals. (Concluded) 

8 Intrusions 
(prob = 1.192E-02) 
(cum^ prob = 9.937E-01) 
(comb of intrusions = 495) 

11 Intrusions 
(prob = 4.123E-04) 
(cum prob = 9.999E-01) 
(comb of intrusions =1365) 

14 Intrusions 
(prob = 6.464E-06) 
(cum prob = 1.000E+00) 
(comb of intrusions =3060) 

9 Intrusions 
(prob = 4.301 E-03) 
(cum prob = 9.980E-01) 
(comb of intrusions = 715) 

12 Intrusions 
(prob = 1.116E-04) 
(cum prob = 1.000E+00) 
(comb of intrusions =1820) 

15 Intrusions 
(prob = 1.399E-06) 
(cum prob = 1.000E+00) 
(comb of intrusions =3876) 

10 Intrusions 
(prob= 1.397E-03) 
(cum prob = 9.994E-01) 
(comb of intrusions =1001) 

13 Intrusions 
(prob = 2.787E-05) 
(cum prob = I.OOOE+00) 
(cornb of intrusions =2380) 
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Chapter 2. Drilling Intrusion Probabilities 

Table 2-4. Probabilities for E iE2-Type Computational Scenarios 
(i.e., boreholes through a single panel in which at least 
one borehole penetrates a. pressurized brine pocket and 
at least one borehole does not penetrate a pressurized 
brine pocket) over 10,000-years for X = 3.28x10"^yr"^ 
and 2,000-Year Time Intervals. 

T ime 2 Boreholes^ >2 Boreholes'^ 2 Boreholes^ > 2 Borefioles^ 
I n t e r v a l s (Eqs 2-63, 2-52) (Eqs 2-66, 2-52) (Eqs 2-63, 2-72) (Eqs.2-66, 2-72) 

[0,2000] 0.005635 0.005825 0.009964 0.010304 

[2000,4000] 0.005635 0.005825 0.009964 0.010304 

[4000,6000] 0.005635 0.005825 0.009964 0.010304 

[6000.8000] 0.005635 0.005825 0.009964 0.010304 

[8000,10000] 0.005635 0.005825 0.009964 0.010304 

a. At least one waste panel penetrated by exactly two boreholes during the 
indicated time interval, of which one penetrates a pressurized brine pocket and 

one does not. Calculation uses approximation in (2-63) with a(/) and P(/) 
defined in (2-52). Values for aBP(/), aTOT(/) and aTOT consistent with Figure 2-
3. 

b. At least one waste panel penetrated by two or more boreholes during the 
indicated time interval, of which at least one penetrates a pressurized brine 
pocket and at least one does not. Calculation uses approximation in (2-66) with 

a(/) and P(/) defined in (2-52). Values for aBP(/), aTOT(/) and aTOT consistent 
with Figure 2-3. 

c. Same as a. but a(/) and P(/) defined in (2-72) and aBP(/), aTOT(/) and aTOT 

defined to be consistent with Figure 2-3. 

d. Same as b. but a(/) and P(/) defined in (2-71) and aBP(/), aTOT(/) and aTOT 
defined to be consistent with Figure 2-3. 
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Example Results 

Table 2-5. Parameter Values Used in Example Calculation of 
Probabilities for E1E2-type Computational Scenarios 
(Source: Table 5.1-1 of Vol. Ill of this report with depth to 
pressurized brine assumed to be less than 1250 m). 

aTOTiD" aBPil)'' aBPil)/ aTOT(l) 

Panel 1 11,530 11,530 1.0000 

Panel 2 11,530 8,249 0.7154 

Panel 3 11,530 3,548 0.3077 

Panel 4 11,530 8,869 0.7692 

Panel 5 11,530 4,833 0.4192 

Panel 6 11,530 0 0.0000 

Panel 7 11,530 0 0.0000 

Panel 8 11,530 7,432 0.6446 

Southern Panel 8,413 3,786 0.4500 

Northern Panel 8,701 1,044 0.1200 

10 

Additional Values: aTOT ='^ aTOT (I) = m,354 
'=1 

10 
aBP=^aBPil) = 49,291 

1=1 -
aBP / aTOT = 0.45075 

" aTOT (I) = area ( m ) of waslc panei t 

aBP(l) = area (m ) of pressurized brine under waste panel / 
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Table 2-6. Probabilities for E1E2-Type Computational Scenarios 
(i.e., boreholes through a single panel in which at least 
one borehole penetrates a pressurized brine pocket and 
at least one borehole does not penetrate a pressurized 
brine pocket) over 10,000-years for X = 3.28x10"4yr"^, a 
100-year Period of Administrative Control During Which 
No Drilling Intrusions Can Occur, and 2,000-Year Time 
Intervals. 

Time 2 Boreholes^ >2 Boreholes'' 2 Boreholes'^ > 2 Boreholes^ 
Intervals (Eqs 2-63, 2-52) (Eqs 2-66, 2-52) (Eqs 2-63, 2-72) (Eqs 2-66, 2-72) 

[0,2000] 0.005102 

[2000, 4000] 0.005635 

[4000, 6000] 0.005635 

[6000, 8000]: 0.005635 

[8000, 10000] 0.005635 

0.005266 

0.005825 

0.005825 

0.005825 

0.005825 

0.009022 

0.009964 

0.009964 

0.009964 

0.009964 

0.009315 

0.010304 

0.010304 

0.010304 

0.010304 

a. At least one waste panel penetrated by exactly two boreholes during the indicated time 
interval, of which one penetrates a pressurized brine pocket and one does not. Calculation 

uses approximation in (2-63) with a(/) and P(/) defined in (2-52). Values for aBP(/), 

aTOT(/) and aTOT consistent with Figure 2-3. 

b. At least one waste panel penetrated by two or more boreholes during the indicated time 
interval, of which at least one penetrates a pressurized brine pocket and at least one does 

not. Calculation uses approximation in (2-66) with a( / ) and P(/) defined in (2-52). Values 

for aBP(/), aTOT(/) and aTOT consistent with Figure 2-3. 

c. Same as a. but a(/) and p(/) defined in (2-72) and aBP(/), aTOT(/) and aTOT defined to 

be consistent with Figure 2-3. 

d. Same as b. but a(/) and p(/) defined in (2-71) and aBP(/), aTOT(/) and aTOT defined to 

be consistent with Figure 2-3. 
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Table 2-7. Projected Activity Levels (Ci/m^) in Waste That is 
Currently Stored and May be Shipped to the WIPP (based 
on Table 3.4̂ 11 in Volume 3 of this report). 

Time (years) 
Activity 

Level Type^ 
Proba-

bilily'3 0 1000 3000 5000 7000 9000 

1 CH 0.4023 3.4833 0.2718 0.1840 0.1688 0.'l575 0.1473 

2 CH 0.2998 34.8326 2.7177 1.8401 1.6875 1.5748 1.4729 

3 CH 0.2242 348.326 27.177 18.401 16.875 15.748 14.729 

4 CH 0.0149 3483.26 271.77 184.01 168.75 157.48 147.29 

5 RH 0.0588 117.6717 0.1546 0.1212 .0.1139 0.1082 0.1030 

Average for CH Waste: 150.7905 11.7648 7.9658 7.3053 6.8174 6.3764 

° CH designates contact handled waste; RH designates remote handled waste 

I-* Probability that a randomly placed borehole through the waste panels will intersect waste of 

activity level ( / ) , / = 1,2,3,4,5. 
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Introduction 

1 3. CONSTRUCTION OF COMPLEMENTARY CUMULATIVE 
2 DISTRIBUTION FUNCTIONS—Jon C. Helton 
3 
4 3.1 Introduction 

5 Sandia National Laboratories is conducting an ongoing performance assessment for the Waste 

6 Isolation Pilot Plant (WIPP) in southeastern New Mexico (Bertram-Howery and Hunter, 1989; 

7 Lappin et al., 1989). At present, a performance assessment is performed each year to summarize 

8 what is known about the WIPP and to provide guidance for future work (Marietta et al., 1989; 

9 Bertram-Howery et al., 1990). It is andcipated that these iterative performance assessments will 

10 continue until the WIPP is either licensed for the disposal of transuranic wastes or found to be 

11 unsuitable for such disposal. 

12 The result of greatest interest obtained in these performance assessments is a complementary 

13 cumulative distribution function (CCDF) that is used for comparison with the U. S. 

14 Environmental Protecuon Agency (EPA) release limits for radioactive waste disposal (U.S. EPA, 

15 1985). As discussed in the preceding chapter (Chapter 2 of this volume), die EPA standard requires 

16 that the normalized releases to die accessible environment be expressed as a single CCDF and diat 

17 this CCDF fall under certain specified bounds. At present, drilling intrusions are believed to be 

18 the most severe potential di.srupuons that need be considered at the WIPP (Guzowski, 1990 and 

19 1991). Thus, the construction of this CCDF for the WIPP is based on summary scenarios that 

20 result from drilling intrusions. 

21 This presentation will describe how a CCDF can be constructed for comparison against the 

22 EPA release limits when the disruptions to the waste disposal site under consideration result from 

23 drilling intrusions. For the results presented here, the drilling inu-usions are assumed to follow a 

24 Poisson process (i.e., occur randomly in time and space) (Cox and Lewis, 1966; Haight, 1967; 

25 Cox and Isham, 1980) with a fixed rate constant. However, the described approach would work 

26 widi any probability model for drilling inD"usions. 

27 With regard to die risk representation 

28 

29 Jl = {{Si,pSi,CSi),i = \,...,nS] V ^ V 

30 ' 

31 described in die preceding chapter and elsewhere (Kaplan and Garrick, 1981; Helton et al., 1991), 

32 Sl is a set of similar time histories defined on the basis of drilling intrusions, pSi is the 

33 probability for Si, and cS, contains the EPA normalized release for 5,. The Si appearing in 

34 (3-1) are obtained by discretizing a suitable sample space. For comparisons with the EPA release 

35 limits, this sample space is 

36 
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Chapter 3. Construction of Complementary Cumulative Distribution Functions 

1 S = [x:x a single 10,000-year dme history beginning at decommissioning of the facility 

2 under consideration}. (3-2) 

3 

4 In what follows, an approach will be described for defining the 5,-, assigning probabilities pSi and 

5 consequences cS,- to these Si, and dien constructing die resultant CCDF. 

6 

7 3.2 Construction of a CCDF 
8 

9 The following factors will be used to define the computational scenarios Si appearing in (3-

10 1): number and time of the inuiisions (see Tables 2-2 and 2-3), flow through a panel due to 

11 peneu-ation of a pressurized brine pocket in the Castile formation (see Tables 2-4 and 2-6), and 

12 acuvity level of die waste penetrated by a borehole (see Table 2-7). The preceding factors all relate 

13 to stochasuc or type A uncertainty (Kaplan and Garrick, 1981; Helton et al., 1991; International 

14 Atomic Energy Agency, 1989) since diey lead to values for die probabilities appearing in (3-1) and 

15 ultimately to a CCDF. Scenarios defined at this level of detail are referred to as computational 

16 scenarios in die WIPP performance assessment due to dieir role in defining the actual calculations 

17 diat must be performed in the consUiiction of a CCDF for comparison wilh the EPA release 

18 limits. 

19 As shown in Tables 2-2 and 2-3 of diis volume, even a fairiy coarse gridding on time leads to 

20 far too many computational scenarios to perform a detailed calculation for each of them. 

21 Consu-ucuon of a CCDF for comparison against the EPA release limits requires the esumation of 

22 cumulative probability through the 0.999 level. Thus, depending on the value for die rate constant 

23 X, in the Poisson model for drilling, this may require the inclusion of computational scenarios 

24 involving as many as 10 to 12 drilling intrusions, which results in a total of several thousand 

25 computational scenarios. Further, this number does not include the effects of different activity 

26 levels in the waste. To obtain results for such a large number of computational scenarios, it is 

27 necessary to plan and implement the overall calculauons very carefully. The manner in which this 

28 can be done is not unique. In the following, one computauonal procedure for calculating a CCDF 

29 for comparison with the EPA release limits is described. 

30 The 10,000-year ume interval that must be considered for comparison wilh the EPA release 

31 limits can be divided into disjoint subintervals 

33 i = l,2,...,nT, ( \ ^ ) 

34 
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Construction of a CCDF 

1 where nT is the number of Ume intervals selected for use. The following results can be calculated 

2 for each ume interval (e.g., wilh the assumpuon the inffusion lakes place al die middle of die time 

3 interval): 

4 

5 rCi = EPA normalized release to the surface environment for cuttings removal due to a 

6 , single borehole in lime interval / wilh the assumption that the waste is 

7 homogeneous (i.e., waste of different acdvity levels is not present), (3-4) 

8 

9 rCij = EPA normalized release to the surface environment for cuttings removal due to a 

10 single borehole in dme interval i dial peneQ-ates waste of activity level j , (3-5) 

11 
12 rGWli = EPA normalized release lo the surface environment for groundwater transport 

13 iniuated by a single borehole in time interval i , (3-6) 

14 

15 airi 

16 

17 rGW2i = EPA normalized release to the surface environment for groundwater u-ansport 

18 initiated by two boreholes in the same waste panel in time interval i , of which one 

19 peneuales a pressurized brine pocket and one does not [i.e., an ElE2-type summary 

20 scenario(Beru-am-Howery etal., 1990)]. (3-7) 

21 

22 In general, rQ, rCy, rGWli and rGW2i will be vectors containing a large variety of 

23 informalion; however, for notational simplicity, a vector represeniauon will not be used.. 

24 For the WIPP performance assessment, die cuttings release lo the accessible environment 

25 (i.e., rCi and rCij) is determined by the CUTTINGS (Rechard et al., 1989) program, and the 

26 groundwater release lo die accessible environment (i.e., rGWli and rGW2i) is determined through 

27 a sequence of linked calculations involving the SEC0_2DH (draft of SAND90-7096, Roache el 

28 al., in preparation; also see Chapter 6 of this volume), BRAGFLO (Chapter 5 of this volume), 

29 PANEL (Rechard el al., 1989) and STAFF2D (Huyakorn el al., 1989) programs. The overall 

30 operation of these programs is conuolled by a driver called CAMCON (Rechard et al., 1989). 
31 Additional information on the actual calculauons that must be performed lo obtain rC,-, rCij, 

32 • rGWli and rGW2i is avadable elsewhere (Chapters 5 dirough 7 of diis volume). 

33 . The releases rC,-, rCij, rGWli and rGW2i can be used to construct the releases associated 

34 wilh the many individual scenarios thai must be used in the construction of a CCDF for 

35 comparison widi the EPA release limits. The following assumptions are made; 
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Chapter 3. Construction of Complementary Cumulative Distribution Functions 

1 

2 1. With the exception of ElE2-lype computational scenarios, no synergistic effects result 

3 from multiple boreholes, and thus, the total release for a scenario involving multiple 

4 inU-usions can be obtained by adding die releases associated widi die individual inu-usions. 

5 

6 2. An ElE2-lype computational scenario can only take place when die necessary boreholes 

7 occur within the same Ume interval [j ,-_i,r ,] . 

8 

9 3. An ElE2-lype computational scenario involving more than two boreholes will have the 

10 same release as an ElE2-type computauonal scenario involving exactly two boreholes. 

11 

12 The preceding assumpuons can now be used systematically to consffuct the releases for individual 

13 computauonal scenarios. 

14 Computational scenarios that involve nBH intrusions, but not an ElE2-type intrusion, are 

15 considered first. For a ume history involving exacdy nBH intrusions over 10,000 yrs, let 

16 

17 1= [/(l),/(2),...,/(/!/?/-/)] (3-8) 

18 

19 m= [m{l),m{2),...,m{nBH)\ ^ ^ (3-9) 

20 

21 and 

22 

23 n= [n{l),n{2),...,n{nT)] (3-10) 

24 

25 represent vectors such dial l{j) designates the acuvity level peneualed by the j^'^ borehole, m(j) 

26 designates the time interval in which the j borehole occurs, and n{i) equals the number of 

27 intrusions that occur in the/• Ume interval. Each element/(y) of I will take on-an integer value 

28 between 1 and nL, where nL is the number of activity levels into which the waste has been 

29 classified, and each element m(j) of m will take on an integer value between 1 and nT, where nT is 

30 the number of lime intervals in use. Similarly, each element n(i) of n will take on an integer 

31 value between 0 and nBH. The elements of m satisfy the ordering m [ j ) < m { j + l ) , and the 

32 elements of n sausfy the equality r,/i(() = riBH. Further, a reciprocal relationship exists between 

33 m and n in the sense that, if either is known, then the odier can be determined. 

34 The vectors I, m and n can be used to define computational scenarios in a manner that will 

35 lead naturally to the calculation of dieir probabiliues and consequences. Specifically, let 
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10 

11 

12 

1.3 

14 

15 

16 

S{r\) = {x:x an element of 5 for which exacdy n(i) intrusions occur in time interval 

for/ = l,2,. . . ,nr} (3-11) 

and 

S{\,n) = {x:x an element o f 5 for which the j ' ^ borehole encounters waste of activity /()) 

and exactly n(i) intrusions occur in time interval [',•_],',•] for 

/ = l,2,...,rt7'}. (3-12) 

The computauonal scenarios 5(n) and 5(l,n) are related by 

5(n) = U5(l,n), 
I 

(3-13) 

where, for a fixed value of n, the union is taken over all possible values for I (i.e., over all 

possible combinadons of activity loading dial the boreholes specified by n might encounter). 

It follows from Eq. (2-42) that die probability pS{r\) for 5(n) is given by 

17 pS(n) = -

18 

19 

20 

22 

23 

24 

25 

26 

27 

nT 

n 
i = lL 

n{i)\ 
exp[-X{tnT - to)] (3-14) 

when drilling follows a Poisson process widi a rate constant A,. Further, the probability pS{\,n) 

for 5(l,n) is given by 

21 pS{\,n) = 
nBH 

n p^iu) pSin), (3-15) 

where pS{n) is defined in (3-14) and is the probability that a randomly placed borehole in 

the repository will encounter waste of activity level l(j). 

The normalized releases rC, , rC,y and rGWli can be used to construct the EPA normalized 

releases for computational scenarios 5(n) and 5(l,n). For 5(n), the normalized release to the 

accessible environment can be approximated by 
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nBH 

' 1 c5(n)= (rC^(y)+rGM^l^(y)). (3-16) 

7 = 1 

2 

3 where m is the vector defined in (3-9). As indicated earlier, m is uniquely determined once n is 

4 specified. The computational scenario 5(n) contains no information on the activity levels 

5 encountered by the individual boreholes, and so cS(n) was constructed with the assumpuon that all 

6 waste is of the same average activity. However, 5(1,n) does contain informaUon on acdvity 

7 levels, and the associated normalized release to the accessible environment can be approximated by 

nBH 

8 c5(l,n)= X ('•C^O),/0) + '-Gl^lmO))' (3-17) 

9 

10 which does incorporate die acdvity levels encountered by the individual boreholes. 

11 Computational scenarios of the ElE2-type are now considered. This is a relatively unlikely 

12 type of computational scenario (see Tables 2-4 and 2-6) but has the potenual to cause large releases 

13 due to flow between two boreholes within a single panel. Specifically, ElE2-type computauonal 

14 scenarios are defined by 

15 

16 S'*'~{tic-\,tk) = {x:x an element of S involving two or more boreholes that penetrate the 
17 same waste panel during the time interval [^;t_l,^;k], at least one of 
18 diese boreholes penedates a pressurized brine pocket and at least one 

19 ( 1 ^ j does not penetrate a pressurized brine pocket}. (3-18) 

20 • 

21 Further, the computauonal scenario S'^~{tk-i,tk) can be subdivided on the basis of the activity 

22 levels encountered by the boreholes, which produces computational scenarios of the form 

23 

24 S^~{\ ; tk- l< 'k)-{^-^ an element of 5^~(/;t-l. ' ; t). for which theborehole encounters 

25 waste of activity level/(y)} . (3-19) 

26 

27 It follows from Eqs. (2-63) and (2-66) that the probability for S'^~{tk-i,tk) can be 

28 approximated by 
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28 

nP 
pS^-{tk-l<'k)= J,[oi{imi){tk-'k-lf\M-Hn + W)]['k-'k-l]] 

1 = 1 

(3-20) 

or 

nP 

p5+- ( r ; t _ i , r ; t )=X{ l - e ' ^pH 'K '^k - ' ; t - l ) ]}{ l -exp[-P( / ) ( r^_l , / ; t ) ]} . (3-21) 

where 

a(/) 

m 
aBP(l) 

aTOTil) 

aTOT 

nP 

[aBP(l)]X / aTOT, 

[aTOT{l) - aBP(l)]X / aTOT, 

area (m^) of pressurized brine pocket under waste panel /, 

total area (m^) of waste panel / , 

total area (m^) of waste panels, 

number of waste panels. 

and driUing is assumed to follow a Poisson process with a rate constant X. The expression for 

pS'^~[tk-\,tk) in (3-21) was derived for two or more drilling intrusions and thus provides a 

somewhat larger value for pS"^'{tk-i,tk) than the expression in (3-20), which was derived for 

exacdy two inu-usions. However, as illusu-ated in Tables 2-4 and 2-6, there is not a large 

difference in die values for pS'^~{tk-\,tk) obtained for diese two expressions. If desired, an exact 

probability can be obtained with the relationship in Eq. (2-67).in Chapter 2 of this volume. 

Further, 

pS^ {\Uk-iJk)-

nB 

IIP^IU pS'*' {tk-l'tk)- (3-22) 

Before continuing, it is pointed out that the expression in (3-21) is actually greater than 

pS'^~{tk-\,tk) (see Eqs. (2-67) and (2-68)) and also incorporates die probabUity for the occurrence 

of an ElE2-type computational scenario in two different waste panels during die time interval 

[tk-\'ik]-
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1 

2 

3 

4 

5 

6 

7 

by 

The normalized release to the accessible environment for 5^ {tk-1. 'k) can be approximated 

cS"- {tk.utk) = 2rCk + rGW2k, (3-23) 

where it is assumed diat all waste is of the same average activity for cultings removal. Similarly, 

die normalized release cS"^'[\;tk-i,tk) for S'*'~{\;tk-\'tk) can be approximated by 

c5+ {\Uk-lJk)= ' ^ r C k j ^ j ) + rGW2k , 

7 = 1 

(3-24) 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 
22 
23 
24 

25 

26 

27 

28 
29 
30 
31 

32 
33 
34 

35 

which incorporates the activity level of the waste. The approximations for cS'*' {tk-\,tk) and 

cS'*'~{\;tk-\,tk) in (3-23) and (3-24) are based on exacdy two intrusions in the time interval 

[^yt-i >'^]- More complicated expressions could be developed to define releases for multiple E1E2-

type intrusions. However, due to the low probability of such patterns of inUiision (e.g., compare 

the probabilities for 2 and >2 boreholes in Tables 2-4 and 2-6), the use of such expressions would 

have litUe impact on the CCDFs used for comparison with the EPA release limits. 

The results contained in this secdon can be used in conjuncdon with the risk representadon in 

(3-1) lo calculate CCDFs for comparison with the EPA release limits. The choices for Si, pSi 

and cS, wilh and without the consideration of activity level for cutungs removal are summarized 

in Table 3-1. 

Table 3-1. Calculation of a CCDF for Comparison with the EPA 
Release Limits with and without the Effects of Activity 
Loading 

Si pSi cS, 

Without S{n).S^-{tk-i,tk) pS{n), pS+-{tk-i,tk) c5(n), cS+-{tk-],tk) 
Activity (Eqs. 3-11,3-18) (Eqs. 3-14, 3-20, 3-21) (Eqs. 3-16, 3-23) 
Loading 

With S{\,n),S'-{\;tk-l,tk) pS{\,n), pS'-{\;tk-i,tk) c5(l,n), cS^-{\;tk-\Jk) 
Activity (Eqs. 3-12, 3-19) (Eqs. 3-15. 3-22) (Eqs. 3-17, 3-24) 
Loading 

3-8 



Construction of a CCDF 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
12 

13 

14 

15 

16 

17 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

Example CCDFs calculated with the techniques discussed in this section are given in Section 

3.4. However, there is a numerical problem that must be addressed first. The computational 

scenarios 5(1,n) are based on taking all possible combinations of activity levels that might be 

encountered by die boreholes associated with 5 (n) . As the number of boreholes increases, the 

number of activity level combinations increases rapidly and becomes too large to permit a 

systemadc consideration of every possible combinauon. A numerical procedure for determining 

the distribuuon of cutungs releases that results from the consideration of activity loading is 

presented in Secdon 3.3. This procedure is then used in the generauon of the CCDFs presented in 

Section 3.4. 

3.3 Computation of Activity Loading Effects 

The computauonal scenario 5 (n ) defined in (3-11) involves nBH drilling inu-usions (i.e., 

Z,«(j) = nBH) and nT time intervals; in addiuon, the computauonal scenario 5 ( l ,n ) defined in (3-

12) involves nL levels for activity loading. This results in 

'nT+nBH-V 'nT+nBH-V 

18 nBH and nL"^" nBH 

K ) \ ) 

(3-25) 

possible values for 5(n) and 5( l ,n), respectively [ Eq. (2-75)]. As illusu-ated in Table 3-2, the 

number of possible computauonal scenarios increases rapidly with increases in nBH. 

Construcuon of the CCDF for comparison with the EPA release limits may require the 

consideration of as many as 10 to 12 drilling inUusions when the suggested default drilling rate of 

30 boreholes/km-^/10,000 yrs is used (Tables 2-2 and 2-3). As examination of Table 3-2 shows, 

use of the computational scenarios 5(n) and their associated consequences in the construction of a 

CCDF should be possible. However, a systematic incorporation of each computauonal scenario 

5(l,n) into a CCDF is likely to require an unreasonable amount of computation. This is 

especially true when sampling-based uncertainty/sensitivity studies are used to investigate the 

possible variation in the CCDF used for comparison with the EPA release limits (Helton et al., 

1991, Chapter VI). 
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Table 3-2. Number of Possible Computational Scenarios for Varying 
Numbers of Intrusions {nBH), Time Intervals {nT) and 
Levels for Activity Loading {nL) 

nBH nT =3, 

5(n) 

nL =3 

5(l,n) 
nT =5, 

5(n) 
nL =5 

5(l,n) 

«r = 10, nL =5 

5(n) 5(l,n) 

0 1 1 1 .1 1 1 

1 3 9 5 25 10 50 

2 6 54 15 375 55 1375 

3 10 270 35 4375 220 27500 

4 15 1215 70 43750 715 446875 

5 21 5103 126 393750 2002 6.26x10® 

6 28 20412 210 3.28x10® 5005 7.82x10'' 

7 36 78732 330 2.58x10^ 11440 8.94x10^ 

8 45 295245 495- 1.93x10^ . 24310 9.50x10^ 

9 55 1.08x10® 715 1.40x10^ 48620 9.50x10"'° 

10 66 3.90x10® 1001 9.78x10^ 92378 9.02x10^^ 

IJ 78 1.38x10^ 1365 6.67x10''° 167960 8.20x10''̂  

12 91 4.84x10^ 1820 4.44x10̂ '' 293930 7.18x10^^ 

13 105 1.67x10^ 2380 2.91x10^2 497420 6.07x10'''̂  

14 120 5.74x10^ 3060 1.87x10"'̂  817190 4.99x10''̂  

• 15 136 1.95x10^ 3876 1.18x10'''̂  1307504 3.99x10̂ ® 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Computational costs associated with the consu-ucuon of a CCDF involving the computational 

scenarios 5(l,n) can be controlled by considering all computational scenarios for relatively small 

values of nBH and then switching to a Monte Carlo procedure for larger values of nBH. Further, 

storage requirements can be significandy reduced by sordng the individual consequence results into 

groups based on size and accumulating the associated probability as the calculation progresses. In 

essence, this constructs the desired CCDF as the calculation progresses and removes the need to 

save results for the large number of individual computational scenarios until the end of the 

calculation. These ideas are now elaborated on. 

First, a "binning" system must be established to accumulate the probabilities for the 

individual computauonal scenarios as the calculauon progresses. To diis end, the range of possible 
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1 consequence results (i.e., normalized releases to the accessible environment) is parutioned by a 

2 sequence of values of the form 

3 

4 c5o < c5i < ••• < c5^_i < cSfn, (3-26) 

5 ' 

6 where c5o is less than or equal to the smallest andcipated consequence value and is greater 

7 dian or equal to die largest anticipated consequence value. The increments 

8 

9 A(c5,-) = c5,-c5',_i ~ (3-27) 

10 

11 will determine the horizontal step sizes in the final CCDF. After each consequence value cS in 

12 the integrated calculauon has been determined, the integer i such that 

13 

14 cSi_i<cS<cSi (3-28) 

15 is determined and the probability for the associated computauonal scenario is accumulated in a 

16 variable At the end of the calculauon, the pSi will determine the vertical step sizes in the 

17 final CCDF. 

18 Second, a systematic coverage of the computational scenarios 5(1,n) is performed for small 

19 values of nBW (e.g., <5). For each of these computauonal scenarios, c5(l,n) will be calculated, 

20 an integer./ will be determined such diat 

21 

22 c5,-_i <c5(l,n)<c5,-, (3-29) 

23. 

24 and pS{\,n) will be accumulated in pSi. Since there are relauvely few of them, the scenarios 

25 S'^''{i;tk-\Jk) can be handled similarly at diis point. 

26 Third, a Monte Carlo procedure can be used to incorporate computational scenarios for larger 

27 values of nBH (e.g., >5). For a fixed nBH and each associated computauonal scenario 5(n), a 

28 disdibution must be esUmated for the releases c5(l,n) defined in (3-17). The variable in this 

29 estimation is the vector I , which characterizes the activity levels encountered by the individual 

30 boreholes. Each element l(J) of I is an integer-valued variable,defined by the discrete disu-ibution ^ 

31 

32 {l ,pLi) ,{2,pL2) , . . . , (nL,pL^) . (3-30) 

33 
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1 Specifically,/(y) = /occurs with probability pL/and indicates that die 7 borehole encountered 

2 waste of acdvity level /. Since drilling is assumed to be random in time and space, the individual 

3 elements of I have the same distribuuon but are independent of each other. Random or Latin 

4 hypercube sampling (McKay et al., 1979) in conjuncdon with the disu-ibudon indicated in (3-8) 

5 can be used to generate a sample -

6 

1 - i^ = [/,(l),/^(2),...,/^(nB//)], s = l,2,:..,vR, (3-31) 

8 

9 from the set of all possible values for I , where nBH is the total number of boreholes associated 

10 with 5(n) and nR is the sample size. The following assignments are made for each sample 

11 element I5: 

12 p S s = ^ ^ a x ^ d c S s = c S [ \ „ \ \ ) . (3-32) 
nR 

13 

14 For each sample element 1 ,̂ the integer i such that 

15 

16 . cS,-_i < < c5,- (3-33) 

17 

18 is determined and pSs is accumulated in pSi. The preceding procedure must be repeated for all 

19. nBH selected for considerauon and all 5(n) associated with each nBH. The number of 5(n) 
20 associated with various values of nBH is shown in Table 3-2. 

21 Fourth, once the calculations are completed for all nBH, the probabilities pSi and the 

22 associated consequence values c5,- can be used to consu-uct the desired CCDF. Specifically, this 

23 CCDF is given by the function 

24 F{x)-= probability diat cS exceeds a specific consequence value x 

25 

26 

27 where / is die smallest integer such diat c5, > x. 

28 An observauon on computational logisdcs wilh respect to die sampling procedure in die third 

29 step is now made. The most computadonally efficient approach would be to generate the sample 

30 shown in (3-31) for a large value of nBH (e.g., nBH = 15) and then use diis sample for all values 

31 of nBH and associated computauonal scenarios in the analysis. For any specific value of nBH, 

32 only the first nBH values in each vector would be used. The advantage of this approach is dial the 
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1 generauon of only one sample is required. Another approach woidd be to generate a new sample 

2 for each computational scenario, which has the advantages diat (1) the systematic biases that might 

3 result from the repeated use of the same sample would not be present and (2) a fuller coverage of 

4 the possible combinations of acdvity loadings would be obtained. However, as shown in Table 3-

5 2, many thousands of samples would be required for large values of nBH. For example, 1001 

6 samples would be required to provide a different sample for each 5(n) when nT = 5 and nBH = 

7 10. An intermediate approach would be to generate a new sample for each value of nBH and then 

8 to use this sample for all computaUonal scenarios 5(n) associated with nBH. Examples of 

9 CCDFs constructed .with the techniques described in this secdon are given in Section 3.4. 

10 

11 3.4 Examples of CCDF Construction 
12 As indicated in (3-1), the outcome of a performance assessment for the WIPP can be 

13 represented by a set Hi, of ordered triples. In pracuce, many imprecisely known variables are 

14 required in the determinaUon of Hi,. When these variables are included, the representadon for Hi, 

15 becomes 

16 

17 !?(,(x) = {[5,-(x),pS,(x),cS,(x)], i = l,-,n5(x)} (3-35) 

18 

19 where the vector x denotes these imprecisely known variables. The 1991 WIPP performance 

20 assessment considered the 45 imprecisely known variables listed in Tables 6.01-1, 6.0-2 and 6.0-3 

21 of Volume 3 of this report. The impact of these variables on Hi, was assessed by generating a 

22 Latin hypercube sample (McKay et al., 1979) of size 60 from these variables and then evaluaUng 

23 Hi, for each sample element Xj. This produced die sequence of sets 

24 

25 Hi,(xj) = i^[Si(xj),pSi(xj),cSi(xj]], i = l,...,nS[xj)\ (3-36) 

26 

27 for y = I,---,60. 

28 

29 One or more CCDFs can be constructed for each set !^(xyj. In particular. Figure 3-1 shows 

30 the distribution of CCDFs for releases to the accessible environment due to groundwater uansport, 

31 and Figure 3-2 shows the disuibution of CCDFs for releases to die accessible environment due to 

32 cuttings removal. Further, Figure 3-3 shows the disuibution of CCDFs for total release to the 

33 accessible environment (i.e., groundwater transport and cuuings removal combined). Each set 

34 ^ { ^ j ) shown in (3-36) leads to a single CCDF in Figures 3-1, 3-2 and 3-3, although Figure 3-1 

3-13 



Chapter 3. Construction of Complementary Cumulative Distribution Functions 

10° 

10-1 

10-2 
OC 

A 
03 
V) 
(0 
Si 
Qi 
CC 
"5 10-3 

.Q 
m 

£3 

o 

10-" 

10-5 

111̂  I l l l l lj l l l l l l^ I lllllj I l l l l l j . I llllll^ ,'"'"1 1 lllllj 

. | Q . g I ij i l i l i l J i i l i i i i i J I ilrlliiiJ I I i i i i iJ iiliiilliri i i l i i J I Jl J iiJ J iiJ J iJ 

10-12 10-10 10-8 10-6 10-1 10-2 100 102 

Summed Normalized Releases, R 

TRI-6342-1295-1 

Figure 3-1. Distribution of CCDFs For Normalized Releases to the 

Accessible Environment Due to Groundwater Transport with a Dual 

Porosity Model for the Culebra Formation. Each CCDF shown In this 

figure results from one of the sets ^(xy) shown in (3-36). 
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Figure 3-2. Distribution of CCDFs For Normalized Releases to the 

Accessible Environment Due to Cuttings Removal. Each CCDF shown in 

this figure results from one of the sets ^(xy) shown in (3-36). 
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Figure 3-3. Distribution of CCDFs For Normalized Releases to the 

Accessible Environment Due to Both Cuttings Removal and Groundwater 

Transport with a Dual Porosity Model for the Culebra. Each CCDF shown 

in this figure results from one of the sets 5 (̂xy) shown in (3-36). 
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1 contains less than 60 CCDFs because some sample elements result in no groundwater releases to 

2 the accessible environment. 

3 This section will use results associated with one of the sample elements on which Figures 

4 3-1, 3-2 and 3-3 are based to illustrate CCDF consu-uction. In particular, results associated with 

5 sample element j = 46 will be used. The variable values associated widi sample element 46 are 

6 listed in Appendix B of this volume. For perspective, the CCDF for groundwater releases 

7 associated with this sample element is identified in Figure 3-1; further, sample element 46 results 

8 in one of the higher-probability CCDFs in Figure 3-2 for cuttings releases and also in Figure 3-3 

9 for the total release due to both groundwater dansport and cutungs removal. 

10 As discussed in Section 3.2, the cuttings releases rC,- and rCy indicated in (3-4) and (3-5) and 

11 the groundwater releases rGWli and rGW2i indicated in (3-6) and (3-7) are used to construct 

12 CCDFs for comparison with the EPA release limits. The values diat resulted for these variables 
13 for sample element 46 are listed in Table 3-3. 

14 The computational scenarios 5(n) and S'^~[tk-\,tk) are defined in (3-11) and (3-18), 

15 respectively. Further, probabilities for these scenarios are defined in (3-14) and (3-21), 

16 respectively, and the associated releases to the accessible environment under the assumption that all 

17 waste is of the same average activity level are defined in (3-16) and (3-23), respectively. The ratio 

18 of brine pocket area to total repository area (i.e., aBP/aTOT, where aBP is the area (m^) of 

19 pressurized brine under the panels and aTOT (m^) is the total area of the panels) was a sampled 

20 variable in the 1991 WIPP performance assessment. As examination of the terms a(/) and P(/) 

21 appearing in the approximations for pS'^~{tk-i,tk) in (3-20) and (3-21) shows, calculation of 

22 pS^~ { t k - l ' 'k) requires the ratio of brine pocket area under waste panel / to total area under waste 

23 panel / (i.e., aBP{l)/aTOT{l)). As only the ratio oBP/aTOT is known for each sample element, 

24 the approximations 

25 

26 aBP{l)/aTOT(t) = aBP/aTOT and aTOT{l) = aTOT/nP (3-37) 

27 

28 are used in die determination of a(/) and P(/), where nP = 10 is the number of waste panels. 

29 With the preceding approximations, 

.30 

31 a{l)='X{aBP/aTOT)/nP, ^[ l ) = X{l-aBP/aTOT)/nP, . (^-38) 

32 

33 and the represenuitions for pS'^~[tk-\,tk) in (3-20) and (3-21) become 
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pS+ {tk-\Jk)= 

2 

3 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

oBP 

aTOT, 
J l - £ ^ ] { ' k - ' k - l f f lnp\exp[-X(/ , - tk-x)lnP\ (3-39) 

and 

pS^-{tk-x,tky-np\l-ex^X^^{tk-tk-i)lnP 

• < 1 - exp -X\ 1 
aBP 

aTOT 
(340) 

respectively. It is the form of (3-21) given in (3-40) that was actually used in the consuiiction of 

CCDFs in the 1991 WIPP performance assessment. 

The results of die indicated probabUity and release calculations are Ulusu-ated in Table 3-4 for 

sample element 46. Examples of the computauonal scenarios 5(n) appear in die first column of 

Table 3-4 as 5(0,0,0,0,0),5(1,0,0,0,0),—,5(L0,0,0,15). As a reminder, five time intervals 

are being- used, and so the vector n has f ive elements (i.e., 

n = (0,0,0,0,0),(l,0,0,0,0),---,(0,0,0,6,15) in Table 3-4). The scenarios S""'{tk-\,tk) W^"^ 

as the last five entries in the first column (i.e., 5"^"(0,2000),---,5"^~(8000,10000)). The 

remaining columns present die probabilities and normalized releases for the individual scenarios. 

Probabiliues are presented with and without a 100 year period of adminisu-ative control in which 

drilling inu-usions cannot take place. As comparison of the two probability columns shows, 

assumption of a 100 year period of administrative control has little effect on the scenario 

probabUities. 

The computauonal scenarios 5(1,n) and S"^'{^•,tk-\,tk) incorporating activity loading effects 

for the cuttings releases are defined in (3-12) and (3-19), respectively. Furdier, probabilities for 

these scenarios are defined in (3-15) and (3-22), respectively, and the associated releases to the 

accessible environment are defined in (3-17) and (3-24), respectively. The results of the indicated 

probability and release calculations are illusdated for 5(l,n) in Table 3-5 for sample element 46. 

The calculations for S^~{y,tk-\^k) r̂e similar and are not shown. 

The CCDFs appearing in the 1991 WIPP performance assessment are constructed from 

computational scenarios with probabilities and normalized releases of the form shown in Tables 

3-4 and 3-5. When only groundwater releases are under consideration, it is possible to 

systematically incorporate all the computational scenarios indicated in Table 3-4 into a CCDF. 
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Examples of CCDF Construction 

1 
2 Table 3-3. Normalized Radionuclide Releases Used to Illustrate 
3 Scenario Construction Procedures. The releases 
4 presented In this table were calculated for sample element 
5 46 In the 1991 WIPP performance assessment (see 
6 Appendix B, Vol. 2). 
7 
8 . . 
9 Timea rGWli^ rGW'2,c rQ^ rQi^ rQ2® rC-^^ rC,^^ rCis^ 

10 [ . . . 
11 1 9.92E-06 1.48E-05 7.39E-03 1.71 E-04 1.71 E-03 1.71 E-02 1.71 E-01 6.96E-03 

12 
13 
14 2 2.51E-06 5.08E-06 5.01E-03 1.16E-04 1.16E-03 1.16E-02 1.16E-01 4.72E-03 

15 
16 
17 3 3.61 E-07 1.34E-06 4.60E-03 1.06E-04 1.06E-03 1.06E-02 1.06E-01 4.33E-03 

18 
19 
20 4 7.72E-08 3.16E-07 4.29E-03 9.92E-05 9.92E-04 9.92E-03 9.92E-02 4.04E-03 

21 
22 
23 5 O.OOE+00 5.08E-08 4.02E-03 9.28E-05 9.28E-04 9.28E-03 9.28E-02 3.78E-03 
24 

25 
26 a Time at which intrusion occurs, where 1-1000 yr, 2-3000 yr, 3-5000 yr, 4-7000 yr, 
27 5-9000 yr. 
28 
29 ^ EPA normalized release (dimensionless) to the accessible environment for groundwater 
30 transport (with a dual porosity model in the Culebra Formation) initiated by a single 
31 twrehole in time interval i. 
32 
33 c normalized release (dimensionless) to the accessible environment for groundwater 
34 transport (with a dual porosity model in the Culebra Formation) initiated by two boreholes in 
35 the same waste panel in time interval i, of which one penetrates a pressurized brine 
36 pocket and one does not (i.e., an E1 E2-type scenario). 
37 
38 ^ EPA normalized release (dimensionless) to the surface environment for cuttings removal 
39 due to a single borehole in time interval i with the assumption that the waste is 
40 homogeneous (i.e., waste of different activity levels is not present). Calculation of the 

41 rCi used the average activity level shown in Table 2-7. 
42 
43 _^ EPA normalized release (dimensionless) to the surface environment for cuttings removal 

44 due to a single borehole in time interval i that penetrates waste of activity level j . 

45 Calculation of the rCij used the activity levels corresponding to j=1,2,3,4,5 shown in 

46 Table 2-7. 
47 
48 
49 
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1 
2 Table 3-4. Probabilities and Normalized Releases for Computational 
3 Scenarios Used to Illustrate Scenario Construction 
4 Procedures without the Inclusion of Activity Loading 
5 Effects on the Cuttings Releases. The probabilities 
6 presented in this table were calculated for sample^ 
7 element 46 in the 1991 WIPP performance assessment 
8 (see Appendix B, Vol. 2), which resulted in the rate 
9 constant in the Poisson model for drilling (i.e., X) 

10 equaling 8.4424E-05 yr''' and the area ratio for the 
11 pressurized brine pocket (i.e., aBP/aTOT) equaling 
12 0.44981; the normalized releases were constructed from 
13 

14 

the values shown for rGWIj, rGW2j , and rCj in Table 3-3. 

15 
16 
17 
18 

a 
Computational 
Scenario 

b 
Probability 
w/o Control 

c 
Probability 
w Control 

d 
Cuttings 
Release 

e 
Groundwater 
Release 

f 
Total 
Release 

19 
20 
21 

5(0,0,0,0,0) 0.429886 0.433530 O.OOOE+00 O.OOOE+00 O.OOOE+00 19 
20 
21 5(1.0,0.0,0) 0.072585 0.069540 6.961 E-03 9.922E-06 6.971 E-03 

22 5(0,1,0,0,0) 0.072585 0.073200 4.716E-03 2.507E-06 4.719E-03 

23 5(0,0,1,0,0) 0.072585 0.073200 4.329E-03 3.610E-07 4.329E-03 

24 5(0,0,0,1,0) 0.072585 0.073200 4.042E-03 7.724E-08 4.042E-03 

25 
26 
27 

5(0,0,0.0,1) 0.072585 0.073200 3.784E-03 O.OOOE+00 3.784E-03 25 
26 
27 5(2,0,0,0,0) 0.006128 0.005577 1.392E-02 1.984E-05 1.394E-02 

28 5(1,1,0,0,0) 0.012256 0.011742 1.168E-02 1.243E-05 1.169E-02 

29 5(1.0,1,0,0) 0.012256 0.011742 1.129E-02 1.028E-05 1.130E-02 

30 5(1.0.0,1,0) 0.012256 0.011742 1.100E-02 1.000E-05 1.101E-02 

31 5(1.0.0,0,1) 0.012256 0.011742 1.074E-02 9.922E-06 1.075E-02 

32 5(0,2.0,0,0) 0.006128 0.006180 9.433E-03 5.013E-06 9.438E-03 

33 5((o,i.1.0,0) 0.012256 0.012360 9.045E-03 2.868E-06 9.048E-03 

34 5(0.1.0,1.0) 0.012256 0.012360 8.759E-03 2.584E-06 8.761 E-03 

35 5(0.1.0.6.1) 0.012256 0.012360 8.500E-03 2.507E-06 8.503E-03 

36 5(0.0.2,0,0) 0.006128 0.006180 8.657E-03 7.220E-07 8.658E-03 

37 5(0.0.1.1.0) 0.012256 0.012360 8.371 E-03 4.382E-07 8.371 E-03 

38 5(0.0.1.0.1) 0.012256 0.012360 8.112E-03 3.610E-07 8.113E-03 

39 5(0.0.0,2,0) 0.006128 0.006180 8.085E-03 1.545E-07 8.085E-03 

40 5(0,0,0.1.1) 0.012256 0.012360 7.826E-03 7.724E-08 7.826E-03 

41 
42 
43 

5(0,0.0.0.2) 0.006128 0.006180 7.568E-03 O.OOOE+00 7.568E-03 41 
42 
43 5(3.0.0.0,0) 0.000345 0.000298 2.088E-02 2.977E-05 2.091 E-02 

44 5(2.1.0,0,0) 0.001035 0.000942 1.864E-02 2.235E-05 1.866E-02 

45 5(2,0,1.0.0) 0.001035 0.000942 1.825E-02 2.021 E-05 1.827E-02 

46 5(2.0.0.1.0) 0.001035 0.000942 1.796E-02 1.992E-05 1.798E-02 

47 5(2,0,0,0,1) 0.001035 0,000942 1.771 E-02 1.984E-05 1.773E-02 

48 5(1.2,0,0.0) 0.001035 0.000991 1.639E-02 1.494E-05 1.641 E-02 

49 5(1.1.1.0.0) 0.002069 0.001983 1.601 E-02 1.279E-05 1.602E-02 

50 5(1.1.0.1,0) 0.002069 0.001983 1.572E-02 1.251 E-05 1.573E-02 
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1 
2 

Table 3-4 (Continued). 

3 
4 
5 
6 

a 
Computational 
Scenario 

b 
Probability 
w/o Control 

c 
Probability 
w Control 

d 
Cuttings 
Release 

e 
Groundwater 
Release 

f 
Total 
Release 

7 
8 5(1,1,0.0,1) 0.002069 0.001983 1.546E-02 1.243E-05 1.547E-02 

9 5(1.0.2.0,0) 0.001035 0.000991 1.562E-02 1.064E-05 1.563E-02 

10 5(1.0,1.1.0) 0.002069 0.001983 1.533E-02 1.036E-05 1.534E-02 

11 5(1,0.1.0,1) 0.002069 0.001983 1.507E-02 1.028E-05 1.508E-02 

12 5(1,0.0.2,0) 0.001035 0.000991 1.505E-02 1.008E-05 1.506E-02 

13 5(1.0.0,1.1) 0.002069 0.001983 1.479E-02 1.000E-05 1.480E-02 

14 5(1.0.0,0.2) 0.001035 0.000991 1.453E-02 9.922E-06 1.454E-02 

15 5(0.3.0,0.0) 0.000345 0.000348 1.415E-02 7.520E-06 1.416E-02 

16 5(0.2,1.0.0) 0.001035 0.001043 1.376E-02 5.374E-06 1.377E-02 

17 5(0.2,0,1,0) 0.001035 0.001043 1.347E-02 5.091 E-06 1.348E-02 

18 5(0.2,0.0.1) 0.001035 0.001043 1.322E-02 5.013E-06 1.322E-02 

19 5(0.1.2.0.0) 0.001035 0.001043 1.337E-02 3.229E-06 1.338E-02 

20 5(0.1.1.1.0) 0.002069 0.002087 1.309E-02 2.945E-06 1.309E-02 

21 5(0,1,1,0.1) 0.002069 0.002087 1.283E-02 2.868E-06 1.283E-02 

22 5(0.1.0,2.0)' 0.001035 0.001043 1.280E-02 2.661 E-06 1.280E-02 

23 5(0.1.0.1.1) 0.002069 0.002087 1.254E-02 2.584E-06 1.255E-02 

24 5(0.1,0.0.2) 0.001035 0.001043 1.228E-02 2.507E-06 1.229E-02 

25 5(0.0.3.0.0) 0.000345 0.000348 1.299E-02 1.083E-06 1.299E-02 

26 5(0.0.2.1.0) 0.001035 0.001043 1.270E-02 7.992E-07 1.270E-02 

27 5(0.0,2,0.1) . 0.001035 0.001043 1.244E-02 7.220E-07 1.244E-02 

28 5(0,0.1,2.0) 0.001035 0.001043 1.241 E-02 . 5.155E-07 1.241 E-02 

29 5(0.0.1,1.1) 0.002069 0.002087 1.215E-02 4.382E-07 1.216E-02 

30 5(0.0.1,0.2) 0.001035 0.001043 1.190E-02 3.610E-07 . 1.190E-02 

31 5(0.0,0.3.0) 0.000345 0.000348 1.213E-02 2.317E-07 1.213E-02 

32 5(0.0,0.2.1) 0.001035 0.001043 1.187E-02 1.545E-07 1.187E-02 

33 5(0.0,0.1,2) 0.001035 0.001043 1.161 E-02 7.724E-08 1.161E-02 

34 
35 
36 

5(0.0,0.0,3) 0.000345 0.000348 1.135E-02 0..000E+00 1.135E-02 34 
35 
36 5(4.0,0.0.0) 0.000015 0.000012 2.784E-02 3.969E-05 2.788E-02 

37 
38 
39 
40" 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

5(3.1,0.0.0) 0.000058 0.000050 2.560E-02 3.227E-05 2.563E-02 37 
38 
39 
40" 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

5(1.1.1.1.0) 0.000349 0.000335 2.005E-02 1.287E-05 2.006E-02 

37 
38 
39 
40" 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

5(0.0.0.0,4) 0.000015 0.000015 1.514E-02 O.OOOE+00 1.514E-02 

37 
38 
39 
40" 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 5(0,0.0.0.15) 8.497E-25 8.569E-25 5.676E-02 O.OOOE+00 5.676E-02 
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8 
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11 

12 
13 

14 
15 

16 

17 
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19 

20 
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24 
25 

26 
27 
28 

29 
30 
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32 

33 

34 

35 

36 

37 

Chapter 3. Construction of Complementary .Cumulative Distribution Functions 

Table 3-4 (Concluded). 

a 
Computational 
Scenario 

b 
Probability 
w/o Control 

c 
Probability 
w Control 

d 
Cudings 
Release 

e 
Groundwater 
Release 

f 
Total 
Release 

5'^~(0, 2000) 0.000700 0.000632 1.392E-02 1.480E-05 1.394E-02 

- S*~{2000.4000) 0.000700 0.000700 9.433E-03 5.082E-06 9.438E-03 

^•^"(4000, 6000) 0.000700 0.000700 8.657E-03 1.342E-06 8.659E-03 

5 ^ " (6000, 8000) 0.000700 0.000700 8.085E-03 3.162E-07 8.085E-03 

(8000,10000) 0.000700 0.000700 7.568E-03 5.080E-08 7.568E-03 • 

^ 5(n)and 5"*" are defined in (3-11) and (3-18), respectively. 

b Probabilities for 5(n) (definecJ in 3-14)) and S'*'~{tk-i,tk) (defined in (3-21) and (3-40)). 
without a 100 yr period of administrative control in which dniling intrusions cannot take place. 

^ Same as b but with a 100 yr period of administrative control in which drilling intrusions cannot 
take place. 

^ Cudings releases for 5(n) and 5^~(/;fe_i,/^) are defined in (3-16) and (3-23). respectively, 
with the groundwater component of the release set to zero. 

® Groundwater releases for 5(n) and S'^~{tk- i , tk) are defined in (3-16) and (3-23). 
respectively, with the cuttings component of the release set to zero. 

' Total releases for 5(n) and S^~{ tk - \ , tk ) defined in (3-16) and (3-23), respectively. 
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Examples of CCDF Construction 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

Table 3-5. Probabilities and Normalized Releases for Computational 
Scenarios Used to Illustrate Scenario Construction 
Procedures with the Inclusion of Activity Loading Effects on 
the Cuttings Releases. The probabilities presented in this 
table were calculated for observation number 46 in the 
1991 WIPP performance assessment (see Appendix B, Vol. 
2), which resulted In the rate constant In the Poisson model 
for drilling (i.e., X) equaling 8.4424E-05 yr"^, and the 
activity loading distribution given In Table 2-7; the 
normalized releases were constructed from the values 
shown for rGWI | and rCjj In Table 3-3. 

Computational 
Scenario 

Probability 
w/o Control 

Probability 
w Control 

Cuttings 
Release 

Groundwater 
Release 

Total 
Release 

5(0.0,0.0,0) 

5(1:1.0,0,0,0) 

l=(1) 
l=(2) 
l=(3) 
l=(4) 
l=(5) 

5(i;0.1.0,0,0) 

MD 
l=(2) 
l=(3) 
l=(4) 
l=(5) 

5(i;0,o,1,0,0) 

5(i;0,o,o,i.O) 

5(i;0.o,o,o,i) 

5(1:2,0,0,0,0) 

I=(1.1) 
Ml.2) 
Ml.3) 
l=(1.4) 
Ml.5) 
M2,i) 
l=(2,2) 

0.429886 

0.029201 
0.021761 
0.016274 
0.001082 
0.004268 

0.072585 

0.029201 
0.021761 
0.016274 
0.001082 
0.004268 

0.072585 

0.000992 
0.000739 
0.000553 
0.000037 
0.000145 
0.000739 
0.000551 

0.433530 

0.027976 
0.020848 
0.015591 
0.001036 
0.004089 

0.069540 

0.029449 
0.021945 
0.016412 
0.001091 
0.004304 

0.073200 

0.000903 
0.000673 
0.000503 
0.000033 
0.000132 
0.000673 
0.000501 

O.OOOE+00 

1.708E-04 
1.708E-03 
1.708E-02 
1.708E-01 
9.712E-05 

1.157E-04 
1.157E-03 
1.157E-02 
1.157E-01 
7.615E-05 

O.OOOE+00 O.OOOE+00 

3.416E-04 
1.879E-03 
1.725E-02 
1.710E-01 
2.679E-04 
1.879E-03 
3.416E-03 

9.922E-06 
9.922E-06 
9.922E-06 
9.922E-06 
9.922E-06 

2.507E-06 
2.507E-06 
2.507E-06 
2.507E-06 
2.507E-06 

1.984E-05 
1.984E-05 
1.984E-05 
1.984E-05 
1.984E-05 
1.984E-05 
1.984E-05 

1.807E-04 
1.718E-03 
1.709E-02 
1.708E-01 
1.070E-04 

1.182E-04 
1.160E-03 
1.157.:E-02 
1.157E-01 
7.865E-05 

3.615E-04 
1.899E-03 
1.727E-02 
1.710E-01 
2.878E-04 
1.899E-03 
3.436E-03 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

Table 3-5 (Continued) 

a b c ( 
Computational Probability Probability Cuttings 
Scenario w/o Control w Control Release 

e f 
Groundwater Total 
Release Release 

l=(5,5) 

5(1:1,1.0,0,0) 

M1.1) 
l=(1.2) 
Ml.3) 
M1.4) 
Ml,5) 
M2.1) 
l=(2.2) 

l=(5,5) 

5(1:1.0.1.0.0) 

5(1:0,0,0,0,2) 

5(1:3.0,0,0,0) 

=(1.1.1) 
=(1.1.2) 
=(1.1.3) 

=(2.3.5) 

=(5.5.5) 

5(1:2.1,0,0.0) 

.5(1:0.0,0,0,3) 

0.000021 

0.006128 

0.001984 
0.001478 
0.001105 
0.000073 
0.000290 
0.001478 
0.001102 

0.000042 

0.012256 

0.000022 
0.000017 
0.000013 

0.000001 

0.000000 

0.000345 

0.000019 

0.005577 

0.001900 
0.001416 
0.001059 
0.000070 
0.000278 
0.001416 
0.001055 

0.000041 

0.011742 

0.000019 
0.000014 
0.000011 

0.000001 

0.000000 

0.000298 

1.942E-04 

2.865E-04 
1.328E-03 
1.174E-02 
1.159E-01 
2.470E-04 
1.824E-03 
2.865E-03 

1.733E-04 

5.124E-04 
2.050E-03 
1.742E-02 

1.889E-02 

2.914E-04 

1.984E-05 

1.243E-05 
1.243E-05 
1.243E-05 
1.243E-05 
1.243E-05 
1.243E-05 
1.243E-05 

1.243E-05 

2.977E-05 
2.977E-05 
2.977E-05 

2.977E-05 

2.141 E-04 

2.989E-04 
1.340E-03 
1.175E-02 
1.159E-01 
2.594E-04 
1.836E-03 
2.878E-03 

1.857E-04 

5.422E-04 
2.079E-03 
1.745E-02 

1.892E-02 

2.977E-05 3.211 E-04 
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Examples of CCDF Construction 

1 Table 3-5 (Concluded) 
2 
3 
4 a b e d e f 
5 Computational Probability Probability Cudings Groundwater Total 
6 Scenario w/o Control w Control Release Release Release 
7 
8 
9 

10 
11 
12 5(1:4,0,0,0.0) 
13 
14 
15 . . 
16 

17 a 5 ( l ,n ) is defined in (3-12). 

18 

19 Probability for 5 ( l ,n ) as defined in (3-15) without a 100 yr period of administrative control in 

20 which dniling intrusions cannot take place. 
21 . 
22 Same as b but with a 100 yr period of administrative control in which drilling intrusions cannot 
23 take place. 
24 

25 Cuttings release for 5(1,n) from (3-17) with the groundwater component of the release set to 

26 zero. 
27 

28 ® Groundwater release for 5(1,n) from (3-17) with the cuttings component of the release set to 

29 zero. 
30 

31 < Total release for 5(1,n) from (3-17). 

32 . 

33 

34 The result of this calculation is shown in Figure 3-4. Specifically, the CCDF labeled 

35 "Groundwater" in Figure 3-4 was consdiicted from the probabilities and releases in die columns 

36 "Probability w Control" and "Groundwater Release" in Table 3-4. This is also the CCDF 

37 identified in Figure 3-1 as resulting from sample element 46. Similarly, when activity loading 

38 effects on the cuttings releases are not considered (i.e., all waste is assumed to be of the same 

39 average activity level), it is possible to systematically incorporate all die computational scenarios 

40 indicated in Table 3-4 into a CCDF for cuttings release and also into a CCDF for total release 

41 (i.e., cuttings release and groundwater release combined). The CCDF labeled "Cuttings without 

42 Acuvity Loading" in Figure 3-4 was consmicted from die probabiliues and releases in die columns 

43 "Probability w Conu-ol" and "Cuttings Release" in Table 3-4. Due to the small releases for 

44 groundwater dansport, the CCDF constructed widi the releases in the column "Total Release" is 

45 identical in appearance to the "Cuuings without Activity Loading" CCDF in Figure 3-4. 
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1 When acuvity loading effects for the cuttings releases are considered, i l is necessary to use 

2 results of the form shown in Table 3-5. Due to the large number of computauonal scenarios that 

3 result from the many possible combinations of cuttings releases, it is not possible to 

4 systematically cover all scenarios of die form listed in Table 3-5. Rather, as described in Section 

5 3.3, these computauonal scenarios are covered systematically up to a certain number of intrusions 

6 and then a switch is made to a Monte Carlo procedure. For the 1991 WIPP performance 

7 assessment, computational scenarios of the form shown in Table 3-5 were systematically covered 

8 up to nB = 4 boreholes; then, a switch was made to a Monte Carlo procedure diat used a Latin 

9 hypercube sample of size nR = 100 for each computational scenario involving more than nB = 4 

10 boreholes. The results of this calculation for cuttings release is shown in Figure 3-4. Specifically, 

11 the CCDF labeled "Cuttings with Activity Loading" in Figure 3-4 was consu-ucted from the 

12 probabilities and releases in the columns "Probability w Control" and "Cuttings Release" in Table 

13 3-5. This is also the CCDF for sample element 46 in Figure 3-2, aldiough its exact identification 

14 is difficult due to the large number of closely placed CCDFs in this figure. 

15 Activity loading effects can also be incorporated into the CCDF for total release. This 

16 involves use of the results in the column "Total Release" in Table 3-5 together with similar 

17 results for computational scenarios of the form S'^~[\;tk-\,tk). Due to the small groundwater 

18 releases associated with sample element 46, this results in a CCDF for total release that is 

19 identical in appearance to the CCDF labeled "Cuttings with Activity Loading" in Figure 3-4. The 

20 CCDF that results from this construction procedure for sample 46 also appears in Figure 3-3, but 

21 is difficult to identify. 

22 The CCDFs appearing in Figures 3-1 through 3-4 were constructed with the program 

23 CCDFPERM, which is part of the CAMCON system. Probabilities and normalized releases for 

24 computational scenarios are determined by CCDFPERM wilh the procedures illustrated in this 

25 section. To reduce storage requirements, CCDFPERM uses a binning algorithm of the type 

26 indicated in conjunction with (3-28) to accumulate the probabilities associated with individual 

27 computational scenarios. For the 1991 WIPP performance assessment, the binning algorithm used 

28 100 increments per order of magnitude on the release axis. To reduce unnecessary calculations, 

29 CCDFPERM provides a mechanism to stop the CCDF construction procedure. Specifically, 

30 CCDFPERM determines the smallest integer n such that the probability of having exactiy n 

31 boreholes over 10,000. years is less than B, where is a user-specified quantity. Then, 

32 CCDFPERM only uses computational scenarios that involve less than or equal to n boreholes. 

33 For the 1991 WIPP performance assessment, B was specified to be 1 x 10" ,̂ which resulted in 

34 .the omitted scenario probability being far below the 0.001 point used in defining the EPA release 

35 limits. Since the X in the Poisson model was a sampled variable in the 1991 WIPP performance 
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Figure 3-4. Estimated CCDFs for Sample Element 46. 
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1 assessment, the maximum number of boreholes used in CCDF constiTiction varied from sample 

2 element to sample element. 

3 There is actually some overiap (i.e., intersection) between die computational scenarios 5(n) 

4 and 5"'"~(';t-l.'A;)- That is, no correction has been made for the fact that some time histories in 

5 computational scenarios of the form 5(n) also belong to computational scenarios of the form 

6 S'^~[tk-iJk)- Further, as indicated in conjunction with (2-68), probabilities for the 

7 S'^~{tk-i,tk) 3re approximated with conservative relationships that actually bound the 

8 probabilities. As the probabilities for the scenarios 5(n) sum to 1, the total estimated 

9 probabiliues for the computational scenarios 5(n) and S'^~{tk-i,tk) will be somewhat greater 

10 than 1. For example, die total probability for the computational scenarios indicated in Table 3-4 

11 is 1.003432 when 100 years of adminisU-ative control is assumed. If desired, the probabiliues for 

12 the individual computational scenarios could be defined with greater resolution, but the resultant 

13 relationship would be very complicated (e.g., see (2-67)). At present, the added complexity that 

14 these refined probabilities would require is not justified. Specifically, diey would produce few 

15 visually identifiable shifts in the CCDFs shown in Figures 3-1 dirough 3-4, and the effects that 

16 they did produce would tend to shift the CCDFs downward. However, as a low-level correction, 

17 CCDFPERM does normalize die probabiliues for computational scenarios involving two or more 

18 boreholes so that total computauonal scenario probability sums to 1. 

19 The probability normalization performed by CCDFPERM is based on die ratio 

nT 

Y.PS^~{'k-l<tk) 

20 R = ̂ ^ ^ ^ , V y (3^1) 
J,pS{n) 

21 

22 where ne only if n has an element greater than or equal to 2 (i.e., if 5(n) designates a set of 

23 time histories in which two or more drilling inu-usions can occur in the same time interval). Thus, 

24 R is the ratio between the estimated probability for all ElE2-type computational scenarios and the 

25 probability for all computational scenarios 5(n) that could contain an EIE2-type indusion. 

26 Once R is determined, CCDFPERM systematically goes dirough all computational scenarios 

27 5(1, n) selected for considerauon. For each 5(1, n), the probability pS(l,n) and release c5(l,n) 

28 are determined as shown in (3-15) and (3-17), respectively. If ng , no modification to p5(l,n) 

29 is made. If neSl, then the probability pS{\,n) is redefined to be (1-^) pS(},n). Further, 

30 5"'"~(l.n) is assigned the probability 
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1 

2 pS*-{l,n) = RpS{\,n), (3A2) 

3 

4 where p5(l,n) is the initial probability for 5(l,n) defined in (3-15) and 

5 

6 S'^~{hn) = {x:X an element of 5(1,n) in which at least one waste panel is penetrated by 

7 two or more boreholes during a time interval / / j , of which at least 

8 one peneu t̂es a pressurized brine pocket and at least one does not}. (3-43) 

9 

10 The set 5''"~(l.n) is assigned the normalized release 5"'"~(l;^;k_i,/^) in (3-24), where k is the 

11 smallest integer such that 5 ' * ' ~ ( I , n ) e 5 ' ^ ~ ( l ; < ; . A s /55(l,n), cS(l,n), p5"^~(l,n) and 

12 c5^~(l,n) are determined, the probabiliues pS(l,n) and pS'^~{\,n) are accumulated within the 

13 binning algorithm used in CCDFPERM. 

14 The outcome of the preceding normalization procedure is that (1) probabilities for 

15 computational scenarios 5(1,n) that do not contain time histories also contained in a set 

16 S*~[\Uk-l'tk) unchanged, (2) probabilities for computational scenarios 5(1,n) that do 

17 contain time histories also contained in a set 5^~ ';t-l <tk) ^ scaled down by a factor ofl-R, 

18 (3) total probability for the computational scenarios 5^~(l; /^-i , /^) is unchanged, and (4) total 

19 probability for all computational scenarios sums to 1. Other normalizations are also possible. For 

20 example, a normalization could be used that also produces a downward scaling in die probabilities 

21 for S'^~[\;tk-\,tk), which are known to be overestimates. However, no "reasonable" 

22 normalization would have had a significant impact on the CCDFs produced for the 1991 WIPP 

23 performance assessment. 

24 
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Conceptual Model 

1 4. UNDISTURBED PERFORMANCE OF REPOSITORY/SHAFT 
2 
3 4.1 Conceptual Model 

4 The overall hypothesized sequence of events in the disposal area for undisturbed conditions is 

5 summarized in the scenario discussion in Chapter 4 of Volume 1 and is repeated in more detail in 

6 Chapter 5 of Volume 1. The reader is encouraged to refer to the figures and the discussion in 

7 Volume 1 when reading about the models discussed in die remainder of Volume 2. 

8 Generally, the repository/shaft system models for the undisturbed case consist of at most six 

9 components (or featui-es): (1) a room or disposal region, (2) a panel and drift seal, (3) drift backfill, 

10 (4) shaft backfill and seal, (5) Salado Formation salt, and (6) anhydrite interbeds (MB 139 and layers 

1 i a and b, which are combined). These features comprise both the natural and engineered barriers to 

12 migration from waste panels during undisturbed conditions. 

13 Groundwater flow and radionuclide migration are driven by gas generation in the waste 

14 disposal panels. Creep closure of the repository can also affect brine flow; however, die dynamics 

15 of this effect are not currendy modeled. Two pathways for groundwater flow and radionuclide 

16 transport wi l l likely dominate the disposal system (Figure 4-6 in Volume 1). In both, 

17 radionuclides enter MB 139, either through fractures in salt or directiy as a result of rooms and drifts 

18 intersecting the marker bed during construction or room closure. The head gradient tends to force 

19 radionuclide-bearing brine into MB139 beneath die panel, along the fractures in MB139 to die base 

20 of the shaft. Radionuclides may then move up the shaft to the Culebra dolomite member, and 

21 downgradient in the Culebra to the accessible environment. The second conceivable pathway is 

22 along MB 139 to the subsurface extension of the accessible environment (5 km boundary) from the 

23 waste-disposal area (Figure 4-6 in Volume 1). 

24 For the undisturbed scenario type, four primary generic computational models were used to 

25 assess the response of the repository/shaft system to this base case: BOAST I I , a three-

26 dimensional, multiphase code for isothermal Darcy flow; PANEL, an analytical model that 

27 . estimates the discharge of radionuclides from a repository panel breached by a borehole; SUTRA, a 

28 two-dimensional, saturated or unsaturated, coupled flow and uansport code; and STAFF2D, a two-

29 dimensional, single-phase, flow or transport code. 

30 The simulations described examine the importance of the principal migration pathways for 

31 radionuclides to reach the accessible environment during the undisturbed scenario. The 

32 hypothesized migration paths assume that under undisturbed conditions brine with dissolved 

33 radionuclides is expelled from die storage rooms by gas generated from anoxic corrosion of the 

34 containers and microbiological degradation of the waste. Because die computer codes SUTRA and 

35 STAFF2D model single-phase-flow instead of two-phase flow, liquid (brine) replaces gas in these 

36 simulations and the pores of the waste are assumed to be completely filled widi liquid. An effect 
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1 of substituting a liquid source for the gas drive is that the liquid lends to leave the storage area in 

2 all directions, while gas-driven brine would be expected to leave die repository mainly through the 

3 floor (because the waste-generated gas rises to die top of the waste panels). To account for the 

4 presence of undissolved gas in an approximate sense using die single-phase codes SUTRA and 

5 STAFF2D, die material properties (permeability and porosity) can be modified to reflect the 

6 changes that occur as the result of varying gas saturation. These changes, in terms of brine (or 

7 gas) saturation, relative permeability, and porosity can be determined from a separate calculation 

8 with the two-phase code BOAST I I , which does account for bodi gas generation and combined 

9 brine and gas flow: 

10 SUTRA, STAFF2D, and P/VNEL were used to evaluate the flow of brine and die u-ansport of 

11 dissolved radionuclides from the repository in die undisturbed case. Vertical cross-sections dirough 

12 the repository, anhydrite layers a and b, MB139, the drift, and die shaft were modeled to determine 

13 the path and extent of uansport from the repository. Calculations assuming single-phase flow 

14 widi and widiout properties modified by die effects of gas were performed. 

15 Recognizing that radionuclide migration from the repository is diree dimensional, addiuonal 

16 calculations were performed widi SUTRA modeling a horizontal plane through the repository. 

17 MB139 has been hypothesized to be the principal brine pathway out of the repository. In diese 

18 calculations it was assumed that the entire waste repository was located within MB 139. This 

19 conservative assumption eliminated any resistance to flow afforded by the DRZ between the 

20 repository and MB139, maximizing the advective flow in MB139. 

21 STAFF2D and PANEL were the two codes used to quantify die u-ansport of radionuclides up 

22 the shaft and away from the repository within.MB139. Using diese codes it was determined that 

23 the quantity of radionuclides passing a point 20 m up the shaft from the repository horizon and 

24 through a boundary 100 m away from the repository within MB139 were several orders of 

25 magnitude less than the EPA normalized limit of one. The SUTRA code was used primarily to 

26 verify the extent of u-ansport calculated by STAFF2D and to assess die importance of transient gas 

27 pressures. SUTRA was also used to investigate some of the diree-dimensional aspects of flow 

28 away from die repository. The BOAST II code was used to calculate the tfansient pressure from 

29 waste-generated gas and to provide relative permeabilities and porosities for use in the single-phase 

30 codes SUTRA and STAFF2D. 

31 Subpart B of 40 CFR Part 191 (The Standard) limits die probabilities of cumulative releases 

32 of radionuclides to the accessible environment for 10,000 years and limits the dose to individuals 

33 for 1000 years after disposal (Volume 1, Chapter 1). Bounding calculations that show that no 

34 releases reach die accessible environment can be used to satisfy the requirement of the Standard for 

35 undisturbed conditions. It is not always intuitively obvious, however, that the selection of 
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1 extreme values for input parameters for computation have the effect of providing an upper bound 

2 on radionuclide transport. 

3 In the following calculations for undisturbed performance, many of the assumptions were 

4 indeed conservative, tending to maximize uansport away from the waste panel. However, this was 

5 not wholly true for all parameters; often average or median properties were used. Therefore, it 

6 cannot be claimed that these calculations are u-uly bounding. Indeed, it may not be possible to 

7 prove that any fixed set of assumed input parameters wil l produce a bounding result. 

8 These calculations had several objectives: 

9 • To determine the path and extent of migration of radionuclides fi-om the waste panels, and to 

10 quantify die magnitude of radionuclide uansport up the shaft. 

11 ' T o evaluate (in an approximate sense) the effect of waste-generated undissolved gas on 

12 migration of radionuchdes for undisturbed condiuons. 

13 - T o assess the importance of diree-dimensional effects on radionuclide migration in MB 139. 

14 - T o cross-verify die results from die two single-phase codes SUTRA and STAFF2D. 

15 

16 4.2 C o n s e q u e n c e Mode ls 
17 
18 4.2.1 BOAST II AXISYMMETRIC APPROXIMATION OF TWO-PHASE 
19 FLOW—James E. Bean and James D. Schreiber 
20 
21 4.2.1.1 Model Overview 

22 For undisturbed condiuons, the generation of gas by corrosion and, microbial degradation of 

23 waste is the principal driving force that moves brine and dissolved radionuclides out of the 

24 repository. The presence of an undissolved gas phase also affects the brine saturation and other 

25 material properties goveming flow in and around the repository. 

26 To account for these effects, the three-phase code BOAST II was used to calculate the pressure 

27 history, brine saturations and relative permeabilities widiin and adjacent to the repository waste 

28 panel. These parameters could then be used lo modify material parameters (e.g., porosity and 

29 permeabdity) and calculate brine flow using die single-phase codes SUTRA and STAFF2D. 

30 Since BOAST II was originally written as a petroleum reservoir model, the three phases. 

31 normally considered are gas, oil, and water. In using BOAST II to simulate flow of brine and gas 

32 in and adjacent to the repository, only two of the three phases in the model are used. What is 

33 referred to as " o i l " in BOAST I I is given properties of brine. "Gas" is given properties of 

34 hydrogen gas. "Water" is not used. "Oi l , " rather than "water," is used to simulate brine simply as 

35 a matter of convenience. As long as the correct properties are used, the same results will be 

36 obtained regardless of which phase is used to simulate brine. 
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1 The following description of BOAST II hinges largely on a conceptualization of multiphase 

2 flow dirough porous media described in detail in Appendix A. The reader is encouraged to refer to 

3 Appendix A for a broader view of die underiying assumptions. 

4 
5 4.2.1.2 Model Description 
6 
7 Nomenclature 

8 Symbols may appear with subscripts g (gas), o (oil), or w (water) substituted for phase 

9 subscript symbol p. 

10 
11 Bp = Formation volume factor for phase p [m^ @ reservoir conditions/rii^ @ reference 
12 condiuons] 

13 CGp = Collectionsofterinsforphasep, defined by equations (4-15), (4-16), and 4-17 [s' '] 

14 Cp = Compressibdity of phase/7 [Pa"^] 

15 Cr = Compressibility of rock [Pa"^] 

16 c, = Total compressibility [Pa'^] 

1 7 ^ = Gravitational acceleration [m/s^]' 

8̂ K = Absolute permeability [m^] 
19 krp = Relative permeability of phase p [dimensionless] 

20 pp = Pressure of phase p [Pa] 

21 . qp = Well injection rate for phase p [m-̂ /s] 

22 Rgp = Solubility of gas in phase p [m^ gas/m^ phase p] 

23 Sp = Saturation of phase p [m^ phase p/rn^ void] 

24 Vp = Darcy velocity (or flux) of phase p [m^ phase p/(s'xn^ cross-section flow area)] 

25 Xp = Mobility of phase p [(Pa*s)'̂ ] 

26 \ip = Viscosity of phase p [Pa-s] 

27 pp " = Density of phase p [kg/m3] 

28 (|) = Porosity [m^ void/m^ rock] 

29 V = Gradient operator [m"'] 

30 V» = Divergence operator [m"^] 

31 

32 Description 

33 BOAST II (Black Oil Applied Simulation Tool, enhanced version) is a peu-oleum reservoir 

34 model that simulates isothermal Darcy flow in three dimensions. BOAST II assumes that 

35 reservoir fluids can be described by three fluid phases, two that are immiscible fluids and a third 

36 that is conceptually a gas soluble in each of the other two. Each phase has a constant composition 

37 with physical properties that depend only on pressure. All three phases, as well as the porous 

38 medium, are assumed to be compressible. A complete description of BOAST II and its capabiliues 
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1 is found in Fanchi et al. (1987). The model description diat follows is based closely on the 

2 presentation in Fanchi et al. (1982). 

3 BOAST II uses a fmite-difference, implicit-pressure, explicit-saturation (IMPES) numerical 

4 technique to solve the diree differential mass balance equations that describe the simultaneous flow 

5 of die three phases. In the IMPES procedure, die mass balance for gas is recast in terms of fluid 

6 pressures, and the equations for the odier two phases are written in terms of the saturations of each 

7 phase. This procedure simplifies the solution, but the explicit solution of the pressure equation 

8 results in certain limitations. For example, neither the pressure or the saturations can change 

9 rapidly (as in "coning" situations where liquid flow converges rapidly toward a well) because the 

10 IMPES solution technique then requires an impracticably small time step. This problem will also 

11 occur if the capillary pressure is not constant. The system of algebraic equations resulting from 

12 discretizing the differential equations can be solved using either direct or iterative techniques. 

13 Boundary conditions other than no-flow conditions must be specified by wells. Well models in 

14 BOAST II allow rate or pressure constraints on well performance to be specified so that gas 

15 generation and brine sinks can be simulated in a variety of realistic ways. Time steps are adjusted 

16 automatically to ensure accurate solutions. Permeabilities can be varied in each of the three 

17 orthogonal directions, and porosities can vary from cell to cell. 

18 BOAST 11 solves the flow equations for three fluid phases in three dimensions in a porous 

19 medium. In the discussion diat follows, die three fiuid phases are referred to as oil, water, and gas, 

20 in keeping with the original development of BOAST II as an oil reservoir simulator (Fanchi et al., 

21 1982). The flow, or mass conservation, equations for each phase, in their simplest form, are: 

22 

23 

24 

25 

26 

^'¥-T^ = 4:i'^ci/Bo), 
B. 

BM 

Pose 

<l)V 

dt 

dt 
(<t>5w/fiw) . 

(4-1) 

(4-2) 

and 

27 - V . 
B„ B, 'o B w 9gsc 3' Br B w J 

(4-3) 

28 

29 

30 

where die symbol V • is shorthand for the divergence of die velocity of phase p\ 

„ , 8 9 a (4-4) 
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1 

2 The parameters BQ, Bŷ ,, and Bg are formation volume factors in units of volume at reservoir 

3 conditions/volume at reference or standard conditions. (The subscript sc refers to standard 

4 conditions.) Rso and R ^ are solubilities of gas in oil and water, respectively. 

5 

6 The phase densities are related to formation volume factors and gas solubilities by 

•7 Po=-^[posc+RsoPgsc]^ (4-5) 

8 P)v=^[Pyvsc+'^syvPgsc] ' (4-6) 

9 and 

10 P , = ^ . (4-7) 

11 

12 The velocities Vp are assumed to be Darcy velocities and their j:-components are 

13 Vxp=-f^x^p^[pp-Pp8^]- (4-8) 

14 

15 Similar expressions can be written for die y and z components. This equation is generally 

16 valid for incompressible fluids (oil and water). It is also valid for compressible fluids (gas), as 

17 long as the flow is irrotational and the fluid density is a function of pressure only (Bear, 1972), 

18 which is true for the simulations done using BOAST I I . 

19 The phase mobility Xp is defined as die ratio of die relative permeability to flow of the phase 

20 divided by its viscosity; thus, 

M 21 

22 Xp=krplVip. V l ' V '̂̂ "̂ ^ 

23 

24 The presence of oil, water, and gas phase pressures in (4-8) complicates the problem. For 

25 many situations, the difference between phase pressures is much smaller than the individual phase 

26 potentials and can be either ignored or seated less rigorously mathematically. The handling of the 

27 phase pressures and potentials in the flow equations can be simplified by using the capillary 

28 pressure concept. BOAST II defines the difference in phase pressures as 

29 

30 Pcow = Po-P)^ (4-10) 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

and 

Pcgo ~ Pg Po (4-11) 

The differences Pcow p^go are die capdlary pressures of oil-to-water and gas-to-od phases, 

respectively. Experimentally Pcow and Pcgo have been observed to be principally functions of 

water and gas saturations, respectively. 

Combining (4-1) through (4-3) widi (4-8), (4-9), (4-10), and (4-11) and rearranging yields 

Oil 

12 

13 

14 

V . + C G o -
d_ 

dt 

^ S ^ —2. 

Water 

(4-12) 

15 

16 

17 and Gas 

Pwjc dt 

^ S ^ (4-13) 

18 V . 
Ba 

+ CGo - Ig 

Pgsw 

19 

20 

21 

22 

23 

24 

25 

dt K^g Br Bv. 
(4-14) 

The notation K signifies that permeability is a second-order tensor. The common assumption 

is made diat the coordinate axes of the reference system are aligned along the principal axes of K. 

The gravity and capillary contributions to the phase pressures have been collected in the terms 

CGo, CGyy, and CGg: 

C G o = - V . 
fx \ 

V(Po^z) (4-15) 
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1 

2 

3 and 

CGyv - - V . K' 
^X 
- f - \^{Pw8^ + Pcow) 

\"w 
(4-16) 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

CGg = V • j A- . ^" "^(Pcgo - Pgi^) - ^ V(pogz) - ^ ^ V { p , , ^ + p^gz) 
B 

(4-17) 

Essentially BOAST II's task is to solve (4-12) dirough (4-l4) and (4-18) (discussed below) for 

die four unknowns PQ, SQ , 5^, and Sg. All odier physical properties in the equations are 

known, in principle, as functions of the four unknowns, or from field and laboratory data. 

The procedure BOAST II uses to solve die flow equations requires combining (4-12) through 

(4-14) with die equality 

SQ + iSyy So — 1 

such that only one equauon for the unknown pressure PQ remains: 

[BQ - f^soBg) 

+{BW - f^swBg) 

-On 
+ CGn- <lo 

-I- CG»v - • 

(4-18) 

18 

19 

20 

21 

22 

23 

24 

+B„ v« 
. • V Bo Bn B^ 

+ CGg- ^g 

Pgsc 

<^tdPo 
dt 

(4-19) 

the equation in (4-19) is called the pressure equation because no explicit time derivatives of 

saturations are present. BOAST II solves the three-dimensional, three-phase flow equations by 

first numerically solving the pressure equation for PQ, then using the results in (4-20), (4-21), and 

(4-18) to find die phase saturations. 
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Oil 

3 

4 

6 

7 

10 

11 

12 

13 

14 

15 

16 

17 
18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

dt 

Water 

V ^oy Or, 
+ CGn 

dt ft 

^ - X ^ 
K-^Vpo -HCGW -

The oil, water, gas, rock, and total compressibilities are identified as 

1 dBQ ^ Bg dR,o 

BQ dpo BQ dpQ 

. 1 B̂yy Bg 3/?^ 
tyV — - - -•-

Co = 

Bw 9Po ^Po 

1 ^^g 
« Bg dpQ ' 

1 

and 

(4-20) 

(4-21) 

(4-22) 

(4-23) 

(4-24) 

(4-25) 

(4-26) 

respectively. 

Code Modifications for CAMCON Version 

A number of improvements have been incorporated into the version used in C/\MCON. 

• BOAST I I has been tied into CAMCON via die preprocessor, PREBOAST, and die 

postprocessor, POSTBOAST. 

• Darcy velocities of each phase in each direction can be calculated and included in the output 

along with time-dependent phase pressures and saturations. 

• Interpolation between values of physical properties in lookup tables has been improved for 

greater speed. 

• Rock compressibility calculations have been modified frpm the original version. Non-zero 

capillary pressures can now be used although the IMPES formulation may require the 

capillary pressure to be constant to maintain reasonafcile time steps. 
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1 • An algebraic multigrid ( / ^ G ) solver (Ruge and Stuben, 1987) has been added; it is much 

2 faster and requires far less memory than the direct solver and is more accurate and robust 

3 than the other iterative solvers in BOAST I I . The multigrid solution is checked by 

4 following it with at least one iteration of a point-successive overrelaxation solver. The 

5 advantage of AMG over simple iterative or even direct methods commonly used in 

6 groundwater flow and transport programs is more pronounced with finer meshes. 

7 

8 4.2.1.3 Spatial Grid 

9 Although BOAST I I has diree-dimensional capabilities, the complexity of the WIPP 

10 repository or even of a waste panel precludes using BOAST 11 in three dimensions. Consequendy, 

11 the geometry used in the two-phase model for undisturbed performance represents a cylindrical, 

12 equivalent panel surrounded by the Salado Formation with anhydrite layers above and below 

13 (Figure 4-1). The region modeled extends upward to the Culebra, downward to the Castile 

14 Formation, and outward approximately 21 kilometers. The Castile and Culebra were included 

15 because they represent the major sources and sinks for brine flow to and from die repository. The 

16 far-field boundary is intended to be far enough away to justify the use of a no-flow boundary 

17 without the boundary affecting the behavior of the repository. Anhydrite layers a and b 

18 immediately above the repository have been consolidated into a single layer with a thickness equal 

19 to the combined thicknesses of a and b and located at die elevation of layer b. The panel thickness 

20 was chosen to be 2 m. The floor area of the cylindrical panel is the same as the enclosed area of an 

21 actual equivalent panel, including the area occupied by pillars. To account for the inclusion of the 

22 pillars, the porosity of the panel is adjusted (decreased) from the original waste porosity. The 

23 initial brine saturation is also adjusted for the presence of pillars fully saturated with brine. The 

24 disturbed rock zone (DRZ) extends vertically upward through the anhydrite layer and downward 

25 through MB139. Beyond the outer radius of die panel, both die anhydrite layers and the Salado are 

26 intact. 

27 

28 4.2.1.4 Material Properties, Boundary Conditions, and Initial Conditions 

29 The generation of hydrogen as a result of corrosion and microbial action was simulated by 

30 means of gas injection wells in the repository grid blocks. Gas generation resulting from anoxic 

31 corrosion was assumed to occur for the first 450 years at a fixed rate of 2 moles per equivalent 

32 drum per year (Brush and Lappin, 1990), with die repository capacity being 556,000 equivalent 

33 drums. During the first 600 years, microbial action was assumed to generate gas at a fixed rate of 

34 1 mole per equivalent drum per year (Brush and Lappin, 1990). Thus, the total gas generation rate 

35 from 0 to 450 years was 3 moles per drum per year, and from 450 to 600 years, the rate was 1 

36 mole per drum per year. All corrodible metal was assumed to be reacted in 450 years, so corrosion 
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1 ceased then. Biodegradable material in the waste was completely consumed in 600 years, so gas 

2 generation by microbial processes ended then. The injection rates actually used in the model were 

3 on the basis of a unit volume of repository, or panel, grid block: 2.5x10'^ m-̂  H2/ (S'm^ panel) 

4 for years 0 to 450, 8.3xlO'^0 ^ 3 (s-m^ panel) for years 450 to 600, and 0 m^ H2/ (S'm^ 

5 panel) for years 600 to 10,000. The gas generation rates used for anoxic corrosion and 

6 biodegradation were based on values available at the time the calculations were performed and do 

7 not necessarily correspond to values given in Volume 3 of this report. Currendy, anoxic corrosion 

8 at 2 moles per drum equivalent corresponds to twice die maximum rate for humid conditions and a 

9 biodegradation rate of 1 mole per drum equivalent corresponds to the maximum rate for humid 

10 conditions (see Brush, July 8, I 99 I , memo. Volume 3). 

11 For initial conditions, the brine saturation in the waste was assumed to be 13%; when. 

12 averaged in with die pillars in the enclosed panel, which were assumed to be fully saturated with 

13 brine, the panel average saturation was 19.2% (80.8% gas saturation). The value chosen for initial 

14 brine saturation (13%) was selected from literature values reported for analogous materials. The 

15 uncertainty in this value was addressed in the calculations for Disturbed Conditions by varying it 

16 from zero to the residual saturation of the waste, 27.6%, but for the Undisturbed Conditions, the 

17 fixed value of 13% was used. In all odier regions, an initial brine saturation of 100% was used. 

.18 The initial pressure in die equivalent panel was 0.1 MPa (1 atm). Initial far-field pressures 

19 were not known with any certainty, so a value midway between hydrostatic (~7 MPa at the 

20 repository elevation) and lithostatlc pressure (-15 MPa at the elevation of the repository) was 

21 chosen, 11 MPa. An average gradient midway between hydrostatic and lidiostatic was used to vary 

22 the far-field pressure with depth. No-flow boundary conditions were used on all six sides of the 

23 region modeled. 

24 Because of the Implicit Pressure-Explicit Saturation formulation used in BOAST I I , stability 

25 requirements initially resulted in time steps that were too small for 10,000-year simulations. To 

26 overcome this limitation, the capillary pressure, which is a nonlinear function of saturation, was 

27 assumed to be constant and equal to the threshold displacement pressure. The threshold 

28 displacement pressure is die pressure that is just large enough for gas to enter and move through a 

29 fully brine-saturated porous medium and displace some brine from it. This assumption allows 

30 simulations to proceed at a reasonable time step size. A fully implicit code, such as BRAGFLO 

31 (see Chapter 5), is less sensitive to the nonlinearities of die capillary pressure function; however, 

32 this code was not ready for use when these calculations were done, and was used only for the 

33 calculations for disturbed conditions widi borehole inuiision. 

34 

35 

36 
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1 4.2.1.5 Results and Discussion 

2 Figure 4-2 illusu-ates the pressure in the repository as a function of time. As a result of gas 

3 generation, the pressure increases from 0.1 MPa initially to approximately 15.5 MPa after about 

4 500 years. The pressure at diat time exceeds lidiostatic (-15 MPa). The effect of internal pressure 

5 near lithostatic would cause an actual waste panel to inflate slighUy, forcing salt to creep outward 

6 to relieve the rising pressure in die repository. BOAST n ignores diese creep effects. 

7 Figures 4-3 and 4-4 provide vertical slices dirough die grid near the repository panel boundary 

8 of the brine relative jjermeability and the brine saturation. It can be seen in Figure 4-4 that gas has 

9 moved up into the DRZ and anhydrite layers widiin die first 1000 years (31.5x10^ s). At 1000 

10 years and later, die brine saturation was greater than residual saturation (0.276). Because the initial 

11 brine saturation in the waste was below residual saturation, there had to be a period of time during 

12 the first 1000 years in which brine flowed into the waste, some of it draining from the DRZ and 

13 some fiowing in from the anhydrite layers and MB 139. This brought the brine saturation in the 

14 waste above residual saturation, thus allowing brine to brine flow. After 1000 years, die relative 

15 permeability to brine flow in the waste decreases continuously to 10,000 years, which indicates 

16 that brine saturation is decreasing. Therefore, brine is flowing out of the waste, U"ansporting 

17 radionuclides away from the repository. 

18 To determine the amount of radionuclides diat leave die repository, a U-ansport model such as 

19 SUTRA or STAFF2D, radier than just a flow model such as BOAST I I , was needed. However, 

20 since SUTRA and iSTAFF2D are single-phase models, it was necessary to modify the material 

21 properties to simulate the effect of gas generation on brine flow. The relative permeability results 

22 from these BOAST II calculations, as shown in Figure 4-3, were used to modify the waste, DRZ, 

23 and anhydrite permeabilities used by STAFF2D and SUTRA in order to model the effects of gas on 

,24 radionuclide U-ansport. These calculations are discussed in Sections 4.2.2 and 4.2.3. 

25 
26 4.2.2 STAFF2D VERTICAL CROSS SECTION SIMULATIONS—David K. 
27 Rudeen 
28 

29 4.2.2.1 Model Overview 

30 Gas generauon within the repository is expected to be the primary driving force causing 

31 radionuclides to be driven out of the waste repository into the adjacent halite and anhydrite layers. 

32 To determine die primary pathways and estimate the magnitude of the release, finite-element flow 

33 and transport calculations were performed in a vertical cross section that passed through the 

34 repository, drift, shaft, and surrounding geology. The intent of these calculations is not to predict 

35 the actual behavior of the repository, but to show with conservative calculations that release to the 

36 accessible environment wdl not exceed current EPA standards. Models and most parameters were 
37 chosen to maximize release yet still be widiin expected ranges. 
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Figure 4-1. BOAST II Geologic/Waste Panel. 
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Figure 4-2. Equivalent Panel Pressure as a Function of Time 

4-14 



Consequence Models 
BOAST II Axisymmetric Approximation of Two-Phase Flow' 

10° r 

10-1 

10-2 ^ 

= 10-3 
CO 
0) 
E 
k_ 

o> 
a. 

93 10-4 

03 

CC 
*> 
.E 10-5 
OQ 

10-6 ^ 

10-7 ^ 

10-8 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Distance (m) 

TRI-6342-1303-0 

Figure 4-3. Brine Relative Permeability Profile From Bottom of MB139 to 
Top of Anhydrite 

4-15 



Chapter 4. Undisturbed Performance of Repository/Shaft 

1.0 

0.9 -

0.8 -

"5 
Z3 
CB 
(A 

2 0.6 
OQ 

0.5 

0.4 -

0.3 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Distance (m) 

TRI-6342-1304-0 

Figure 4-4. Brine Saturation Vertical Profile from Bottom of MB139 to 
Top of Anhydrite 

4-16 



Consequence Models 
STAFF2D Vertical Cross Section Simulations 

1 The simulations in the model described here are designed to study the effect of the 

2 repressurization of the repository as the result of gas generation. The hypothesized episodes 

3 described in Section 4.1 assume that under undisturbed conditions, the repository remains in a gas-

4 filled state after brine is expelled. Brine is expelled from the repository by the gas, which is 

5 generated from anoxic corrosion of the containers and microbiological degradation of the waste. 

6 The generation of gas causes a decrease in the brine volume in the pores. There is less brine 

7 available for transport and it is more disconnected; therefore the effective porosity, effective 

8 permeabdity, and effective diffusion are reduced. Because STAFF2D models saturated groundwater 

9 flow instead of gas, liquid (brine) replaces the gas in these simulations, and the repository is 

10 assumed to be completely saturated. Pressurized pore liquid becomes the force driving brine out of 

11 the repository. The brine generation is not realistic but an artifact of the pressure boundary 

12 condition applied to the nodes in the interior of the repository. An influx of brine is required to 

13 maintain the pressure above ambient. The effect of substituting a brine source for the gas drive is 

14 that brine leaves the storage area in all directions; gas-driven brine would be expected to leave 

15 primarily through the floor (because gas rises to die top of the repository) and then circle outward 

16 and up widiin the DRZ and host rock. The effect of gas generation on effective properties will be 

17 examined in later sections of this report (see Section 4.2.3 and Pseudo-Unsaturated Flow 

18 discussion in Section 4.2.2.6). 

19 These calculations are an extension of those reported in the parameter sensitivity studies of 

20 Rechard et al. (1990b). In the current calculations, (1) the undisturbed MB 139 is included beyond 

21 the repository, (2) the anhydrite layers above the repository are also included, (3) the drift seals 

22 have been removed, (4) the entire repository is modeled rather than only one room, (5) material 

23 properties have been updated to the current best estimates (Volume 3), particularly the effective 

24 diffusion coefficient, which includes tortuosity. STAFF2D requires the input of an effective 

25 diffusion coefficient (D^z) where D° (lengths/time) is the free water diffusion coefficient and x 

26 (length/lengdi) is the tortuosity. Including tortuosity has the effect of dropping the effective / N. 

27 diffusion by about one order of magnitude. This results in less radionuclide diffusion into the ( | ^ j 

28 surrounding host rock making more radionuclides'available for advective u-ansport along (or 

29 "within") MB 139. Solute diffusing into the surrounding rock does not diffuse back because, widi 

30 the constant pressure and concenu-ation source, there is no solute pulse propagating away from the 

31 repository. Diffusion is constantly away from the repository, which is another conservative aspect 

32 of the model. 

33 Analysis was performed primarily with two computer codes: STAFF2D and PANEL. The 

34 STAFF2D finite-element code calculated the steady-state flow and uansient u-ansport of a passive 

35 solute from the waste repository assuming a constant panel pressure. The choice of a constant 
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1 pressure tends to maximize flow away from the repository over 10;000 years. Calculations widi 

2 STAFF2D used eidier median properues or effective properties adjusted to account for desaturation. 

3 The source concenu-ation of die passive solute was 1 kg/m^. Simple scaling was then be used to 

4 estimate field concentrations for radionuclides with specific source concentration determined by 

5 their solubility limits. Steady-state flow was driven by a constant pressure of 17 MPa within the 

6 repository. The value chosen was the peak pressure seen from preliminary two-phase calculations 

7 similar to Section 4.2.1.5 that had been completed at the time this analysis was initiated. The 

8 PANEL code was used to calculate the quantity of radionuclides dissolved in the brine passing 

9 through die repository. The PANEL results, which take into account repository and radionuclide 

10 properties, were assumed to be source values that were scaled by the STAFF2D normalized 

11 conceno-ations to obtain conservative estimates of concenuations for specific radionuclides. 

12 

13 4.2.2.2 Model Description 

14 • STAFF2D (Solute Transport and Fracture Flow in 2 Dimensions) is a two-dimensional, 

15 finite-element code designed to simulate groundwater flow and solute u-ansport in fractured or 

16 porous aquifers (Huyakorn et al., 1991). The original version was developed dirough a joint effort 

17 by HydroGeoLogic, Inc., and the International Ground Water Modeling Center of the Holcomb 

18 Research Institute. Improved versions of die code have since been commercially available dirough 

19 HydroGeoLogic, the latest being Version 3.2. CAMCON originally adapted Version 2.0 of the 

20 code and has since included upgrades from Version 3.2. Additional changes to die code have been 

21 made to accommodate CAMCON input/output requirements and tailor code inputs to the WIPP 

22 database (Rechard et al., 1989). The model description that follows is based closely on the 

23 presentation in Huyakorn et al. (1991). 

24 
25 Governing Physical Equations 
26 Fluid Flow. The model description for fluid flow that follows is based closely on the 
27 presentation in Huyakorn et al. (1991). The goveming equation for fluid flow in STAFF2D is 

28 . . S ^ - A - q , i = l,2 • (^-27) 
d t 1 IX I t I 

29 

30 where. 

* Steady-state calculations neglect the effects of flow transients. To address this, transient STAFF2D 
flow and transport calculauons using a constant repository pressure were performed after the bulk of this 
report went to press and consequendy could not be reported here in detail. Briefly, the transient 
integrated flow and transport results were within 10% of the results determined using a steady flow 
assumption. The reader is also directed to the SUTRA calculations of Section 4.3.3.2, where fully 
transient calculauons were performed. 
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1 h = hydraulic head (length) 

2 Tij = transmissivity tensor (lengths/time) 

3 5 = storage coefficient (dimensionless) 

4 A = volumetric rate of fluid transfer per unit area from porous matrix blocks to the 

5 fracture when using dual-porosity flow (lengdi3/(time'lengdiS)) 

6 q = volumetric rate of fluid flow per unit area for sources or sinks 

7 Gength3/(time'length2)) 

8 In accordance widi standard definitions for uansmissivity and storage coefficient, Tij and S can 

9 be expressed as 

10 

11 Tij=<^fHKij ' (4-28) 

12 and 

13 5 = (t)y//Sj for confined aquifers (4-29) 

14 where, 

15 H = formation thickness (length) 

16 K-̂ j = hydraulic conductivity tensor (lengdi/time) 

17 <|)/ = porosity (fracture or secondary porosity for dual porosity) (dimensionless) 

18 = specific storage coefficient (1/lengdi). 

19 The term A represents the interaction between the porous rock matrix and fractures and is 

20 analogous to the in the transport equation. For the flow calculated here, A is assumed to be 

21 zero. The fluid exchange between the mau-ix and fractures in the Culebra dolomite is assumed to 

22 negligible. The q term is also zero. The fluid injected into die Culebra at die inu-usion borehole 

23 diat carries dissolved nuclides is assumed to have negligible effect on die existing flow field. 

24 Transport. STAFF2D can perform both fluid flow and transport problems. The 

25 goveming equations for u-ansporl in STAFF2D are 

26 
d_ 

dxi 
D - ^ 

'Jdx-
dc dc ^ 

27 t = l,2, . . ., M species, (4-30) 

28 where, 

29 ci = concenu-ation (mass/volume) of species ^, 

30 D•̂ j = hydrodynamic dispersion tensor (lengdi^ime), 

31 Vl = Darcy velocity (length/time) of the flow field, 

32 'I' porosity (dimensionless), 

33 Xl = first order decay constant (time" ̂ ) of species ^, 
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1 Rl = retardation coefficient (dimensionless) of species ^, 

2 't,i^ = fraction of parent species m (dimensionless) diat ti-ansforms into daughter species I, 

3 q = rate of fluid injection per unit volume of formation (time"^), 

4 c*i = concentration of species i in the injected fluid, and 

5 = ""̂ t̂  of material u-ansfer of component i from the rock mauix to die fracture' 

6 (mass/(volume-time)) (see dual-porosity model. Section 6.5) 

7 

8 In the u-ansport mode, die Darcy velocity is considered as input to the code and is obtained 

9 from STAFF2D or odier flow codes. The dispersion tensor is defined as (Scheideger, 1960), 

10 

D^2 = (aL-aj) 

M ^ ^ (4-31) 11 -. ' 

12 
* * 

13 where and a j are the longitudinal and uansverse dispersivities, and Dj and D^ are the 

14 effective coefficients of molecular diffusion. 

15 The decay constant is 

16 . X = ' ^ - ^ (4-32) 
T\I2 

17 

18 where 7^/2 is die half-life of species t. 

19 Retardation is given by ^ — . ^ ^ 

20̂  R^^l^^-^K.^l { M J (4-33) 

21 

22 where i is die disuibution coefficient, and p^ is the solid density. 

23 In (4-30), F^ represents a source term modeling die mauix-fracture interaction when using the 

24 dual-porosity model. The undisturbed calculations did not use the dual porosity capability, so 

25 = 0. Also, for a passive solute with an infinite half-life and no retardation, =0 and 

26 Ri = l.O. 
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1 The finite-element approximation technique applied to die convective-dispersive equation is an 

2 upstream-weighted residual technique (Huyakorn and Pinder, 1983) designed to overcome 

3 oscillations of the numerical solutions when die convective terms are dominant. 

4 

5 Physical Assumptions and Limitations 

6 Assumptions are as follows: 

7 • The code is limited to two dimensions. 

8 • Transport is governed by Pick's Law. 
9 • The dispersivity is assumed to correspond to an isotropic porous medium so that only two 

10 constants, the longiUidinal and u-ansverse dispersivity, are important. 

11 • Adsorption and decay of radionuclides obey a linear equUibrium isotherm. 

12 • Solute concentration effects on fluid density are ignored. 

13 

14 CAMCON Enhancement: Spatially Varying Material Properties 

15 The HydroGeoLogic version of STAFF2D is limited to having distinct material regions over 

16 which physical properties do not vary. In die U-ansport case, these include porosity and tortuosity. 

17 In addition, die free-water molecular diffusion parameter is independent of species in Version 3.2. 

18 The CAMCON data base contains spatially varying data for tortuosity and porosity and species-

19 dependent molecular diffusion parameters. The CAMCON version of STAFF2D was modified to 

20 permit input and use of diese data. 

21 

22 Benchmark Tests 

23 Several benchmark calculations have been performed to compare :STAFF2D with analytical 

24 solutions. Generally, good agreement with the analytic solutions is claimed. Unfortunately, for 
25 the case of multiple species dansport, analytic solutions are confined to one-dimensional niodel 
26 problems. The following list of documented benchmark problems is discussed in Huyakom et al. 

27 (1991): 

28 • longitudinal U-ansport in fractures and u-ansverse niattix diffusion 

29 • longitudinal U-ansport in fractures and spherical mau-ix dd'fusion 

30 • one-dimensional Ucinsport of a three-member radioactive decay chain 

31 • radial uansport in fractures and uansverse mauix diffusion 

32 • two-well transport in a porous medium system 

33 

34 4.2.2.3 Summary of Results 

35 A brief summary of results and conclusion is presented here. Details of the calculations 

36 including spatial and temporal grids, material properties, and boundary conditions follow. Results 

37 from STAFF2D indicate that the primary migration pathway is from the repository down into 
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1 MB 139, and widiin MB 139 to die shaft. Solute is u-ansported up die shaft at concenuations much 

2 less than 1% of the source. The effect of desaturation via effective properties on flow and u-ansport 

3 was minimal. An estimate of die normalized EPA sum of radionuclides passing a point 20 m up 

4 the shaft was several orders of magnitude less than die normalized EPA limit of 1, during the 

5 10,000-year regulatory period. A similar result was obtained for radionuclides moving in MB 139 

6 away from the repository and shaft. 

7 Flow rates up the shaft are less dian 0.03 m^ /yr with no shaft seal system, and 

8 concenu-ations in the shaft are much less dian 1% of die source. A six order-of-magnitude decrease 

9 in shaft permeability, from 10-^2 ^̂ {2 (permeability of sand) to 10'̂ ^ m^ (permeability of 

10 initially placed salt), drops die flux up the shaft by only a factor of three. The shaft seals were not 

11 included in the original model, again to maximize flow up the shaft. Varying the shaft 

12 permeability in a parameter study showed diat die properties of an engineered shaft seal would have 

13 to approach die properties of the intact Salado before it would have an effect on the undisturbed 

14 performance. 

15 

16 4.2.2.4 Spatial and Temporal Grids 

17 Two grids were initially used for these simulations. A very large, coarse grid was used for a 

18 regional simulation to establish boundary conditions on a much smaller, finely zoned local 

19 simulation. Comparisons of both pressure and concenti-ation contours from both calculations 

20 show that the extra step was not necessary. The large regional grid adequately resolved the flow 

21 and dansport within MB 139 and up the shaft. Therefore, all remaining results are for the large, 

22 coarse grid. 

23 The region covered by the grid extended from 1,000 m below the MB 139 to the top of the 

24 Culebra dolomite and for 1,000 m downgradient from die shaft to 1,500 m up gradient from the 

25 repository (Figure 4-5). Details of die grid are shown in Figure 4-6 at the shaft/drift intersection. 

26 The MB 139 and anhydrite layers were modeled using one element through die diickness. Two and 

27 three elements were used through the thickness of die Salado DRZ below and above the repository 

28 respectively. Three zones were used through the thickness of the repository. One element was 

29 used through the thickness of the shaft. Along the drift, the zones increased in length from 5 to 

30 about 40 m; in the repository they were approximately 30 m long. Zones expanded in all 

31 directions away from the repository/shaft system. The zoning resulted in some radier large aspect 

32 ratios (e.g., greater than 30). However, they did not cause numerical problems for flow, as 

33 evidenced by a comparison widi die fine-zoned mesh discussed above. 

34 The two-dimensional calculations are for a 1-meter-thick cross section through the center of 

35 the repository, drift, and shaft. The code calculates-specific flux (m /̂(sTn'̂ )) or Darcy velocity 

36 (m/s) per unit thickness. The reported fluxes are scaled to the actual shaft dimension by assuming 
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1 a 25-m2 shaft cross-sectional area. The assumption is conservative in that the repository, drift, 

2 and shaft are assumed to be infinite in the direction orthogonal to the plane of the calculauon. 

3 

4 4.2.2.5 Material Properties, Boundary Conditions, and Initial Conditions 

5 Material properties used in the simulations are given in Volume 3 of this report. The entire 

6 shaft has been modeled with upper shaft properties (no lower shaft seal system) to maximize flow 

7 up the shaft. The shaft permeability was varied between 10"̂ ^ and 10'̂ ^ m^ in a parameter study 

8 to obtain a possible bound on properties of the engineered barrier-shaft seal system. The region 

9 below the repository is assumed to be entirely Salado. The Castile formation has been excluded. 

10 The effect is assumed to be minimal. 

11 Boundary conditions are shown schematically in Figure 4-7. It has been hypothesized that the 

12 initial fluid pore pressure at the repository is between Salado brine hydrostatic (7.0 MPa) and 

13 lithostatic (14.9 MPa); a value of I I MPa has been selected. Generating the quasi-hydrostatic 

14 conditions using a fluid density of 1200 kg/m^ and a pressure of 11 MPa at the repository horizon 

15 results in a hydrostatic pressure of about 6 MPa at the Culebra dolomite. The other choices 

16 required either an artificially high fluid density to get realistic fluid pressure at the Culebra or result 

17 in boundary-condidon-induced venical flow. To enhance the flow up the shaft, a no-flow boundary 

18 was used along the top of the Culebra, except at the shaft, which had a 2.8 MPa pressure 

19 corresponding to die actual hydrostatic pressure due to a column of brine extending to the ground 

20 surface. Flow is induced by an 17-MPa pressure boundary condition in the waste part of the 

21 repository. For the STAFF2D simulations, these pressure, boundary, and initial conditions were 

22 converted to hydraulic head. A steady-state goveming equation was used. The solute source in the 

23 repository was modeled with a constant normalized concentration boundary condition of 1.0 

24 kg/m3. 

25 

26 4.2.2.6 Results and Discussion 

27 The results are summarized in Figure 4-8 as pressure and total hydraulic head contours and in 

28 Figure 4-9 as normalized solute contours at 10,000 years. The pressure and head contours show 

29 the gradients away from the repository, between the repository and the shaft, and up the shaft. 

30 Compared to other regions near the repository in the computational plane, there is very little 

31 gradient between the base of the shaft and the Culebra and therefore very liule flow. The solute 

32 contours show that vertical uansport into surrounding host rock adjacent to the waste panel is 

33 small compared to transport along MB139 (note the magnified vertical scale in Figure 4-9). The 

34 primary migration pathway is from the repository to MB 139, and within MB 139 to the shaft. 

35 Concenuations in the shaft are less than 1% of die source. Solute under die influence of increa.sed 

(M) 
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1 pressure primarily moves into the disturbed region (Salado and MB 139) below the repository and 

2 drift. 

3 The fluid flux up the shaft is about 0.026 m^/yr. For U234 with a current median solubility 

4 limit of l.OxIO-4 molar, this corresponds to 4.68x10"^ kg/yr or 4.68x10-2 kg/10,000 yr. For 

5 PU239 with a current median solubility of 6x10-^*^ molar, it corresponds to 2.86x10"^ 

6 kg/10,000 yr. U234 and Pu239 are die primary radionuclides conunbuting to the normalized EPA 

7 sum. 

8 The permeability and porosity values of the shaft ( 1 0 ' m ^ and 0.10, respectively) are for 

9 unconsolidated salt. To estimate the properties of an engineered shaft seal system that would be 

10 effective in reducing u-ansport up die shaft, a series of simulations was performed with varying 

11 shaft permeabilities. Two and four order-of-magnitude decreases in permeability (10"^"* m^ and 

12 10"^^ m^) resulted in essentially no change in die flow up the shaft. A permeability of 10"^^ m^ 

13 resulted in a factor-of-three decrease in flow. This implies for undisturbed conditions an engineered 

14 shaft seal has littie effect unless the permeability approaches that of the intact Salado. 

15 In conclusion, for fully saturated conditions, no significant quantity of radionuclides move up 

16 a shaft, even when it is filled with a material with a permeability of 10"^^ m^. The permeability 

17 ofthe shaft backfill must be within a few (2 to 3) orders of magnitude of the surrounding host rock 

18 to reduce this already insignificant migration even further. These results are consistent with resulLs 

19 reported earlier by Rechard et al., 1990. 

20 

21 Release Estimates 

22 Nuclide release up the shaft was estimated conservatively by combining the normalized 

23 concenU-ation from ST/^FP^D with actual source concentration for radionuclides as calculated 

24 using the PANEL code (Section 5.3). PANEL uses the repository inventory, radionuclide 

25 properties, repository properties and inuusion borehole flow history to calculate radionuclide mass 

26 flux up an intrusion borehole. For this problem die steady-state flow up the shaft of 0.026 m-'/yr 

27 as calculated in the undisturbed simulations discussed above was used as an intrusion borehole flow 

28 history. The flow rate was calculated from the Darcy velocity times the shaft cross-sectional area. 

29 Transport up die shaft as calculated by P/VNEL assumes that die shaft intersects a waste panel. 

30 The effect is that there is no time delay or diffusion due lo travel down the MB 139 from the 

31 repository to the shaft and consequendy no concentration gradient; what comes out of the 

32 repository goes directly up ihe shaft. The resulting radionuclide discharge is very conservative. 

33 PANEL-calculated discharges up a shaft are much larger than they would be up a shaft 366 m 

34 away. Releases calculated by PANEL were then scaled by the normalized concentrations at 

35 locations of interest up die shaft as calculated in die STAFF2D undisturbed simulations to account 

36 for the transport and time delay due to uanspon down the MB 139. 
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1 Three PANEL calculations were run using two sets of radionuclide solubilities (median and 

2 maximum, see Volume 3) and two values of repository pore water volume (1 m^ and 4000 m^). 

3 The pore water volume of 4000 m^ corresponds to an inundated waste panel and was used in the 

4 December 1990 PA. The value of 1 m^ was used to generate concenu-ation of die radionuclides 

5 near their solubility limits. It provides a bound to release but not a least upper bound or a 

6 maximum. PANEL mixes the in-flowing fluid with the fluid in the repository and dien releases it 

7 with dissolved radionuclides. Larger volumes of pore water result in lower release concentrations. 

8 The normalized EPA sum (Section 2.1) for the three calculations are shown in Table 4-1 for 

9 the release as calculated by PANEL (column 4). These releases are then reduced to account for die 

10 actual 366 m separation of the repository and shaft by combining the PANEL and STAFF2D 

11 results. For Case 1 (column 4), 99% of die EPA sum comes from the activity of AM241, which 

12 is released from the repository in the first 200 yr. AM241 can be excluded from the EPA sum 

13 since the average U-avel time down the MB139 is over 10,000 years and the half-life of AM241 is 

14 432 years. This results in the values shown in column 5. There are similar results for Case 2 

15 where AM241 conuibutes 70% of the EPA sum. The values shown in columns 6 and 7 have been 

16 scaled by the normalized concentrations 366 m from the repository and 20 and 50 m up the shaft 

17 (above the repository horizon)—0.001 and 0.0001, respectively. 

18 Other factors that would significandy reduce radionuclide release up the shaft would be 

19 retardation, reduced solubilities, larger pore water volume, travel time delays for all radionuclides, 

20 and time varying concendations. For the analysis presented the concenu-ation scale factors are 

21 constant at their value at 10,000 yr. They are actually much smaller early in time when releases 

22 from PANEL are large. 

23 Anodier padiway for release from the undisturbed scenario is widiin MB 139 directly to the 

24 accessible environment. Darcy velocities 100 m from die far side of the repository (away from the 

25 shaft) are 0.03 times the velocities in die shaft; however the flux area is significantly larger—on 

26 the order of 3600 m^ assuming discharge at 100 m from all four sides of the repository. 

27 NormaUzed concentrations are 5x10"̂  100 m from the repository within MB 139. The associated 

28 EPA sum would be 2.2xI0'4 (5x10-̂ *0.03*3600/25) times the release calculated by PANEL or 

29 one-fifth as large as the release 20 m up the shaft, column 8. Goncend-ations drop off considerably 

30 with distance away from the repository. At 200 m the scale factor is 8.4x10"̂  or 250 times 

31 smaller dian at 100 m, column 9. In summary, the results in Table 4-1 show that normalized 

32 EPA sums for release up the shaft and out die MB 139 when conservatively estimated by PANEL 

33 and appropriately scaled to account for diffusion and ti-avel time down die MB 139 are several orders 

34 of magnitude below die EPA limit. 

35 

36 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 
14 

15 
16 
17 

Verification 

The STAFF2D calculations were verified by performing the same simulations with the 

SUTRA code and comparing results. The CAMCON system made this process quite simple as 

only the CAMDAT data base had to be modified to include a few properties required by SUTRA. 

Figure 4-10 shows a comparison of the 1% contour for both the SUTRA and STAFF2D 

simulations at 10,000 years. The comparison shows SUTRA u-ansporting solute slighUy farther 

from the repository due to the subde modeling differences and/or different numerics. The main 

difference between the two models is diat die porosity fields are slighdy different. STAFF2D uses 

element-centered porosity as it is stored in the CAMDAT Data Base. SUTRA interpolates the 

porosities to the nodes resulting in average porosities at material boundaries. 

Table 4-1. Normalized EPA Sums for Release up the Shaft in the 
Undisturbed Scenario From All Waste Panels 

Case Solu

bility 

(1) (2) 

Pore -
Water 

Vol. 

(3) 

No 

PANEL AM241 

(4) (5) 

EPA SUM -

—shaft MB139-

20m 50m 100m 200m 

(6) (7) (8) (9) 

max. 1407 4.6 4.6x10"3 4.6x10"4 1.0x10"^ 4.0x10-^ 

max. 4000 6.25 1.8 1.8x10"3 1.8x10"4 3.9x10"4 1.6x10"^ 

median 4000 0.11 0.11 1.1x10"4 1.1x10"5 2.4x10"5 9.6x10"^ 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

Notes on columns 4 through 9: 

(4) PANEL results including AM241 for shaft intersecting repository. 
(5) Same as (4) but without AM241 in EPA sum. 
(6) (5) scaled by relative concentration 20 m up shaft from STAFF2D. 
(7) (5) scaled by relative concentration 50 m up shaft from STAFF2D. 
(8) (5) scaled by relative concentration 100 m from repository within MB 139. 
(9) (5) scaled by relative concentration 200 m from repository within MB 139. 

Nuclides used in EPA sum: AM241, NP237, PB210, PU238, PU239, PU240, PU242, RA226, 
RA228, TH229, TH230, TH232, U233, U234, U236, U238. 
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1 Pseudo-Unsaturated Flow 

2 In the previous calculations, STAFF2D was run assuming that the permeability and porosity 

3 were unaffected by the presence of waste-generated gas. The effect of gas was included only in so 

4 far as it provided a pressure of 17 MPa to nodes within the repository. In the following 

5 calculations with STAFF2D, gas generation effects on effective properties were included in a 

6 second STAFF2D simulation by modifying the properties of the waste, Salado DRZ, and 

7 MB139DRZ based on results of two-phase flow simulations performed wilh BOAST II (Section 

8 4.2.1). Gas-generation effects are accounted for by effective properties that arise due to desaturation 

9 of the pores and by a constant 17 MPa repository source pressure. Note dial saturation refers to 

10 the ratio of volume of brine to volume of pores. Saturation of 1 is fully brine saturated; a value of 

11 0 implies die pores are void (empty). Effective porosity and effective diffusion were calculated 

12 based on brine saturation in the pores. Effective permeability was calculated using relative 

13 permeability, which is a function of brine saturation in the pores. Profiles of relative permeability 

14 on a vertical slice through the repository were shown in Figure 4-3. The waste material was 

15 broken into three layers. Permeability in the diree layers was decreased by seven, six, and five 

16 orders of magnitude from top to bottom based on relative permeability. This reflects the higher 

17 gas saturations (lower brine saturation) near the ceiling. To maximize desaturation effects, 

18 permeabilities in the Salado-DRZ and MB139-DRZ were decreased by a factor of 10. Porosity in 

19 die waste, Salado DRZ and MB139DRZ were decreased by a factor of three based on the saturation 

20 profiles shown in Figure 4-4. Effective diffusion, which is a suong function of fluid saturation, 

21 was decreased by a factor of 100. Dispersivity coefficients were unchanged since saturation effects 

22 on dispersion are accounted for via the flow velocity. 

23 The results, summarized as a concenualion contour of 1 % of the source value, are compared to 

24 the original saturated flow simulations in Figure 4-11. The effective property changes due to gas 

25 generation and desaturation as modeled here had litde effect on solute uanspori; a litde more solute 

26 is uansported downward and a litde less solute is transported laterally along MB 139. The results 

27 above the repository appear to be noisy. Very litde change in results wil l occur until effective 

28 waste and DRZ properties approach those of the inuict Salado properties. This conclusion is 

29 consistent with effects of shaft seal properties on flow up the shaft. The solute u-anspori is 

30 advection- and dispersion- (fluid velocity) dominated. The velocities are a function of hydraulic 

31 conductivity and head gradient. One would expect die fluid velocity and uansport to decrease widi 

32 decreased hydraulic conductivity; however, head gradients increased resulting in velocities similar lo 

33 the those using unmodified properties. Gas generation in the undisturbed repository is not 

34 expected to cause releases to the accessible environment or beyond the 5-km boundary in excess of 

35 the EPA limit. In fact, the releases calculated here arc several orders of magnitude lower than the 

36 limit only a few hundred meters away from die repository. Gas generauon effects on radionuclide 
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1 U-ansport (due to property changes) are confined lo a region between the repository and access 

2 shafts. The results presented here for time-constant "effective" properties are preliminary, for 

3 demonsti-ation purposes only. They are the initial effort in an ongoing investigation into possible 

4 methods of calculating transport in the presence of two-phase flow. Other areas include fully 

5 coupling U-ansport into a two-phase flow code (such as BRAGFLO), uncoupling two-phase flow 

6 and dansport, or coupling the two-phase flow to a single-phase U-ansport code and using time-

7 dependent ffansport properties diat are derived from die two-phase flow field. 

8 
9 4.2.3 SUTRA SIMULATIONS—Jonathan S. Rath and Ron D. McCurley 

10 

11 In addition to the STAFF2D calculations, the SUTRA code was also used in a vertical cross-

12 section through the repository to verify further the results of STAFF2D (see the steady-state 

13 verification discussion in Section 4.2.2.6) and to study in greater detail die effects of u-ansient gas 

14 pressures and time-varying material properties as generated by BOAST I I . The SUTRA 

15 calculations for the vertical cross-section (Section 4.2.3.2), as opposed to STAFF2D, were run in 

16 a fully transient mode utilizing the time-varying gas pressure and material permeabilities. 

17 Additional calculations were carried out with SUTRA modeling a horizontal plane dirough the 

18 repository (Section 4.2.3.3). The purpose of these calculations was to investigate some of the 

19 three-dimensional aspects of flow out of the waste repository. 

20 
21 4.2.3.1 Model Description 

22 The model description that follows is based closely on the presentation in Voss (1984). 

23 SUTRA (Saturated-Unsaturated TRAnsport) (Voss, 1984) evaluates density-dependent, saturated or 

24 unsaturated groundwater flow in rigid, porous media with either (1) transport of a single-species 

25 solute subject to non-linear equdibrium adsorption and zero- and first-order production or decay or 

26 (2) u-ansport of thermal energy in the groundwater and solid mau-ix of an aquifer. SUTRA 

27 employs a two-dimensional hybrid finite-element and integrated finite-difference method to 

28 approximate die goveming equations. The primary results are fluid pressures, velocities, and either 

29 solute mass fractions or temperatures as they vary with time. SUTRA solves partial differential 

30 equations for coupled flow and uansport using backwards finite differencing time discretization for 

31 time derivatives appearing in the conservation equations. Groundwater flow is simulated through 

32 the numerical solution of a fluid mass balance. Similariy, uanspori of either solute mass or 

33 energy is solved numerically by satisfying a .solute mass or energy balance equation. SUTRA's 

34 finite element approximation equations are derived by using die Galerkin-typc mcdiod of weighted 

35 residuals. Isoparametric, bilinear, 4-node quadrilateral elements are used exclusively by SUTRA. 

36 In addition, SUTRA allows (1) steady or transient flow, (2) radial or Cartesian coordinate. 

37 systems, (3) areal (in plane) or cross-sectional solution domains, (4) equilibrium non-linear 

4-36 



Consequence Models 
SUTRA Simulations 

1 adsorption, (5) zero and first-order production or decay for a single species, (6) saturated or 

2 unsaturated flow, (7) material-dependent storativity and grain density, (8) time-dependent boundary 

3 conditions and/or sources and sinks, and (9) time-dependent material properties. Items 7, 8, and 9 

4 are enhancements developed for die CAMCON version. 

5 
6 Groundwater Fiow Equation 
7 The goveming partial differential equation describing conservation of fluid mass in an 

8 unsaturated porous medium is given by (Voss, 1984), 

10 where, 

11 5/ = ratio of fluid saturation to total void volume (dimensionless), 

12 Pf - fluid density (A/ZL^), 

13 G = specific storativity (f 2/Af), 

14 e = porosity (dimensionless), 

15 p = pore pressure (M/(L/2)), 

16 t = time (0, 

17 C = solute mass fraction (M/M), 

18 k = permeabihty tensor (L^ ), 

19 = relative permeability (dimensionless), 

20 p,/ = fluid kinematic viscosity (ML/t), 

21 Vp = pressure gradient (M1{L^t^)), 

22 g = gravitational acceleration vector (L/t^), and 

23 Ql = fluid mass source or sink (including pure fluid plus solute mass dissolved in fluid) 

24 (M/(L^t). 

25 kri = relative permeabdity (dimensionless) 

26 Relative permeability, k^i, expresses what fraction of the total permeability remains when die void 

27 space is partially fluid-fdied. Thus, for a saturated fluid, Sj = 1, and krj = 1. If die fluid density is 

28 not allowed to vai7 as a function of solute mass fraction (.3p^ fdC = 0), the ;second term of (4-34) 

29 drops out. Thus, the resulting fluid mass balance equation is no longer coupled to solute 

30 transport. 

31 

32 Solute Transport Equation 

33 SUTRA allows a single solute species to be o-ansported conservatively, or :the single solute 

34 species may be subjected to equilibrium sorption (through linear, Freundlich, or Langmuir 
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1 isotherms).. Single species solute may also be produced or decay through first- or zero-order 

2 reaction processes. SUTRA's solute dansport simulation allows for a single species mass stored 

3 in fluid solution as solute and species mass stored as adsorbate on the surfaces of solid mauix 

4 grains. Solute concentration, C, and adsorbate concentration, C ,̂ are related through equilibrium 

5 adsorption isotherms. Assuming that species mass stored as adsorbate on the surfaces of solid 

6 matrix grains does not occur, Cg =0 (i.e., no adsorbate mass transfer occurs, and thus solute is 

7 transported conservatively). The goveming partial differential equauon describing conservation of 

8 solute mass fraction in a saturated, 5/ = 1, porous medium is given by Voss (1984), 

9 . e p y ^ = V . j ep^(Dp/-HD) • V c j - e p y v . VC + a ( c * - C ) ' (4-35) 

10 where, 

11 Dp = molecular diffusion coefficient in porous media (L^/t), 

12 / = identity tensor (dimensionless), 

13 ^ - dispersion tensor (L^/f) 

14 VC = gradient of solute mass fraction (L~'), 

15 V = interstitial velocity vector (L/0, and 

16 C* = solute mass fraction of fluid mass source (M/A/). 

17 

18 The term involving the interstitial fluid velocity vector, v, of (4-35) represents the average 

19 advection into or out of the local volume. For saturated flow, Si = k^i =1 , this velocity term is 

20 calculated in SUTRA from a generalized form of Darcy's law as, 

21 v = - ' ( V p - P f g ) (4-36) 

22 SUTRA employs an algorithm for determination of fluid velocities that alleviates typical 

23 spurious numerical errors common with standard finite element methods for systems with variable 

24 fluid density. Such errors are a result of fundamental numerical inconsistencies in spatial and 

25 temporal approximations for die pressure gradient, Vp, and the density-gravity term, P fg , of 

26 (4-36), which are used in computing die velocity field (Voss, 1984). Consistent evaluauon of the 

27 velocity is also necessary for the assembly of the dispersion tensor, D. SUTRA's method of 

28 velocity calculation applies a consistent spatial and temporal discretization to the term 

29 ( V p - p f g ) . Thus, SUTRA produces consistenUy evaluated velocities and allows stable and 

30 accurate transfxirt modeling. 

31 The term involving molecular diffusivity of the solute. Dp, and die dispersion tensor, D, of 

32 (4-35) represents the contribution of solute diffusion and dispersivity to the temporal solute ma.ss 
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1 gradient. The diffusion conuibution is based on a true physical process frequently neglected at the 

2 field scale. The dispersion term approximates the irregularity of the velocity field and the flow 

3 field's mixing, which are not accounted for by average solute advection. Subsequent mixing is due 

4 to thcpresence of non-uniform, convective velocities in three dimensions about the average 

5 interstitial velocity, v, and is conceptualized in two dimensions as a diffusion-like process widi 

6 anisou-opic dispersivities. 

7 For a system with isou-opic permeabilities, SUTRA's dispersion tensor, D, 

8 components can be written in matrix form as, 

9 [D] = 
DLL DjL 

F>LT 
(4-37) 

10 where the tensor components are symmetric, defined as, 

11 DLL=M(^L^I + ^T4)' 
V ^ ' 

12 Z > n - = ^ ( a 7 v 2 v j j , and 

13 l>rL=DLT =-TULVLVj.-aTVi^Vrj.\, 
V ^ ' 

14 where 

15 «L = longitudinal dispersivity of solid mauix (L), 

16 a f = transverse dispersivity of solid matrix (L), and 

17 V = magnitude of the velocity vector, || v|| . 

18 When such an isotropic media model is applied to a particular field situation where aquifer 

19 inhomogeneities are much smaller than die field Uansport scale, dispersivities a ,̂ and may 

20 be considered to be fundamental transport properties of a system in the same sense that 

21 permeability is a fundamental property of flow through porous media (Voss, 1984). 

22 For an anisotropic permeability field, SUTRA uses an ad-hoc model of flow-direciion-

23 dependent longitudinal dispersion. SUTRA's anisouopic-media dispersion algorithm splits 

24 longitudinal dispersivity into two principal space directions aligned with the principal directions of 

25 permeabdity. Since anisotropic permeability's transverse dispersivity is typically only a fraction 

26 of the longitudinal dispersivity, the Uansverse dispersivity is ignored. Dropping the transverse 

27 dispersivity term can also be justified by the limiuitions of mesh refinement for accurate 

28 simulation of low uansverse dispersion. Thus, the effect of any direction-dependence of tranverse 

29 dispersivity would be obscured by the numerical discretization cnrors in a typical mesh. SUTRA's 

30 value of longitudinal dispersivity as dependent on die flow direction for an anisouopic permeability 

31 media is given as 
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a z , = ^ (4-38) 

^Lmin(cos6;tv) ^ ^i'max(sin9;tv) 

2 . . . 

3 where 

4 otLmin = longitudinal dispersivity in the minimum permeability direction (L), 

5 ^Lmax = longitudinal dispersivity in the maximum permeability direction (L), and 

6 9;tv - angle from maximum permeability direction to the local flow direction (v/|v||). 

7 
8 4.2.3.2 Vertical Cross Section Simulations 
9 

10 Model Overview 

11 introduction. The following describes SUTRA calculations using vertical cross-sectional 

12 geometry to examine the phenomenology of solute .Uansporl in and near the repository. This 

13 phenomenology includes transport due to advection and dispersion related to the movement of fluid 

14 (brine) through the repository and surrounding rock matrix, and to molecular diffusion. 

15 The SUTRA simulations described in this section differ from the STAFF2D calculations 

16 (described in Section 4.2.2) in the following ways: (1) The SUTRA calculations solved for 

17 transient flow and transient transport simultaneously; STAFF2D used a two-step process—sleady-

18 state flow followed by transient transport. (2) SUTRA used smaller time steps (100 years). (3) 

19 The modeled pressure in the waste (due to gas-generation) is time-dependent in SUTRA 

20 calculations, (4) In one SUTRA calculation, the permeabilities in several materials are allowed to 

21 vary with time. Otherwise, mesh geometry, material properties, and boundary and initial 

22 conditions are die same as diose of the STAFF2D calculations. 

23 The results of the SUTRA calculations confirm and augment the findings of other studies of 

24 transport in the undisturbed scenario. One significant and unique result of this study shows 

25 qualitatively different and quantiuitively less transport than STAFF2D, due to time-varying 

26 permeabilities (from gas invasion into porous spaces generated by waste decomposition, etc.) and 

27 due to time-varying gas pressure. 

28 Summary of Results. The results from SUTRA cire consistent with those generated by 

29 STAFF2D (Sections 4.2.2.3 and 4.2.2.6). Again, as with STAFF2D, the primary migration 

30 pathway is down into MB 139 and laterally within MB 139 towards the shaft. When SUTRA used 

31 the transient gas pressures generated by BOAST II and no gas modified material properties, die 1 % 

32 source concenu-ation contour al 10,000 years did not extend as far down MB 139 as the STAFF2D 

33 1% source concentration contour run steady suite with a constant, higher repository driving 

34 pressure (17 MPa). When SUTRA and STAFF2D were both run wilh sieady-slaic pressures 

35 (Section 4.2.2.6), the 1% SUTRA contours preceded the STAFF2D contour.. It should be noted 

4^0 



Consequence Models 
SUTRA Simulations 

1 that the normalized concenuations calculated in STAFF2D (given as a percent of the initial 

2 concenUation) are equivalent to normalized mass fractions (given as a percent of the initial mass 

3 fraction) as calculated by SUTRA. When the repository and surrounding geologic permeabilities 

4 are modified as a function of time as the result of gas generation, the SUTRA generated 

5 concenuation contours show fdrther retardation; the 1% source concentration contour in this case is 

6 approximately 50 m farther from die shaft dian for the unmodified material case. Transport along 

7 MB 139 without the effects of a shaft present reveals that the 1% source concenuation contour 

8 extends out from the repository by approximately 120 m (see in-plane SUTRA calculation, 

9 Section 4.2.3.3). 

10 

11 Geometry, Spatial Grid, and Temporal Grid 

12 For undisturbed conditions, SUTRA was exercised widi a constant source term of solute mass 

13 fractions, no adsorption, and no decay. The modeled geologic matiix defined a slice perpendicular 

14 to the plane (referred to, hereafter, as the out-of-plane geomeuy) of and through the axis of the 

15 repository. This vertical slice included, in addiuon to the waste, die drift and die lower shaft, the 

16 surrounding intact host rock, die nearby disturbed rock zones, an anhydrite layer (combining layers 

17 a and b), and MB 139. Disturbed rock zone regions (in the Salado) and disturbed regions in the 

18 anhydrite and MB 139 layers underlying and overlying the repository are distinct materials widi 

19 distinct flow properties. 

20 The physical domain included the geological strata below the waste up to the top of the 

21 Culebra dolomite member. To sirnplify modeling the geomeuy of the geology, no account was 

22 taken for bending or changing diickness of layers. The thickness of the consolidated waste was 

23 assumed to be 2.0 meters in the vertical direction. Adjustments were required to preserve the 

24 elevation (or depth) of die repository (the original diickness is 4.0 meters). The layer diickness of 

25 the disturbed rock zone in die Salado above the repository was increased by 2.0 meters to preserve 

26 elevations of other layers. The far-field boundaries and computational mesh was die same as those 

27 used for die STAFF2D calculations (Section 4.2.2). 

28 Two computational domains, a coarse and a fine grid, were created. The coarse grid was 

29 intended to establish and examine transient flow and concenuation fields over a large domain. Due. 

30 to consuaints such as die large extent of the modeled domain and relative thicknesses of modeled 

31 geologic layers, diere was a large variation of element size and aspect ratio (refer to Figures 4-12, 

32 and 4-13.). A finely meshed grid was created to examine fiow and transport more accurately and to 

33 study the effect of mesh geomeuy (e.g., element aspect ratios) on uansport. The results from the 

34 coarse grid were used to establish boundary conditions for a fine grid. These analyses involved 

35 several individual SUTRA calculations utilizing several pre-and post-processors. The entire series 

36 of calculations may be summarized in the following sequence (refer to Figure 1-4 in Chapter 1: 
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1 I . A coarse mesh with.boundary conditions and material properties was developed using 

2 CAMCON tools GENMESH, MATSET, BCSET, and ICSET. The size of the 

3 computational domain was chosen to be the same as that used in the STAFF2D 

4 calculations (see Section 4.2.2.4). 

5 

6 2. Transient flow Uansport calculations using the computational domain developed in Step 1 

7 were used to investigate uansport phenomena and sensitivity to variations of time-step 

8 and diffusivity. (The term diffusivity used here and by SUTRA is die product of the pure 

9 fluid molecular diffusivity and die tortuosity of die porous media [sometimes, referred to 

10 as the coefficient of molecular diffusion].) These uansient calculations used no-flow 

11 (dQ/dn = 0, dC/dn = 0, where n = outward or normal direction) far-field boundary 

12 conditions. Results from BOAST 11 (Section 4.2.1) for gas-generated time-dependent pore 

13 pressures were used as intemal boundary conditions inside the waste. The rationale for die 

14 particular gas-generation rate used to determine BOAST R results used here is discussed in 

15 Section 4.2.1.5. In some cases time-dependent effective permeabilities and porosities 

16 were implemented. Care was taken to use time steps sufficiendy small to reflect 

17 adequately the time-dependent functionality of results from BOAST 11. The time step 

18 used in most of the calculations done here was 100 years. A smaller time step of 10 

19 years was used only lo study die effect of smaller time steps on die uansport results. 

20 

21 3. Finally ALGEBRA, BLOT, and TRACKER were used to display results. 

Material Properties, Boundary and initial Conditions 

24 As noted above, in some calculations the effective permeabilities of selected materials were 

25 allowed to vary wilh time. The time variation was determined by relative brine permeabilities 

26 predicted by'BOAST II due to gas-generation in die waste. Plots of results predicted by BOAST 11 

27 showing changes in relative brine permeability as a function of time for different regions in and 

28 near the repository are shown in Figures 4-14a, b, c, d. These time-dependent relative 

29 permeabilities were used lo modify geologic permeabilities in SUTRA in order to make them 

30 time-dependent. The expression used to do diis was k(t) = kok^U), where k(t) is the derived 

31 time-dependent permeabihly, /CQ 'S the permeability and ^^-(0 is the time-dependent relative 

32 permeability from BOAST I I . In all calculations SUTRA was used in the fully saturated mode (5/ 

33 = 1). The time variation in permeabilities was introduced to account for some of the effects of gas 

34 generation in the waste and two-phase flow in the surrounding geology. 

35 A plot showing changes in drift permeability, due to time-dependent consolidation, is also 

36 included as Figure 4-14e. This figure is taken from Rechard et al. (1990b). The waste material 
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was subdivided into lower and upper regions in the model using time-varying permeabilities (sec 

Figure 4-15). This was both reasonable and desirable because results from BOAST I I showed 

significantly different permeability variations in the two regions. The upper region had dramatic 

decreases (many orders of magnitude) in brine permeability due to gas saturation; die lower region 

(the bottom row of elements) showed only small changes (less than an order of magnitude). Refer 

lo Figures 4-14a and 14b. 

The material and fiuid properties used in these calculauons were identical lo those listed in the 

data report (Volume 3), with the exception of those shown in Tables 4-2 and 4-3. Included in 

these tables are material properties of the lower shaft that are to be determined by engineering 

design (Table 4-2). Also, as already indicated, the diffusivity used is a represcnuiuve value of 

inventory radionuclides (Table 4-3). 

Table 4-2. SUTRA Material Properties that Differ from those Found in 
Volume 3 

Property Value 

Perm x Perm y 

(m2) 

Zone 

Anhydrite (DRZ) 

Anhydrite (FF) 

Culebra 

Drift 

MB139 (DRZ) 

MB139 (FF) 

Salado (DRZ) 

Salado (FF) 

Shaft 

Waste 

Dns Grain 

(kg/m3) (m2) 

1.00x10 19 1.00x10 -19 

2.19x10-

1.00x10 •19 1.00x10 -19 

2.70x103 

Porosity 

(dimensionless) 

0.1 

1.50x10-3 

3.50x10-21 3.50x10-21 

1.00x10-12* 1.00x10-12* 1.00x10-1' 

Undetermined engineered value. 
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1 Table 4-3. SUTRA Brine Properties that Differ from those Found in 
2 Volume 3 

Brine Property Value 

Compressibility (Pa'l) 2.70x10-10 

Density (kg/m3) 1.20x103 

Viscosity (Pa-sec) 1.60x10-3 

4 

Diffusivity (m2/sec) 1.40x10-11" 

5 * Generic radionuclide. 

6 

7 The iniual flow field for the coarse-zoned transport calculations was established in the 

8 following way. The pore pressure at the repository elevation was assigned a value of 11.0 MPa. 

9 This value represents a median value between hydrostatic pore pressure at dial depth (7.0 MPa) and 

10 lithostatic pressure (15.0 MPa). The pressure in the repository itself is initially 0.1 MPa 

11 (aunospheric). The pore pressures at other elevations in die grid are determined by using a brine 

12 density of 1200 kg/m^, gravitational acceleration of 9.8 m/ŝ  and the relation 

13 

14 / ' ( z )=pU39i^ + Pg(z-391m) (4-39) 

15 

16 where z is die elevation of a node in the grid, g is die gravitational constant, p is the brine density 

17 and p i i pore pressure (see Figure 4-16). (The repository is located at an elevation of 391 m above 

18 sea level.) 
19 Far-field boundary conditions are no-How (dQ/dn = 0), except at the top boundary of the shaft 

20 where the pressure is brine hydrostatic (due to a column of brine up lo the surface). The boundary 

21 pressures inside the repository were determined by BOAST II calculations and were applied 

22 uniformly to all intemal nodes of the waste in these calculations. Nodes on the edges of the waste 

23 are excluded because this would inuoduce artificially large flow velocities in the elements in 

24 surrounding regions having these nodes as comers. Gas-generation predictions from BOAST 11 

25 show pressures building quite rapidly initially (a peak pressure of about 15.5 MPa is attained by 

26 500 years) and then decaying gradually to ambient pressure (11 MPa) in 10,000 years (see Section 

27 4.2.1 and Figure 4-2). Pressure contours at 600 years are shown in Figure 4-17. 

28 A constant solute source term of 2.0x10-^ kg solute/kg .solution (mass fraction) was input al 

29 those nodes in the waste where a gas pres.sure boundary has been applied. The value, 2.0x10"^ 

30 comes from using an arbiuary source of atomic weight 240 (specifically Pu-240). The solubility 
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1 limit for 240py+4 about IQ-^ molar. A simple calculation gives the value of 2 x IQ-^ for mass 

2 fractions. 

3 

4 Results and Discussion 

5 Figures 4-18 and 4-19 show the combined effects of advection, dispersion, and diffusion on 

6 mass fraction (the ratio of solute mass to total fluid mass) contours al 10,000 years for 

7 calculations wilh both time-dependent pressure and time-dependent properties and with time-

8 dependent gas-generated pressures only (no time-dependent properues), respectively. (To obtain 

9 concenuations as used in STAFF2D, mass-fraction must be multiplied by fluid density.) In 

10 Figures 4-18 through 4-23 the scale on the Y axis has been magnified by four to show the 

11 contours more clearly. Results show that (1) contours of 1% of original waste concenuations do 

12 not intersect the shaft at 10,000 years, and (2) when changes in brine permeability due lo gas 

13 generation are taken into account, that uansporl of the solute is reduced relative to calculations 

14 with constant (in lime) brine permeability. 

15 Interestingly, if one examines mass fraction contours where permeability in the anhydrite 

16 above the repository has changed due to gas invading the pore spaces, a notable effect can be seen. 

17 Transport along the anhydrite layers above the repository is enhanced for the case of no-gas-

18 modified properties (Figure 4-19). This enhancement disappears when gas-modified properties are 

19 introduced (Figure 4-18). 

20 Calculations using diffusivities of zero, 1.4x10-1', and 1.4x10-^, and wilh advection 

21 essentially turned off (by eliminating head gradients in the near field of the waste) were done to 

22 study bodi the effect of changing the value of diffusivity on solute uansport and the relative effect 

23 of diffusion compared lo advection (advection includes dispersion). The middle value (of 

24 diffusiviiy) was chosen as representative of a generic radionuclide (Rechard et al., 1990a). The 

25 upper value was chosen merely to show clearly the effect of increasing the diffusivity. 

26 Plots (Figures 4-20 and 4-21) of mass fraction contours at 1000 years show a dramatic 

27 spreading of plume widths using diffusivity of 1.4x10-^ rather than 1.4x10-11. No other effects 

28 are evident. Comparisons of Figures 4-20 and 4-22 (diffusiviiy^O.O in Figure 4-22) indicate that 

29 the value of 1.4x10-1' used for diffusivity gave a. negligible diffusion effect (note negligible 

30 differences in mass-fraction contours). 

31 I I is unclear how important diffusion is in specific local regions. The va|ue of diffusivity used 

32 in SUTRA is a global value and does not attempt to reflect local geologic differences due to 

33 variations of tortuosity. Along the marker bed, diffusion may be relatively more significant with 

34 respect to vertical movement of particles, especially for larger values of diffusivity (refer to the 

35 statements above regarding plume widdi). 
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1 Comparisons of uansport results in SUTRA calculations using the in-plane (of the repository) 

2 geomeuy (see discussion of calculations in Section 4.2.3.3) and the out-of-plane (vertical cross-

3 section) geomeUy used in these calculations, show that both configurations predict similar 

4 uansport away from the repository, but that the in-plane geomeuy predicts somewhat different 

5 uansport plume dimensions. The in-plane geomeuy models predict more uniform movement in 

6 all in-plane directions away from the repository. The oul-of-plane calculations described here and 

7 calculations done using STAFF2D all show eccenuicities in the direction of die shaft. However, 

8 the in-plane geomeUy does not include simulation of die shaft. To see the effect of the presence of 

9 the shaft in the out-of-plane geomeuy, a calculation was done widi the shaft absent (Figure 4-23). 

10 This calculation shows that without the shaft, the vertical model produced uansport results 

11 comparable to the in-plane results (see Section 4.2.3.3). A closer examination of contour plots of 

12 mass-fractions indicates that the (small) differences may be due, in part, to the relatively large 

13 'dimensions of elements along the direction parallel to die repository. Because of the limitations of 

14 computational resources and the increase of computational time with grid size, large aspect ratios 

15 in a large number of mesh elements are unavoidable. 

16 Effects due to reduction of time step in coarse mesh were studied. A limited study of time 

17 step change show a small effect on the spread of the concentration plume (of particulates). Smaller 

18 time steps result in slight (less than 1%) magnification of plume intensity (i.e., the contours 

19 spread further from the source widi 10 year time steps as compared lo 100 year lime steps). In all 

20 calculations a constant time step was used. 

4.2.3.3 In-Plane Calculations 

Model Overview 

25 introduction. Calculations widi SUTRA (vertical cross section) and STAFF2D (Sections 

26 4.2.3.2 and 4.2.2.3) showed that die principal padiway for radionuclides driven out of die waste 

27 panels by waste-generated gas was downward from a waste panel, into MB 139 and then laterally 

28 through MB139. These results are based on a vertical two-dimensional model of an essentially 

29 three-dimensional phenomenon. Of course, once brine from the repository reaches MB 139 the 

30 flow spreads in all directions in the plane defined by the thin (approximately 1.0 m thick) MB 139. 

31 To assess uansport in this horizontal plane die SUTRA code was used to model several waste 

32 panels assuming that its entire contents were located in MB 139. This assumption essentially 

33 neglects any flow resistance afforded by the DRZ in the small thickness of halite between the 

34 repository and MB 139. SUTRA was run with the uansient gas pressure history generated within 

35 the repository by the BOAST I I code. See Section 4.2.1.5 and Figure 4-2. No gas-modified 

36 material properties were used and the shaft was not included. These calculations provide an 

37 estimate of the spatial extent of uansporl in the MB 139 medium and can be compared to results 
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1 obtained from calculations performed in a vertical cross section (Section 4.2.3.2). Since the 

2 calculations have been performed utilizing single-phase groundwater flow theory, no adsorbate 

3 mass transfer, and since the panels are assumed to lie within MB 139, the following results 

4 represent a conservative estimate of Uansport phenomena away from the panels in the MB 139 

5 medium. References to variables and equations used in SUTRA conrespond to definitions provided 

6 in Section 4.2.3.1. 

7 Summary of Results. Contours of solute concenuations were plotted at different times 

8 and at the end of the 10,000 year regulatory pericxl. At 10,000 years the 1% source-concenuation 

9 contour extended 75 to 110 m from the repository boundary. These results are consistent with the 

10 SUTRA results obtained in a vertical cross-section (approximately 120 m. Section 4.2.3.2) and 

11 tend to confirm the validity of the two-dimensional methods used. 

12 

13 Spatial and Temporal Grids 

14 SUTRA was used to investigate uansport phenomena as if the WIPP repository fed directly 

15 into the fractured anhydrite of MB 139. This assumption eliminates the resistance to brine flow 

16 that exists in the DRZ just below the repository and maximizes the flow in MB 139. Using 

17 symmeUy and areal geometry (in plane), only one-fourth of the waste panel's shadow projected 

18 onto the MB 139 layer needs to be modeled. To simulate accurately die gas-generation effects, a 

19 pressure history (obtained from BOAST I I ; see Figure 4-2) was applied to interior repository nodes 

20 that lie in the disturbed zone. All calculations were run to 10,000 years. The effect of die shaft is 

21 not included. 
22 Simulations using SUTRA were performed assuming single-phase, saturated flow (5/ = I ) , no 

23 adsorbate mass production (i.e., Q = 0), single-species solute without decay, and no density 

24 change with concenuation. Since density was not allowed to vary as a function of concenuation 

25 change, (dpf /dC=0), SUTRA's coupling process between flow and Uansport was eliminated. 

26 This is a valid assumption since the initial mass fraction is quite small compared to the initial 

27 brine solution density. The assumption that adsorption does not occur is conservative. The model 

28 used SUTRA's time-dependent boundary-condition capability to handle the uansient pressure 

29 condition from BOAST n calculated due to gas generation (Figiue 4-2). 

30 Two different spatial and temporal grids were used to model the repository/MB139 medium. 

31 A coarse finite-element (FE) mesh used 2,160 elements (45 x 48 elements and 46 x 49 nodes) widi 

32 a maximum element length (£[) of 78.50 m (Figure 4-24). The fine FE mesh of 2,116 elements 

33 (46 X 46 elements and 47 x 47 nodes) modeled a smaller domain within the coarse mesh. Wilh a 

34 maximum element length of 39.25 m, the exterior boundaries of the fine mesh are also shown in 

35 Figure 4-24. The coarse mesh calculation was run to provide boundary conditions for the fine 

36 mesh calculations. The first temporal grid used 100 100-year time steps. The second temporal 
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1 grid used 200 50-year time steps. The coarse spatial mesh was initially consuucled to maintain a 

2 mesh Peclet number (Pcm) less than 10 (die mesh Peclet number estimates the ratio of advection 

3 lo uansport, and can be approximated as Pem=MAX(£/)/a/, ). The fine mesh was used to study 

4 the sensitivity of the mcxlel to smaller mesh Peclet numbers. The first temporal scale of 100-year 

5 time steps was chosen to handle accurately the pressure history simulating gas generation. 

6 Aldiough SUTRA uses an implicit time integration scheme (backwards time-differencing method), 

7 a finer temporal scale of 50-year time steps was applied to bodi coarse and fine spatial grids. The 

8 smaller time-step runs were used to investigate sensitivity of time-step size when using time-

9 dependent boundary conditions. The SUTRA codes stales that spatial stability is usually 

10 guaranteed when PCni ̂  4. Since the Ei of the fine mesh was 39.25 m and the longitudinal 

11 dispersivity of both MB 139 materials modeled was 15.00 m, the resulting PCm = 2.619. 

12 

13 Material Properties, Boundary Conditions, and Initial Conditions 

14 Excavation damage and creep damage is expected to modify the properties of MB 139 directly 

15 under the repository (Lappin et al., 1989). ConsequenUy, two material regions were modeled widi 

16 bodi die fine and coarse FE grids: MB139FF and MB139DRZ. (The suffix FF represents "Far 

17 Field"; DRZ denotes "Disturbed Rock Zone.") The required SUTRA flow properties are (1) grain 

18 density (of solid mauix), (2) fluid density, (3) permeability (assumed isouopic for this calculation), 

19 (4) bulk compressibility (of solid mauix), and (5) fluid compressibility. The required SUTRA 

20 uansport properties are (1) dispersivity, (2) diffusion, (3) fluid density, and (4) fluid viscosity. The 

21 material property values of both MB139FF and MB139DRZ are for the most part given in 

22 Volume 3 of diis report. Certain parameters differed, however, from those found in Volume 3 of 

23 this report. For MB139FF a permeability of l.OxIO'̂ ^ m^ was used (as opposed to the report 

24 value of 2.87x10'^° m )̂ and for MB139DRZ a porosity of 0.06 was used as opposed to a value of 

25 0.055 reported in Volume 3 of this report. The SUTRA input variable for solid (bulk) 

26 compressibihty, corresponding to the MB 139 bulk compressibility was calculated as the inverse of 
27 the solid mechanics bulk modulus {Kf^ulk)- Therefore the bulk compressibility equals 
28 3(l-2v)/£, where v and E are Poisson's ratio and Young's modulus, respectively. It is assumed 

29 that the anhydrite material and MBI39 material have equivalent bulk compressibilities. Bodi v and 

30 E values are referenced from Table A-8 of Rechard et al. (1990a). The MB139 fluid's molecular 

31 diffusion, density, compressibility, and viscosity were assumed equivalent to Salado brine 

32 properues found in Table A-9 of Rechard et al. (1990b). 

33 The SUTRA code uses a coefficient of apparent molecular diffusivity of solute in solution in a 

34 porous medium, including tortuosity effects (Dp, Section 4.2.3.1), for the diffusion term of die 

35 uansport partial differential equation (PDE). Thus, for diffusive/dispersion-dominated uansport, 

36 solute concenuation is highly sensitive to the input diffusion and dispersivity values. The 
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1 apparent molecular diffusivity term used in SUTRA calculations was computed as the product of 

2 the free-water molecular diffusion in a pure fluid, D*, and tortuosity, x (1.000x10'^^ m /̂s and 

3 0.140, respectively). 

4 Dirichlet boundary conditions (of p= 11.00 MPa and C = 0.000 kg/kg) for the coarse grid 

5 were applied to the far-field boundaries. The far-field pressure of 11.00 MPa was taken as the 

6 median value of brine pressure at the repository level found in Rechard et al. (1990b). Neumann 

7 boundary conditions (dp/du = 0 and dc/du = 0, where u = outward normal direction) were applied 

8 to the one-fourth repository/MB139 symmetric boundaries as shown in Figure 4-25. In addition, 

9 time-dependent pressure conditions were applied at interior nodes of the MB139DRZ to simulate 

10 gas generation effects. The-time-dependent conditions (a pressure history function) from BOAST II 

11 (see Figure 4-2) were applied exclusively to interior nodes of the MB139DRZ because SUTRA 

12 computes an associated fluid-flux term at each pressure boundary condition node. According to 

13 Voss (1984), SUTRA computes specified pressures at nodes through cellwise addition of fluid 

14 flux, (where i denotes a node number) [I?/t], as 

15 QL = iPbc-p') (4̂ 0) 

16 

17 where v is the conductance [L'^t/M], p' is the specified pressure node [M/Lt^], and ihe 

18 specified pressure value [M/Lt ] . 

19 SUTRA defines a "cell" as a node centered among four separate quadrants of four neighboring 

20 elements. Thus for a cell in which a large number is assigned to v, the flux term dominates 

21 the fluid mass balance equation. This results in />' = and achieves the specified pressure at 

22 the node representing cell i . It is because of this "cellwise" fluid-flux terminology involving fluid 

23 sources and flows across boundaries that the time-dependent pressures were applied only to the 

24 interior nodes of material MB139DRZ. Thus, applying a pressure condition on the material 

25 boundary of MB139FF/MB139DRZ would invoke unrealistic fluid-flux terms. Figures 4-26a and 

26 4-26b display the MB139DRZ material and the interior nodes at which the BOAST II pressure 

27 function was applied for both spatial grids. In conjunction widi the pressure function, a constant 

28 concenuation (SUTRA's concenuation is actually a mass fraction: mass solute per mass total 

29 solution) of 2.000x10"^ kg/kg was also set at the interior MB139DRZ nodes. This value of 

30 concenuation is about the maximum solubUity limit of brine solution uansporting radionuclide 

31 240pu-h4 

32 At first, the fine FE mesh calculations used two sets of time-dependent conditions, uansient 

33 boundary conditions and a uansient source function (pressure history and constant concenuation 

34 applied on the MBI39DRZ interior nodes). To remain consistent with the coarse FE mesh 
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1 calculations, the fine grid's boundary pressures and concenuations were interpolated at each time 

2 step from the coarse mesh solution. (Note that the fine mesh is nested completely within the 

3 coarse mesh as shown in Figure 4-24). However, die interpolated fine mesh boundary values at 

4 each time step were found to be identical to die coarse mesh constant boundary values. Thus, the 

5 same constant coarse mesh boundary conditions were applied to the fine mesh boundaries and the 

6 coarse grid calculations were, in fact, not necessary. 

7 Initial conditions of die two primary variables (pressure and concenuation) for both the coarse 

8 and fine grids were p = 11.00 MPa and C = 0.000 kg/kg, applied at die nodes of die MB139FF 

9 material andatnodesof dieMB139FF/MB139DRZboundary. 

10 

11 Results and Discussion 

12 Because the interior nodes of MB139DRZ are initially at a lower pressure dian die nodes of 

13 MB139FF (MB139DRZ at atmospheric pressure and MB139FF at a far-field pore pressure of 

14 p=l 1.00 MPa), the SUTRA solution resulted in flow into the MB139DRZ material until die gas 

15 generation source function (pressure history) reached 11.00 MPa. After that time, die MB 139DRZ 

16 pressure exceeded the MB139FF far-field pore pressure, and flow was driven outward from the 

17 MB 139DRZ material. 

18 Viewing die concenuation contour plots, it can be seen that both grid size and time-step size 

19 have a noticeable effect on uansport. Studying die coarse mesh analyses, it was found that 

20 decreasing die time-step size from 100 to 50 years had no affect on die uansport distance of die 1 % 

21 source concenuation contour line (2.0x10-̂  kg/kg) after 10,000 years (Figures 4-27a and 4-27b). 

22 In conuast, die fine mesh SUTRA calculations were more sensitive to smaller size time steps. 

23 The fine mesh analyses resulted in a greater uansport distance of the 1% source-concenUation line 

24 for 50-year time steps dian for 100-year time steps. Yet, decreasing the time-step size even furdier 

25 (10-year time steps) showed no difference from using die 50-year time steps. The effects of 

26 concenuation uansport due to decreased time-step size on the fine mesh after 1,000 years are shown 

27 in Figures 4-28a, 28b, and 28c. Comparing the coarse and fine mesh calculations for 50-year time 

28 steps, it can be seen in Figures 4-27b and 4-29 that the fine mesh shows the 1% source-

29 concenuation contour line uaveling much further and around both "fingers" of the one-fourth 

30 repository's shadow in die MB 139 layer. Since die fine mesh SUTRA calculauons revealed that 

31 decreasing the time step to 10 years had no effect compared to the calculations using 50-year time 

32 steps, it follows diat 50-year time steps are adequate for temporal discretization. This SUTRA 

33 uansport calculation (fine mesh and 50-year time steps) predicts diat after 10,000 years the 1% 

34 source-concenuation contour line (2.000x10"̂  kg/kg) has uaveled approximately 75 m from the 

35 MB139DRZ-MB139FF material intersection (Figure 4-29). 
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1 To verify that this model is not diffusion/dispersion dominant, additional calculations setting 

2 the velocity field equal to zero would be necessary. If the velcKity contribution of the uansport 

3 PDE were omitted from equation (4-35), die resultant PDE becomes more parabolic, 

dC 
Ep/-r- = V . ep/(Dp/ + D) VC^ (4-41) 

dt 

5 where, 

6 e = porosity (dimensionless), 

7 P/ = fluid density ( A / / L ^ ) , 

8 V = del operator, 

9 • = dot product, 

10 Dp = diffusion coefficient (L^/O, 

11 / = identity tensor (dimensionless), 

12 S: ~ dispersivity tensor (L^/O, and 

13 VC = concenuation gradient (L~^). 

14 Equation (4-41) reveals that if the dispersivity tensor, D, components were small (functions 

15 of the \elocity components), die uansport PDE would be diffusion. Dp, dominated. A brief study 

16 was made to investigate the influence of diffusion on contaminated groundwater uansport. Rather 

17 than use a zero-velocity field (v=0) to study die uncoupled effects of diffusion, a calculation was 

18 performed using an order-of-magnitude increase in the apparent molecular diffusion coefficient. Dp 

19 (1.400x10"^^ m^/s), with the fine FE mesh and a temporal grid of 100-year time steps. As seen 

20 in Figure 4-30a, the resulting calculation's increased diffusion in the Uansport is noticeable when 

21 compared to the fine mesh calculation with the original diffusion coefficient(1.4xl0"^l m /̂s of 

22 Figure 4-30b (especially between die "fingers" where the 1% source-concenUation contour line has 

23 uaveled farther). However, the increased diffusion does not dominate die solution (concenuation-

24 contour lines), and since Pe^ = 2.619, the model is not completely diffusion-dominated and 

25 advection should not be ignored. 

26 An additional calculation was performed to study the effect of placing source concenuation 

27 nodes on the boundary of the MB139FF and MB139DRZ materials. This slight modification to 

28 the boundary conditions retained the flow equation's time-varying Dirichlet conditions applied to 

29 the interior MBI39DRZ nodes, while extending the transport equation's constant Dirichlet 

30 conditions to all interior MB139DRZ nodes and MB139DRZ/MB139FF boundary nodes. 

31 Previous calculations assumed that the source terms for uansport were applied only to die interior 

32 MB139DRZ nodes. Thus employing the fine mesh, a temporal discretization of 50-year time 

33 steps, identical initial conditions, and diese slightly modified boundary conditions, die calculation 

34 was run to 10,000 years. As displayed in Figure 4-31, the 1% source concenuation contour line 
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Figure 4-24. Coarse FE Mesh for In-Plane Calculations 
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Figure 4-27a. Solute Concentration Contours at 10,000 Years (Coarse 
Mesh, At = 100 Years) 
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Figure 4-27b. Solute Concentration Contours at 10,000 Years (Coarse 
Mesh, At = 50 Years) ' 

4-73 



Chapter 4. Undisturbed Performance of Repository/Shaft 

0.50 

0.45 

0.40 

0.35 

0.30 

E 
^ 0.25 

>••• 
0.20 

0.15 

0.10 

0.05 

0.00 

T 
Solute Mass Fraction (xlO'^) 

A = 0.0020 
B = 0.0416 
C = 0.0812 
D = 0.1208 
E = 0.1604 
F = 0.2000 

1.30 1.35 1.40 1.75 1.80 

TRI-6342-1334-0 

Figure 4-28a. Solute Concentration Contours at 1000 Years (Fine Mesh, 
Ar = 100 Years) 
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Figure 4-28b. Solute Concentration Contours at 1000 Years (Fine Mesh, 
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Figure 4-28c. Solute Concentration Contours at 1000 Years (Fine Mesh, 
At = AO Years) 
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Figure 4-29. Solute Concentration Contours at 10,000 Years (Fine 
Mesh, At = 50 Years) 
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Figure 4-30a. Solute Concentration Contours at 10,000 Years With 
Increased Diffusion Coefficient (Fine Mesh, At = 100 Years) 
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Figure 4-30b. Solute Concentration Contours at 10,000 Years With 
Original Diffusion Coefficient (Fine Mesh, At = 100 Years) 
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Figure 4-31. Solute Concentration Contours at 10,000 Years With 
Modified Concentration Source Placement (Fine Mesh, At = 50 Years) 
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1 has O^veled 110 m into the MB139FF material, whereas previous calculations indicated a distance 

2 of 75 m (Figure 4-29). In addition, die concenuation contours of Figure 4-31 depict no intemal 

3 concenuation gradients within the MB139DRZ material. This calculation is more conservative 

4 and provides an upper bound for uansport phenomena in the MB139FF medium for this set of 

5 calculations. 

6 

7 4.3 Summary of Results for Undisturbed Performance of the 
8 Repository/Shaft 
9 

10 The calculations performed to assess the undisturbed performance of the Repository/Shaft 

11 System had four objectives 

12 ' T o determine the path and extent of migration of radionuclides from the waste panel, and to 

13 quantify die magnitude of radionucUde Uansport up the shaft. . 

14 ' T o evaluate (in an approximate sense) the effect of waste-generated, undissolved gas on 

15 migration of radionuclides for undisturbed conditions. 

16 " T o assess the importance of three-dimensional effects on radionuclide migration in MB 139. 

17 " T o cross-verify die results from die two single-phase codes SUTRA and STAFF2D. 

18 To address diese objectives, die four codes BOAST I I , STAFF2D, SUTRA and PANEL were 

19 used in one or more configurations with varying material properties and operational assumptions. 

20 In utilizing these codes an attempt was made to use conservative assumptions that tend to 

21 maximize migration of dissolved radionuclides away from die waste panels. However, this was 

22 not done for all parameters where often average or median values were used. Thus the results from 

23 the calculations cannot be claimed to be a worst-case or a bounding result. In fact, it may not be 

24 possible to prove that any set of assumed input parameters wi l l produce a bounding result. The 

25 results from die calculations are summarized below. 

26 1. In determining the pathway and extent of movement of radionuclides from the repository 

27 an effort was made to use assumptions that were believed to be conservative and that 

28 would tend to maximize the extent of migration. Using STAFF2D as the principal 

29 computational tool and aided with results from BOAST I I and PANEL, it was determined 

30 that the primary pathway of dissolved radionuclides out of the repository, as the result of 

31 pressurized gas generated by the corrosion and biodegradation of the waste, is downward 

32 through the small thickness of fractured Salado halite below die repository into MB 139. 

33 The greater permeability of MB 139 compared to the surrounding Salado channels the 

34 movement of dissolved radionuclides along the MB 139 primarily toward the shaft. 

35 Movement of radionuclides along MB 139 in the direction away from the shaft is slower 

36 than toward the shaft by approximately a factor of 2. Radionuclide concenuations 
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1 • decrease steadily toward the shaft and also after the primary flow path turns upward into 

2 die shaft. The quantity of radionuclides passing a level of 20 m up die shaft from die 

3 repository in 10,000 years was calculated and shown to be several orders of magnitude 

4 less dian die EPA limit of 1 for releases to die accessible environment at five kilometers 

5 from the waste emplacement panels. Similar results were shown for radionuclide 

6 . migration away from the repository and shaft in MB139 at distances of 100 m from the 

7 repository. 

8 Decreases in shaft permeabilities of 2 and 4 orders of magnitude (10"^^ m^ to 10'^"^ m^ 

9 and 10"^^ m^ to 10:^^ m^) resulted in essentially no change in flow up the shaft. This 

10 implies diat for undisturbed conditions the presence of an engineered shaft seal has litUe 

11 effect in restricting flow up the shaft unless the permeability of the seal approaches that 

12 of die intact surrounding Salado. 

13 2. As configured in the undisturbed calculations, both SUTRA and STAFF2D considered 

14 only a single phase (brine) in assessing flow in and around the repository. The two-phase 

15 BOAST I I code was used in die undisturbed calculations to provide input source pressures 

16 for the iSUTRA calculations, and gas-modified material properties for both SUTRA and 

17 - STAFF2D. The use of gas-modified material properties in SUTRA and STAFF2D 

18 • allowed diese single-phase codes to account for (in an approximate sense) the presence of 

19 undissolved gas in die waste and surrounding geology. Calculations with gas-modified 

20 material properties in SUTRA and STAFF2D revealed diat die presence of undissolved 

21 gas has Utde effect on solute uansport compared to die unmodified (fully saturated) case. 

22 The principal effect of the presence of gas is to delay the transport of dissolved 

23 radionuclides along the primary pathway to the shaft (MB 139). 

24 3. The majority of calculations for die undisturbed case were performed using a two-

25 dimensional vertical cross-section through the repository, drift, and shaft. This two-

26 dimensional representation neglects potential three-dimensional effects that may be; 

27 important. In an effort to investigate this, two-dimensional SUTRA calculations were 

28 performed using a computational grid based on a horizontal plane through the repository 

29 and surrounding geology. Moreover, an additional conservative assumption was made 

30 that divided the permeabilities in die computational plane into two regions—one that 

31 corresponds to the excavation-disturbed MB 139 and die odier to the undisturbed MB 139. 

32 These assumptions had the effect of placing the contents of the waste repository within 

33 MB139, the primary uansport medium. In this configuration, the magnitude of the radial 

34 solute uansport away from the repository (in MB 139) was found to be entirely consistent 

35 with SUTRA vertical cross-section calculations, which were run with the same source 

36 pressure and where the shaft was assumed to be absent. These results suggest diat the 
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1 two-dimensional vertical cross-section calculations with SUTRA and STAFF2D 

2 performed to ascertain the pathway and spatial extent of migration of solute are valid. 

3 4. The calculations performed for a vertical cross-section through the waste panel, drift, and 

4 shaft were accomplished with the two codes, SUTRA and STAFF2D. These codes, based 

5 on the same goveming equations, nevertheless use different centering schemes for some 

6 element variables such as porosity. A comparison of results from the two codes, 

7 niodeling the same problem, reveal similar results based on solute-concenuation contours. 

8 The SUTRA solution is somewhat more numerically dispersive than the STAFF2D 

9 solutions. In spite of these slight differences, for the calculations performed, the two 

10 codes tend to cross-verify one anodier. 
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1 5. DISTURBED CONDITIONS OF REPOSITORY/SHAFT 

• 2 In addition to the undisturbed performance, the Standard (40 CFR 191, Subpart B) requires a 

3 study of combinations of hypothetical events and processes (scenarios) in which a waste repository 

4 is inUuded by humans (see Chapter 4 of Volume 1). In these scenarios, the primary component of 

5 the geologic barrier (the Salado Formation) has been breached leaving only the waste form, 

6 possibly intervening panel and borehole seals, and the Culebra Dolomite as barriers. Thus, 

7 characterizing the behavior of the disposal system is much more important under these conditions 

8 than for die undisturbed scenario and requires the use of several additional simulation models (e.g., 

9 CUTTINGS, SEC0_2DH, GENOBS, BRAGFLO and odiers) (see Figure 1-3 in Chapter 1). 

10 

11 5.1 Conceptual Model—Palmer Vaughn 
12 In Sections 5.1 and 5.2 die term "flow" is used repeatedly. Unless odierwise stated, "flow" is 

13 meant to represent the cumulative volume of contaminated brine that has flowed up the inuusion 

14 borehole in 10,000 years and enters the Culebra. The term "flow rate" is the rate of this flow. 

15 Currendy, two summary scenarios are direcdy used in performance-assessment analysis during 

16 disturbed conditions: (1) one or more intrusion boreholes terminating in a disposal panel (E2) and 

17 (2) one inuusion borehole terminating in a disposal panel followed by a second borehole 

18 peneUating the same panel and terminating in a lower Castile brine pocket (E1E2). The 

19 computational scenarios used in modeling consequences of these summary scenarios are.further 

20 distinguished by the number of inuusions and the time of intrusion. Consequences of the El 

21 summary scenario, in which an inUusion borehole intersects both a disposal panel and a lower 

22 Castile brine pocket, are not calculated for the 1991 analysis and are assumed to be the same as E2 

23 consequences (see Section 5.1.2). The El , E2, and E1E2 summary scenarios are defined in detail 

24 in Chapter 4, Volume 1 of the report. 

25 The E2 summary scenario consists of one or more boreholes that peneuate a waste-filled room 

26 or drift in a panel. Shortly after completion, plugs are placed to isolate any aquifers (i.e., above 

27 and below the Culebra) and the well is abandoned and packed with concrete. The concrete 

28 remaining in the borehole degrades with time into a sand-like material. The borehole below the 

29 Culebra creeps partially closed due to movement of halite in the surrounding Salado. All plugs 

30 except the one above the Culebra degrade thus forcing any flow out through the Culebra. This 

31 maximizes the possible release through the Culebra. During multiple E2 well inuusions no 

32 interaction between wells occurs (Volume 1, Chapter 5). 

33 The EIE2 summary scenario consists of one or more boreholes that peneuate a waste-filled 

34 room or drift in a panel and another borehole that peneuates a panel and a pressurized brine pocket 

35 in the Castile formation. The boreholes are abandoned, plugged, and creep partially closed as in 

36 the E2 summary scenario. The plugs also degrade as before except that a plug located between the 
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1 panel and Culebra in all but one of the wells that terminate in the panel remains intact. This 

2 forces all brine leaving the pressurized brine pocket dirough the waste panel before it flows out a 

3 well connected to die Culebra (Volume 1, Chapter 5). 

4 When an intrusion of a waste panel first occurs, die room quickly depressurizes (the entire 

5 panel does not) and gas escapes through the borehole. As suggested in Appendix B of the 

6 Standard, the intruders "soon" (interpreted as less than one month) detect that the area is 

7 incompatible with their intended use and they seal and abandon the well. The room repressurizes 

8 either from continued gas generation or from a redistribution of pressiue and saturation from the 

9 surrounding formation. Over time (less dian 75 years) die borehole degrades and partially creeps 

10 closed. The net effect is a permeable and porous borehole diat provides communication between 

11 the repository and the Culebra formation. After this period of degradation, the remaining gas 

12 moves out of the panel and brine will flow toward die panel and well bore. During the E2 scenario 

13 the primary padi of this brine in-flow is along MB 139 from the far field and up through the DRZ 

14 into the panel near the panel/Salado boundary. During an E1E2 scenario the primary source of 

15 brine in-flow is from the Castile brine pocket, although some Salado brine flows along MB 139 

16 toward the panel. Little brine flows into the panel from die intact Salado during the E2 or E1E2 

17 scenarios because of its low permeability. Brine flowing through the upper anhydrite layers takes 

18 longer to reach the panel because die gas drive during room pressurization forces brine out the 

19 anhydrite farther dian it is forced out MB 139 and gravity drainage tends to saturate the lower 

20 MB 139 to a greater extent than the upper anhydrite. Once brine sauirations in the room exceed 

21 residual, interconnected brine pathways are formed in die void space and brine eventually reaches 

22 the well. Brine may then be forced out the well, up toward the Culebra against hydrostatic 

23 pressures in the well. Exacdy how far up the well or how much brine reaches die Culebra during 

24 the regulatory 10,000 years depends, in part, upon how much gas flow can dissipate room 

25 pressure. 

26 

27 5.1.1 APPROXIMATION TO E1E2 SUMMARY SCENARIO 

28 The E1E2 summary scenario is modeled by BRAGFLO (see Section 5.2) as an El scenario 

29 with die important conservative assumption that all of die Castile brine mixes with all of the 

-30 waste. This conservative approximation is a necessary result of the limitations in modeling the 

31 waste panel in two dimensions as a cylinder with an axis of symmetry coincident with the 

32 inuusion well (Section 5.2.3). While a second borehole in the E1E2 summary scenario could be 

33 modeled in three-dimensional Cartesian or radial geomeuy, diere is no convenient way of locating 

34 a second well in the two-dimensional radial representation while accurately describing well 

35 interactions and individual well flow. The assumption of total mixing df Castile brine with the 

36 waste overestimates the contamination of the brine compared to a Uue two-well E1E2 scenario 
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1 since the flow paths between two separated wells located anywhere in the panel results in less than 

2 100% of die waste volume being in contact with brine. 

3 The cumulative "flow" of brine in a true two-well E1E2 summary scenario also cannot exceed 

4 this conservative single-well approximation. In a true E1E2 summary scenario, the two inuusion 

5 wells are spatially separated. The flow path in this case is longer and is through the less 

6 permeable waste material (compared to the borehole) than in the single well El approximation to 

7 the E1E2 scenario. This lengthens the time required for brine to reach the Culebra through the 

8 borehole and increases pressure drop requirements to maintain flow up the borehole in the true 

9 E1E2 compared to the conservative E1E2 approximation. The existence of a second borehole in 

10 the Uue E1E2 scenario also increases the total void space available for brine. More time is required 

11 to saturate the panel with brine. Except for occasional gas pockets, the panel must be brine 

12 saturated before brine can flow up die borehole diat connects the panel to the Culebra. Therefore, 

13 in a Uue E1E2 summary scenario, less brine reaches the Culebra after 10,000 years than would for 

14 die conservative El scenario approximation of an E1E2 scenario. 

15 

16 5.1.2 APPROXIMATION TO E l SUMMARY SCENARIO 

17 The consequences of El summary scenarios have been assumed to fall in the same 

18 consequence "bin" as those of the E2 summary scenarios. Results from the two-phase flow 

19 calculations using BRAGFLO indicate that for many scenario vectors the "flow" resulting from the 

20 E2 summary scenario bounds that from the EI scenarios. The "flow" associated with the El 

21 summary scenarios is obtained from the E1E2 BRAGFLO simulation results assuming that the 

22 Castile brine does not mix with the waste after the waste panel becomes saturated with brine. In 

23 Figure 5-1 the "flow" from the El scenario vectors is compared to the "flow" from the E2 scenario 

24 vectors for each of the five inuusion times (1000, 3000, 5000, 7000, 9000 years). Points above 

25 the indicated 45 degree line correspond to E2 scenario "flows" in excess of El scenario flows. The 

26 cases where the "flows" from die El scenario exceed those from the E2 scenario eidier occur at low 

27 or zero E2 "flow" or are close to each odier (near the 45 degree hne). 

28 In Figure 5-1 a clustering of data points according to inuusion time is also observed. For 

29 instance, the large releases tend to be dominated by the 1000-year intrusion scenarios followed by 

30 3000-, 5000- and 7000-year intrusions. All 9000-year intrusion vectors produce no release. In 

31 addition, die relative degree to which die E2 "flows" exceed the El "flows" for the high E2 "flow" 

32 vectors is qualitatively preserved among the various inuusion times. This suggests some sealing 

33 or correlation factor may exist to relate "flow" at one intrusion time to "flow" at another inuusion 

34 time. 

35 In the case assuming single-phase flow of brine and a fully brine-saturated panel, die "flows" 

36 from E2 summary scenarios bound diose from the El summary scenarios if Castile brine bypasses 
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1 the contaminated waste in the panel. Figure 5-2 compares die "flow," resulting from El summary 

2 scenarios widi that resulting from E2 summary scenarios. The "flows" are accumulated over 

3 10,000 years for a well inuusion al 1000 years. On the figure die E2 "flows" are jilotted on the 

4 vertical axis against the El "flows" on the horizontal axis; logarithmic scales are used for both 

5 axes. All data pairs fall above the indicated 45 degree-sloped line, indicating diat die E2 "flows" 

6 bound the El "flows" under the conditions and assumptions used. These results are obtained from 

7 the analytic model, PANEL, a single-phase flow model (Section 5.3) in which it is assumed that 

8 the waste panel is fully saturated with brine and that a negligible amount of Castile brine mixes 

9 widi waste panel brine. 

10 When two-phase flow is considered, E2 scenarios do not necessarily bound El scenarios, 

11 particularly at lower levels of "flow." When considering two-phase flow, brine does not flow up 

12 the inuusion shaft from the panel to the Culebra until the portion of the panel surrounding the 

13 shaft becomes highly saturated with brine. Those E2 scenario vectors that result in no "flow" are 

14 vectors in which the panel is not brine filled in 10,000 years. When the panel is connected to a 

15 pressured brine pocket by an inuusion well, less time is required to fill the panel with brine and 

16 flow toward the Culebra may begin eariier. 

17 At the higher release levels, the E2 "flows" bound die El "flows." This primarily reflects the 

18 higher brine pocket pressure retarding the flow of brine into the waste panel from the far field 

19 along the anhydrite layers. Once the intrusion occurs, the Culebra, panel, and Castile become 

20 connected. When the gas is displaced from the panel and die panel is brine-filled a nearly linear 

21 pressure gradient will be established between Culebra pressure and brine pocket pressure. This can 

22 result in the establishment of a higher panel pressure in the El summary scenarios compared to the 

23 panel pressure established in the E2 summary scenarios. The higher panel pressures reduce the 

24 pressure gradient between the panel and far field, and consequendy less Salado brine flows into die 

25 panel from the far field along the anhydrite layers. For the high "flow" vectors compared to the 

26 low "flow" vectors, the panel becomes brine saturated earlier and the Culebra lo Castile pressure 

27 gradient is established and remains for a longer period of time. 

28 In summary, E2 "flows" bound El "flows" for large release vectors because the established 

29 panel pressure retards or reverses Salado brine in-flow toward the panel. El "flows" bound E2 

30 "flows" for small release vectors because the flow of Castile brine decreases die time required to fill 

31 the panel with brine so that brine may begin to flow toward the Culebra. 

32 
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Model Overview 

5.2 Two-Phase Flow: BRAGFLO—Palmer Vaughn 

5.2.1 MODEL O V E R V I E W 

BRAGFLO is used to evaluate the effect of gas on the flow of brine through the repository 

and up an inuusion borehole. (BRAGFLO is based on conceptualizations of porous media and 

multiphase flow presented in Appendix A.) The presence of gas and its rate of production may be 

exuemely important in evaluating the flow characteristics of the repository. Widi respect to 

contaminants uansported primarily in the brine phase (radionuclides and dissolved chemicals) gas 

may have negative and positive impacts. A potential negative impact is the increased brine phase 

mobility because of increased dissolved gas, possibly causing lower brine viscosity and higher 

relative permeability. Gas may additionally increase die driving force for moving brine away from 

the repository and may increase permeability through fracture development. Positive impacts 

associated with gas include the partial occupation of pore space by gas and the associated reduction 

in brine relative permeability and its mobility. Gas pressurization may drive brine from the room 

along the anhydrite layers to the far field creating unsaturated conditions around the waste. In 

addition, if the mechanism for gas generation consumes brine, dien brine saturation may be reduced 

well below residual levels in the waste resulting in immobile brine at the time of inuusion. 

In addition to quantifying the brine and gas flow fields in and around the repository for 

consequence analysis calculations, BRAGFLO is used to evaluate the effect of gas generation on 

the flow of brine. The comparisons are made to evaluate our hypothesis that the assumptions of 

no gas generation and predominantiy single-phase brine flow is conservative with respect to 

predicting brine flow through the repository and borehole. 

1 5.2.2 MODEL D E S C R I P T I O N 

2 

3 5.2.2.1 N o m e n c l a t u r e 

4 The following nomenclature is used diroughout die model description of die two-phase flow 

5 model BRAGFLO: 

6 

7 

8 English 

9 

10 Cf4i mass fraction of component A/dissolved or miscible in phase / 

11 D depth in reservoir measured from surface [L], [m] 

12 g gravitational acceleration constant [ L / ~ ^ ] , [m s"^] 
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1 G 

2 

3 

4 H 

5 J 

6 k 

7 kx 

8 ky 

9 krt 

10 Pc 

11 Pi 

* 
12 

13 <H 

14 

15 (Iri 

16 

17 

18 

19 

20 Sl 

21 Tlx 

22 Tly 

23 x,y 

24 

25 

26 Gnsek 

27 

28 a 

29 

30 V 

31 V . 

32 At 

33 33 
m 

34 

vector obtained in evaluating the finite differences analogs of the 
—3 —1 

conservation equations at each grid block location [ML t ] , 

[kg m"3 s"'] 

length in the direction normal to die flow phase [L], [m] 

shordiand notation for the Jacobian Maubc 

absolute permeabdity of die reservoir [L ] , [m-'] 

absolute permeability in the x direction [I? ] , [m^] 
absolute permeability in the y direction [L ] , [m^] 

relative permeability to phase t [dimensionless] 
—1 —1 

capillary pressure [ML t ] , [Pa] 

pressure of phase i [ML~^t~^], [Pa] 

potential of phase 1 defined as P i - p i g D [ML~^t~^], [Pa] 

mass rate of well injection (or production, if negative) per unit 

volume of reservoir [ML~^ ] , [kg m"̂  s"'] 
mass rate of products produced (or reactant consumed, if negative) per 

—3 —1 

unit volume of reservoir due to chemical reaction [ML t ] , 

[ k g m - ^ s - l ] 
volumeuic flow rate of water per unit cross sectional area normal to 

the flow direction [I? L~^ t~^ ] 

saturation of phase £ [dimensionless] 

shorthand for die group Pi kj^ k^i / ui for phase £ 

shorthand for die group, Piky k^^ / ui for phase £ 

spatial dimensions (x-horizontal, y-vertical) 

geometric factor (in three dimensions, a = 1; in two dimensions, a = 

length; in one dimension, a = area 

gradient, shorthand for vector d /dx, d / dy in two dimensions 

divergence, shordiand for d /dx + d / dy in two dimensions 

time step [t], [s] 

maximum change in dependent variable values during time step, k 

(see equation (5-9)) 

5-8 



Two-Phase Flow: BRAGFLO 
Model Description 

* 
1 Az the change in dependent variable values during a time step such that 

2 the new estimate for time step size remains the same as the current 

3 time step size (see equation (5-9)) 
-k 

4 5 solution vector of dependent variable changes for time step k 

5 <t> reservoir porosity [dimensionless] 

6 Pl density of phase / [ M ' L~^], [kgl m"3] 

7 Ul viscosity of phase £ [MLT^ t~^], [cp] 

8 

9 

10 Subscripts 

11 

12 B brine component 

12 b brine phase 

14 G gas component 

15 g • gas phase 

16 N nonwetting component 

17 n nonwetting phase 

18 W wetting component 

19 w wetting phase 

20 
21 5.2.2.2 Background 

22 BRAGFLO is a computational model that describes the multiphase flow of gas and brine 

23 through a porous, heterogeneous reservoir. BRAGFLO was developed in-house for the Sandia 

24 National Laboratories WIPP Performance Assessment (PA) Division and is used by PA to 

25 simulate two-phase flow in and around the WIPP repository waste rooms. The roots of the 

26 BRAGFLO formulation are in TSRS, a multiphase compositional thermal reservoir simulator 

27 used to model the in-situ processing of uu- sand (Vaughn, 1986). TSRS was developed for the 

28 DOE through an agreement with Western Research Institute, Laramie, WY. The version of 

29 BRAGFLO currendy used by PA represents a significant improvement beyond its predecessor. A 

30 technical user's manual for BRAGFLO is being prepared and should become available in the latter 

31 part of 1992. 

32 BRAGFLO is a necessary tool for PA primarily because no other public domain mode! was 

33 available for simulating the convergent flow of brine and gas to an intrusion well in a 

34 heterogeneous reservoir under conditions of gas generation and brine consumption. Repeated 

35 attempts using BOAST II during disturbed conditions resulted in excessively small time steps and 

36 unstable oscillations in saturations. The causes of these problems are characteristic of die IMPES 
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1 (implicit-pressure, explicit-saturation) solution technique, which BOAST I I uses. BRAGFLO, 

2 because of its fully implicit numerical formulation, does not suffer from die stability and time-step 

3 resUictions that hamper BOAST 11. 

4 BRAGn: .0 was developed as a research tool capable of expanding and evolving to 

5 accommodate our changing concepUial models. Its highly sUucdired architecdire facUitates making 

6 future enhancements. The description diat follows is a summary of die version of BRAGFLO 

7 used for this year's calculation, BRAGFLO 1.0; additional enhancements to the model are 

8 anticipated. Because die dieory of BRAGFLO has not been previously documented, die summary 

9 for BRAGFLO is more extensive than die summaries presented in this volume on the other WIPP 

10 PA consequence analysis models. 

11 

12 5.2.2.3 Benchmark Results 

13 Prior to its use in PA calculations, BRAGFLO was put dirough a series of benchmark tests. 

14 This verification process consisted of running three multiphase reservoir codes (BRAGFLO, 

15 BOAST I I , and TOUGH) and comparing the results. The results of four one-dimensional, radial 

16 benchmarks (with/without dissolved gas and with/without gas generation) showed excellent 

17 agreement between die diree codes, supporting our confidence in using BRAGFLO. For example, 

18 in Figures 5-3 and 5-4 die results of repository pressure and brine saturation are compared among 

19 BRAGFLO, BOAST, and TOUGH for die one-dimensional, constant gas generation benchmark. 

20 In this problem the repository is initially fully gas saturated and gas is generated at a rate of 

21 2x10"^ kg/s/m3. No well intiiision occurs and the simulation continues for 700 years. Pressure 

22 in die repository rises due to gas generation from die initial pressure of 0.1 MPa to 13 MPa at 700 

23 years. The gas saturation (initially 100%) in die room falls to 15% in the first 100 years as brine 

24 flows into the repository from the Salado, after which increased pressure in die repository reverses 

25 the direction of brine flow. Gas saturation increases for die remainder of the simulation. 

26 The results of a more realistic two-dimensional simulation with an inuusion well and the 

27 inclusion of the repository sUatification and material zoning also showed excellent agreement 

28 between BOAST. 11 and BRAGFLO up untd the time of inuusion. (BOAST was unable to proceed 

29 beyond inuusion.) In die two-dimensional benchmark die repository is bounded top and bottom 

30 by a disturbed rock zone, anhydrite layers, and Salado and is surrounded by Salado in the horizontal 

31 direction. Gas is generated at two rates to simulate differing corrosion and biodegradation reaction 

32 rates: 1.7x10-'° kg/s/m^ for 525 years followed by 5.7x10-11 kg/s/m^ for 185 years. The 

33 repository panel volume is 5.6x10'* m^. The panel is initially 80% gas saturated with a porosity 

34 of 8.4%. In Figure 5-5 the repository pressures predicted by BRAGFLO are compared to those of 

35 BOAST for die first 1200 years (the time of well inuusion). The high pressures predicted by bodi 

36 models are primarily a result of the gas generation rates and the low repository porosity used. The 
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Figure 5-3. Repository Pressure Compar isons for Benchmark 2 
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comparisons of other resulting parameters such as saturations similarly showed excellent 

agreement. Results from TOUGH on this two-dimensional benchmark are unavailable at this 

time. 

5.2.2.4 Fundamental Equations 

BRAGFLO solves simultaneously the partial differential equations (PDEs) diat describe the 

mass conservation of each mobile component (gas and brine) along with appropriate consuaint 

equations, initial conditions, and boundary conditions. The fundamental equations can be found in 

Peaceman (1977) and Crichlow (1977). A total of five independent equations (two component 

mass conservation PDEs and three consuaints) can be written to define the two-phase flow 

phenomena: 

Gas Component Conservation: 

^{'^Pn^n -^^Cj^'/wPwSw) 

^^^{VP„ - Pn8VD) + £^^MvPv5^(v7', _ p^^vD) 
. l^n ^w 

aqn + aqrn 

a- dt 
(5-1) 

Brine Component Conservation: 

aCw^p^Kkr^ (VF^ - p^gVD) d{(^CwwPwSw) 

dt 
(5-2) 

Saturation Consuaint: 

Mass Fraction Consuaint: 

Capillary Pressure Consuaint: 

Pn Pw — Pc 

(5-3) 

(54) 

(5-5) 
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1 In the above equations uppercase subscripts refer to components while lowercase subscripts 

2 refer to phases. The subscript norN refers to the nonwetting phase or component (assumed to be 

3 gas), while the subscript w or W refers to the wetting phase or component (assumed to be brine). 

4 In the case of the mass fraction terms (C ŷŷ , C^^y,), the first subscript refers to the component 

5 while the second refers to phase. In other words, Cf̂ ^̂ , is the mass fraction of the nonwetting 

6 component'(gas) in the wetting phase (brine), and CM/^ is the mass fraction of the wetting 

7 component (brine) in the wetting phase (brine). The term a in (5-1) and (5-2) is a geomeuic 

8 factor that generalizes die equations regardless of spatial dimension. In two dimensions, a is the 

9 "thickness" in the direction perpendicular to flow. The rest of the nomenclature is defined in 

10 Section 5.2.2.1. 

11 In casting the PDEs in this form, a number of assumptions have been made. For instance, 

12 the conservation equations are balances on components and not phases. Because of the possibihty 

13 of uansfer of components between phases, it would not be appropriate to conserve the mass of 

14 each phase. Instead, the total mass of each component must be conserved. Equations (5-1) and 

15 (5-2) describe the simplest two-component, two-phase compositional mode. We have assumed 

16 that gas may exist in the gas phase as well as in the brine phase (as dissolved gas). We have 

17 further assumed that brine only exists in the brine phase (zero vapor pressure) so that Cyŷ  = 1 and 

18 Ĉ n̂ = 0- The amount of gas which is dissolved in the brine is described by a gas solubility 

19 parameter which may vary with pressure. The gas solubility parameter is defined as the ratio of 

20 the volume of dissolved gas (measured at standard conditions) to a unit volume of brine and can be 

21 related to CQI,, the mass fraction of gas dissolved in brine. Imbedded in the PDEs is the 

22 assumption diat Darcy's law, which linearly relates flow rate and pressure drop, remains valid. 

23 The equation in (5-1) states that the net change in gas flow rate into and out of a conuol 

24 volume in pure or dissolved form, plus any gas added to or taken out of the conuol volume due to 

25 well or chemical reaction, equals die rate of gas accumulation in die conuol volume. The equation 

26 in (5-2) states die same for the brine component except there is no gas phase conuibution to brine 

27 flow. The equation in (5-3) states that the volumes of the two mobile phases must occupy all of 

28 the void space. The equation in (5-4) states that the oil phase consists of brine and dissolved gas. 

29 Finally, (5-5) defines the concept of capillary pressure. 

30 Because the amount of dissolved gas can be expressed as a function of pressure and the 

31 capillary pressure can be expressed as a function of saturation, the six unknowns can be reduced to 

32 four (brine and gas pressure and brine and gas saturations); two of these unknowns can be aligned 

33 with two PDEs and the other two found by application of the consuaints expressed in (5-3) and 

34 (5-5). Other combinations of alignment may be more efficient. In the current version of 

35 BRAGFLO, (5-1) is aligned with gas saturation while (5-2) is aligned with brine pressure. We 
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1 

2 

3 

4 

have found no difference when (5-1) and (5-2) are aligned with gas pressure and brine saturation 

respectively during test cases. 

In two dimensions (5-1) and (5-2) become respectively: 

5 — 

10 

11 
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14 

15 

16 

17 
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19 
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23 
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27 

28 

29 
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31 -

dP 
HT, 

* \ 
g 

= H 

dx 

d 

dy 

dP. * \ 
HT. 

gy dy dx 

dp, * \ d- dP, * \ 
+ Hqg + Hqrg 

dx 
ySg+i?PbSt,CGb) (5-6) 

and 

d_ 

dx 
HTbxCBb dx dy 

dP. * \ 
HTbyCBb-^ + Hqb + Hqrb = H— {(S^PbSbCsb)-

at 
(5-7) 

In (5-6) and (5-7) the n, N, w and W subscripts have been replaced with g, G (gas) and b, B 

(brine) respectively. In addition, H (diickness in meters) has replaced a, f is shorthand for the 

group pKkr/\i and P* is P-pgD. In writing (5-6) and (5-7) we distinguish anisotropic 

permeabihty by expressing it in terms of k^ arid ky, which are contained in the groupings for T^ 

and Ty. 

The equations in (5-6), (5-7), (5-3), (5-4), and (5-5), along with appropriate boundary and 

initial conditions and material physical property relationships, form the basis of the model's 

fundamental equations. All of the physical properties may be functions of any of the dependent 

variables (saturations and pressures) or independent variables (spatial position and time). 

5.2.2.5 We l l s 

In reservoir models, wells are used to inject or withdraw fluids at specific locations in the 

reservoir. In BRAGFLO wells may be accommodated by using simple well models or by direcUy 

including well geometry and properties into the numerical mesh. In addition to describing the 

human inuusion borehole, wells can be used to approximate the gas generation process in the 

waste during corrosion and biodegradation and to modify the boundary condition from no-flow to 

fixed pressure or non-zero flow. 

The well models ueat a well as a point source or sink. Because of the finite size of the grids 

making up the numerical mesh of the reservoir, a true point source or sink can only be 

approximated; A uue point source has infinite flow rate per unit volume of reservoir at the well 

and zero elsewhere (Peaceman, 1977). Instead, for finite-sized grids, the well is assumed to be 

® 
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1 located in the center of a grid block of volume Vg. The mass flow rate per unit volume of 

2 reservoir into the grid block then is the well flow rate divided by the block volume. Outside the 

3 block the well does not directiy conuibute to flow rate. Wells are described according to type 

4 (injection or production) and operation (pressure or rate conuolled). Injection wells may be of 

5 either operation while production wells are always pressure conuolled. Injection wells only inject, 

6 and production wells only produce. If a production well is specified, but the well pressure exceeds 

7 reservoir pressure, fluid will not be drawn into the reservoir from the well; flow will be /.cro. II a 

8 well is to function as both an injector or producer, two wells are specified at the same location. 

9 This may be desirable when specifying a pressure along a boundary. Flow may then occur in 

10 either direction dependent on die direction of the pressure gradient. 

11 In BRAGFLO wells may be accommodated by using simple well models or by direcUy 

12 including the well geomeuy and properties into the numerical mesh. The well model approach is 

13 more computationally efficient; however, the parameters that describe the flow properties of the 

14 well are unknown in advance. These parameters arc typically determined from historical production 

15 or reservoir pressure and flow data. Because collection of such daui al the WIPP is not feasible, 

16 current calculauons do not u.se the well models to simulate the human inuusion boreholes. Instead 

17 the borehole dimensions, permeability, and porosity are direcUy incorporated into the numerical 

18 grid. 

19 The well model, however, is used in certain areas along the far-field boundary where a constant 

20 pressure condition rather than a no-flow condition is desirable. Such an area is in the Culebra 

21 zone. The no-flow boundary condition is valid only to the extent its location is far enough 

22 removed such that events in the repository do not produce responses at the boundary over the 

23 simulated time frame. This may be questionable iri the Culebra zone for some of the vectors 

24 associated with human inuusion scenarios. The relatively high permciibilily in the borehole and 

25 throughout the Culebra may cause pressure and saturation to fluctuate at the Culebra's far-field 

26 boundary. By specifying both an injection well and a production well characterized by a large 

27 injectivity and productivity index, constant pressure and saturation can be maintained at the 

28 Culebra boundary. This allows for the possibility of flow across the Culebra far-field boundary, 

29 thus avoiding unrealistic pressure buildup in the Culebra. 

30 While wells can also be used to approximate gas generation in the waste, more sophisticated 

31 descriptions of the gas-generating reactions and their dependence on brine saturation have been 

32 included in BRAGFLO. Inclusion of separate corrosion and biodegradation reaction descriptions 

33 allow sensitivities associated with inventory variability and brine saturation variability to be 

34 evaluated. These sensitivities cannot be evaluated directly using a well model representation for 

35 reaction sources. 

36 
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1 5.2.2.6 Numerical Solutiori Techniques 

2 The numerical techniques in BRAGFLO are based on a fully implicit finite difference 

3 representation of the nonlinear conservation equations. In implicit methods die dependent variable 

4 at a particular location is evaluated as a function of the current values of its neighbors and the 

5 current value of any coefficients. In explicit methods current values of the dependent variables are 

6 evaluated as a function of previously determined (or past-dated) values of dependent variables and 

7 coefficients. Implicit methods are inherently more numerically stable compared to their explicit or 

8 hybrid (IMPES) counterparts (Fanchi et al., 1982; Camahan et al., 1969; and Smith, 1965). The 

9 penalty for this increased stability is the.increased computational effort associated with the 

10 simultaneous solution of the resulting finite difference analogs of the conservation equations at 

11 each grid block center. 

12 In BRAGFLO the Newton-Raphson (Hildebrand, 1974; Camahan et al., 1969; and Peaceman, 

13 1977) iteration technique is used to generate solutions to the nonlinear partial differential 

14 equations. In the Newton-Raphson mediod a sequence of dependent variable values are produced 

15 which come increasingly close to the solution of the nonlinear analogs. The Newton-Raphson 

16 technique is chosen because of its quadratic convergence behavior (provided a good initial guess is 

17 available), its robustness (Camahan, 1969; and Hildebrand, 1974), and its proven uack record in 

18 solving multi-phase flow problems arising in peuoleum reservoir modeling (Peaceman, 1977; 

19 Rubin, Vinsom, 1980; Coats, 1980; Crookston, Culham, Chen, 1979; Vaughn, 1986; and Price 

20 and Coats, 1974). 

21 Five steps comprise our implementation of the Newton-Raphson solution method. The first 

22 is the linearization of the finite difference analogs of the conservation equations by uuncation of a 

23 Taylor series expansion around die solution at each grid block center. 

24 The second step is forming the recurrence formulas which relate values at successive inua-time 

25 step iteration levels. In mauix notation die recurrence equations become 

26 i(z*)5* = -G(z*) (5-8) 

27 where k is the iteration level, 6* is the solution vector of corrections to die dependent variables 

28 Z, G^Z* j is a vector of the finite difference analogs evaluated at each grid block position, and 

29 -^(^^j Jacobian mauix (Smidi, 1965; and Hildebrand, 1974). The Jacobian mauix consists 

30 of the values of die partial derivative of finite difference analogs with respect to each dependent 

31 variable evaluated at each grid block center. In our implementation, the recurrence formula relates 

32 the changes in dependent variable values at successive iterations rather dian the values diemselves. 

33 This simplifies the computational process somewhat. The solutions to this system of equations 
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1 are dien the changes in (or updated corrections to) the dependent variable values from the values 

2 converged to in the previous time step. 

3 The third step is the evaluation of the elements in the Jacobian maUix. If the nonlinear 

4 analog functions are known analytically, then in principle analytical forms of their partial 

5 derivatives with respect to the dependent variables may be obtained. If the functions are not 

6 analytic or are complicated through coefficients which depend nonlinearly on the dependent 

7 variables, it becomes more practical or necessary to evaluate the Jacobian elements numerically. 

8 We choose die numerical approach in BRAGFLO for the reasons above as well as the increased 

9 flexibility which results from the ability to replace or modify property (coefficient) functionalities 

10 without requiring re-derivation of the analytical partial derivatives. The numerical evaluation of 

11 the Jacobian elements does not significantly affect the convergence characteristics provided the 

12 change in dependent variables for calculating the derivatives numerically is small enough diat it 

13 captures the Uue nature of the slope at the point required. The change should not be so small; 

14 however, that machine precision errors dominate. We have found that changes on the order of 0.1 

15 to 0.01 percent of the dependent variable values are satisfactory. 

16 The fourth step is the solution of the system of equations resulting from the recurrence 

17 equations in step 2. The finite difference analog functions which appear in the recurrence equations 

18 and are used in forming the Jacobian relate the value of a dependent variable (or its change), a grid 

19 block (/,y) to values of the dependent variable evaluated at the four closest grid blocks: ( / - I , ; ) , 

20 {i + l , j ) , ( / , y - l ) , and ((,) + l) . This may be represented by a 5-point stencil (Figure 5-6) 

21 (Smith, 1965). The sUucture of the Jacobian made from the 5-point stencil is sparse (contains 

22 many 0 elements), consisting of five diagonal bands with a minimum bandwidth that may be 

23 calculated from grid block dimensions (Price and Coals, 1974; and Smidi, 1965). The solution 

24 techniques available in BRAGFLO take advantage of the sparseness. For large problems this 

25 becomes a necessity from both storage and computational considerations. 

26 Four solution options are available in BRAGFLO for solving the mauix equations. Two 

27 techniques are iterative solvers (Smith, 1965), PSOR (Point Successive Over Relaxation) and a 

28 Multi-Grid Algorithm. The third and fourth options arc direct solvers using a banded LU 

29 decomposition (Conte and de Boor, 1972) and an LU decomposition routine from LINPACK 

30 (Dongarra et al., 1979). The Multi-Grid solver has the potential for being the most efficient 

31 technique for meshes in excess of 16 by 16 blocks while the LU solver is less efficient for large 

32 systems. Unfortunately for the current WIPP application, modeling mauix conditioning numbers 

33 (an indication of the determinant of the Jacobian maUix) are such that both iterative solvers suffer 

34 from exuemely slow convergence lo a solution. These conditioning numbers are calculated during 
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1 the LINPACK implementation of the LU decomposition method. This results in the LU solver 

2 being the most efficient and robust solver of the three options for this particular application. 

3 In general die Jacobian matrix must be evaluated and solved for each inUa-time step iteration. 

4 Fortunately, experience has shown for this particular application diat die Jacobian can be evaluated 

5 only once at die start of each time step and left unchanged throughout the timie step without 

6 significant impact on convergence or on die results. This results in a great computational savings 

7 since only one mauix evaluation and decomposition is required for each time step. All odier inua-

8 time step iterations only require die right-hand side of the mauix equation (5-8) to be updated and a 

9 back substitution to obtain the iterate solution vector, 5 . 

10 The fifth step in Newton-Raphson procedure is to update the dependent variables and check for 

11 convergence. The updating is done as Ẑ "*"̂  = Z*^-i-5^, where k is the iteration level. 

12 Convergence is assumed when the-right-hand side function vector of (5-8) is within a small 

13 tolerance of zero and all the 5*'s are within a specified tolerance of zero. 

14 There are a few caveats associated with die application of Newton-Raphson technique to the 

15 multiphase flow of brine and gas at the WIPP. One is that the if the time step is too large an 

16 overshoot of gas saturation (S^ > 1) or an undershoot (Sg < 0) can occur during the iterations. It 

17 is not appropriate to accept diese values even if diey occur when convergence is satisfied. Intemal 

18 checks in BRAGFLO flag diese situations and cause die time step calculations to be repeated at a 

19 reduced time step. The selection of time step is another important issue. 

20 Secondly, during the simulation when saturation and/or pressure are changing rapidly smaller 

21 time steps are required dian when variables change slowly. In BRAGFLO the time step is updated 

22 continuously and is proportional to die change in dependent variables by 

23 A;*"^^ = At'^ 2Az' 
Az*+Az'^ m 

(5-9) 

24 

25 In (5-9), Az * is input and is the change in dependent variable (pressure and saturation) such 

26 that At*"*"̂  = At^. Az^ is the maximum change in a dependent variable across all grid blocks 

27 defined as ẑ "̂ ^ - z^. The time step is further resuicted such diat Atm\n < ^'^ < '̂max and 

28 At '̂*'̂ /At'̂ .< At^. Ar^ în, Atjj^^ and At̂  are all user specified. The time step calculated above 

29 is reduced if required so that the resulting elapsed simulation time is coincident widi the times 

30 required for specifying a change in well data, material property data, or for printing output. 

31 A third issue concerns the spatial location where die various coefficients in die finite difference 

32 analogs of die conservation equations, (5-6) and (5-7), are evaluated. These coefficients involve die 
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Figure 5-6. Five-Point Finite Difference Stencil. 

grouping of parameters, {pbkiCBb/U-b)*{krb) bvine phase and [pg^iCQb/lib) *[k-rg] 

the gas phase in the direction £. The discretization of (5-6) and (5-7) about a grid block center 

located at i , j as used in BRAGFLO necessitates the evaluation of these coefficients at the 

interfaces between/, 7 and its four neighboring grid block centers (i.e., at (i + l , j ) , (1-1,7), 

(/,y-(-l), and ( i , y - l ) ) . This raises the following question: How should the values of the 

coefficients evaluated at adjacent grid block centers be correcdy averaged to obtain the interface 

value? 

Mass balances about die interface between two grid blocks indicate diat a harmonic average of 

its coefficients evaluated at adjacent grid block centers conserves mass, (Fanchi et al., 1982; 

Peaceman, 1977). Furthermore, experience (Crichlow, 1977; Rubin and Vinsonie, 1980; 

Peaceman, 1977; Crookston et al., 1979; Coats, 1980) has shown that use of a relative 

permeability in the block that has the larger phase potential of the two neighboring blocks yields 

more reliable results. This is called "upsUeam weighting" in the reservoir modeling literature. 

The formulation in BRAGFLO combines the upsUeam weighted relative permeabdity with the 

harmonic average of remaining grouping of parameters in the coefficients to yield interface 

coefficient values. 

UpsUeam weighting of relative permeability produces rnore realistic results compared to 

complete harmonic averaging. This can be best understood by considering the flow of a phase 
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1 between two adjacent grid blocks for the case when the grid block having die lower potential also 

2 has none of the flowing phase present (i.e., relative permeability = 0). In this case, using a 

3 sttaight harmonic average would never allow any of the phase to flow into the lower potential 

4 block. In other words, assuming only potential flow, once a phase saturation in part of the 

5 reservoir is reduced to below its residual saturation i t wi l l remain below residual saturation 

6 regardless of the potential gradient. UpsUeam weighting eliminates this unrealistic behavior. 

7 UpsUeam weighting also produces more stable results allowing larger time steps to be taken. 

8 Unfortunately, upstream weighting also tends to increase numerical dispersion producing a 

9 smoothing of sharp fronts (in saturation and pressure fields) particularly around interfaces between 

10 differing materials. The shape and magnitude of the fronts may become distorted (broadened); 

11 however, die area under (or spatial integral of) the saturation or pressure disuibution is conserved. 

12 

13 5.2.3 S P A T I A L AND T E M P O R A L G R I D S — J a m e s D. Schreiber 

14 The geometry used in the two-phase disturbed conditions modeling is similar to that used in 

15 the undisturbed calculations. It represents an axisymmetric approximation lo an equivalent panel. 

16 Cylindrical geomeuy was necessary for two reasons. First, the actual geomeuy of the WIPP 

17 repository is too complex for PA modeling; a mesh having all the detail of the repository, or even 

18 of a single panel, would be prohibitively large and would require more computation time than is 

19 available for a single year's PA calculation. Second, BRAGFLO is currendy a two-dimensional 

20 model; cylindrical geometry allows the most important aspects of flow over a large areal extent to 

21 be simulated in only two dimensions. Specifically, the convergence of flow radially toward a 

22 point sink can be modeled more accurately in cylindrical geometry than in rectangular geometry. 

23 This is important because on a large scale the flow is radial toward the inuusion borehole, which 

24 is located along the axis of symmeuy. Even within a panel, because of the relatively high 

25 permeability of the waste, flow wil l be essentially radial, though consuained by the pillars to be 

26 more rectilinear. For flow into a panel from the far field, the most important features of a panel 

27 are its perimeter, both the length and the distance of the perimeter from the center where an 

28 intrusion well is assumed located, and the enclosed volume. How diese parameters are averaged 

29 into a cylinder is somewhat arbitrary, and compromises are necessary. 

30 In modeling a panel for PA purposes, the panel is Ueated as a cylinder having the same 

31 enclosed floor area as an actual panel, including the area occupied by the pillars. This results in a 

32 cylinder having a radius of 96.78 m. To account for the inclusion of die pillars, which have a 

33 very low porosity, the porosity of the panel is adjusted from the final porosity of die waste alone. 

34 'The initial brine saturation is also adjusted for the presence of pillars that are fully saturated with 

35 brine. These calculations are discussed in Section 3.4.8 of Volume 3. 

5-22 



Two-Phase Flow: BRAGFLO 
Spatial and Temporal Grids 

1 The region modeled includes the cylindrical equivalent panel and the surrounding Salado 

2 formation widi anhydrite layers above and below (see Figure 4-1). The borehole is coincident 

3 with the axis of symmeuy. The region extends upward to the top of the Culebra, downward to the 

4 bottom of the Castile brine reservoir, and outward approximately 22.3 km. By including the 

5 Castile and Culebra, the major sources and sinks for brine flow to and from the repository are 

6 represented in a single model. The far-field boundary is intended to be far enough away to justify 

7 the use of a no-flow boundary, which is required in BRAGFLO, widiout the boundary affecting the 

8 behavior of die repository. While a further removed boundary might be desirable for greater 

9 accuracy widi this model, die formations being modeled actually extend only about 10 km nordi 

10 of the repository (see Figure 1.5-2, Volume 3). Anhydrite layers a and b immediately above the 

11 repository have been consolidated into a single layer with a thickness equal to the combined 

12 thicknesses of a and b and located at the elevation of layer b, the one closer to the repository. The 

13 panel thickness was varied, depending on the final porosity of the waste, which in turn depends on 

14 the composition of the waste and the total gas generation potential. The procedure for calculating 

15 the panel height and porosity, and the assumptions used, are described in Section 3.4.8 of 

16 Volume 3. The DRZ extends vertically upward dirough the anhydrite layer and downward through 

17 MB139. Beyond the outer radius of die panel, both the anhydrite layers and the Salado are inuici. 

18 The center of die inuusion borehole is located at the axis of symmeuy. 

19 
20 5.2.4 M A T E R I A L P R O P E R T I E S AND B O U N D A R Y AND INIT IAL 
21 C O N D I T I O N S 

22 Specification of boundary and initial conditions are required to complete the formulation. 

23 Upon examination of equations (5-6) and (5-7) it is evident that diey are second-order with respect 

24 to gas pressure (Pg) and brine pressure (Pb). Thus two boundary conditions are required for each 

25 phase pressure in each dimension (two on Pg and Pb in x and two on Pg and Pb in y). BRAGFLO 

26 handles boundary conditions in a way that typifies reservoir models; that is the reservoir of 

27 interest is enclosed by a boundary across which there is no flow in the direction normal lo it. 

28 Mathematically these types of conditions are Neumann boundary conditions in which the normal 

29 derivative of pressure to die boundary is zero. In BRAGFLO this is accomplished by assigning a 

30 zero value to the normal uansmissibilities along each of the boundaries for both the gas and brine 

31 phase. 

•32 Through the use of wells, BRAGFLO has die capability to override the no-flow conditions.. 

33 By locating pressure-consUained or flow-consuained fictitious wells along the boundaries, fixed 

34 pressures along the boundary or non-zero flow into or out of the reservoir across the boundary can 

35 be approximated. 
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1 The calculations of this report are based on the assumption of no-flow boundaries with the 

2 exception of a constant pressure condition located al the far field in the Culebra. The no-flow 

3 conditions occur on two types of boundary lines: (1) along the far-field boundary and above and 

4 below the repository and (2) along a vertical line of symmeuy that passes through the center of a 

5 panel (the smallest unit of the repository that is assumed to be hydrologically isolated). For 

6 application to WIPP, an implicit assumption is that the boundaries of die no-flow type iire located 

7 far enough away from the repository that they have a negligible influence on the flow behavior in 

8 and around the repository over the 10,000-year lime span. A constant-pressure well is located at 

9 the far-field Culebra boundary because the Culebra zone is the most permeable material in our 

10 reservoir model. The constant pressure well allows for the possibility of flow across die boundary 

11 in the event that the flow fields affect die pressures and saturation near this boundary. 

12 A number of variables and properties must be specified at time /=0. These initial conditions 

13 consist of: (1) the two dependent variables aligned with (5-6) and (5-7) {Sg and Pb), (2) the 

14 reservoir properties of porosity and the directional permeabilities, and (3) the concentrations of 

15 metal and cellulose. These variables musi be specified throughout the simulation volume and 

16 along the boundaries. Al l other material (fluid and reservoir properties) must also be specified; 

17 however, properties such as relative permeabilities, capillary pressures, densities, viscosities, 

18 dissolved gas, etc., are functions of the previously specified dependent variables and are calculated 

19 in BRAGFLO. (Details on material, fluid, and reservoir properties used in BRAGFLO 

20 calculations are provided in Volume 3 of this report.) 

21 
22 5.2.5 R E S U L T S AND D I S C U S S I O N — P a l m e r Vaughn and J a m e s D. 
23 S c h r e i b e r 
24 
25 5.2.5.1 Overall Results 

26 PA calculations using BRAGFLO have been completed for the 1991 "snap-shot." The results 

27 from the 600 two-phase-flow simulations quantify the flow fields in and around the repository over 

28 10,000 years for all die vectors comprising the E2 and E1E2 summary scenarios. A vector is a set 

29 of model input parameter values obtained from one particular sampling of parameter value / N. 

30 probability disuibuuons. The flow fields from the El scenarios are inferred from the ElE2 resulLs ( j 

31 as justified earlier, in Section 5.1.2. In addition to the 600 simulations u.sed in the consequence ^ • ^ - . ^ 

32 analysis, an addiuonal 120 simulations were completed for comparing the effects of gas generation 

33 widi no gas generation. 

34 A detailed analysis of all the BRAGFLO results is an ambitious task and is not available al 

35 this time. Such an analysis is focused on analyzing the output of all 600 simulations wilh respect 

36 to pressures, saturations, gas generation, iron concentrations, and cellulosic concentrations in order 
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1 that phenomenological differences resulting fi-om the wide disparity in parameter values associated 

2 with each vector may be evaluated. 

3 A number of general conclusions diat have important impact and implications on the final 

4 CCDFs can be made at this time. The discussion of results in this section is focused on the 

5 intenmediate flow-field results from BRAGFLO and not on final CCDFs. A discussion of the final 

6 CCDFs and the effect of gas on radionuclide release is summarized in Chapter 6, Volume 1 of this 

7 report. Unless otherwise defined, the term " f low" in this section is used to represent the 

8 cumulative amount of contaminated brine (in m^) that flows up an inuusion well and enters the 

9 Culebra over the 10,000 years following emplacement. 

10 The first conclusion is that for each vector of the E2 and E1E2 scenarios die "f low" decreases 

11 for later-occurring inuusions. In Figures 5-7 and 5-8 the "flows" are ploued for each vector at the 

12 selected inuusion times of 1000, 3000, 5000, 7000, and 9000 years after die repository is sealed. 

13 Figure 5-7 corresponds to the E2 scenario while Figure 5-8 corresponds to die E1E2 summary 

14 scenario. In all ca.ses the flow not only decreases with increasing inuusion time but it decreases at 

15 an increasing rate as the time of inuusion increases. 

16 This is an important conclusion. The Uend in "f low" versus inuusion time had been observed 

17 in the case of single-phase, fully brine-saturated flow, but was unverified, until now, for die case 

18 of simultaneous flow of brine and gas with gas generation. This suggests that die release of brine 

19 from eariy inuusion times may bound diat of latter times. As long as CCDFs ba.scd on early time 

20 release comply with the regulation there may be no need to consider late intrusion time scenarios. 

21 This conclusion does not apply when considering Resource Conservation and Recovery Act 

22 (RCRA) compliance and may not hold for other conceptual models or other combinations of 

23 parameters. 

24 A second conclusion is that the "flows" from the E1E2 summary scenario exceed the "flows" 

25 from the E2 scenarios in all vectors for each intrusion time investigated. Figures 5-7 and 5-8 

26 described earlier support this conclusion. The larger E1E2 "flows" compared to E2 are dominated 

27 by the flow of Castile brine radier than die flow of Salado brine. The flow of Castile brine into 

28 the waste panel and up the inuusion borehole is larger than that from the Salado for a number of 

29 reasons. First, die borehole connecting die Castile brine pocket to the waste panel is much more 

30 permeable (4 to 6 orders of magnitude in m-̂  units) than are the anhydrite layers (the primary flow 

31 paths for Salado brine to reach the panel). Second, the Castile rock compressibility, which is 

32 calculated from the bulk storage coefficient, is larger than that of the anhydrite. The larger rock 

33 compressibility results in a smaller pressure decline per unit volume of brine removal from the 

34 brine pocket than that which occurs in the anhydrite. Thus the potential difference (the potenual 

35 for flow) between die brine pocket and the waste panel does not decline as rapidly as that difference 

36 between the anhydrite and the panel. Third, the brine volume available in the anhydrite is small 
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1 compared to that of the brine pocket and die brine which flows out of the anhydrite is replaced 

2 slowly by the surrounding Salado due to- low Salado permeability. Finally, good connectivity 

3 between the panel and the brine pocket and the high brine pocket pressure generally causes the 

4 panel to pressurize more rapidly and to a higher level in the E1E2 compared to the E2, thus 

5 reducing further die component of flow from die far field along die anhydrite in die E1E2 compared 

6 to the E2. However, this is more than offset by the large conuibution to borehole flow from the 

7 brine pocket. 

8 A third conclusion is diat gas generation produces lower "flow" than in the absence of gas 

9 generation for all of die vectors in die E2 and EIE2 1000-year inuusion time summary scenarios. 

10 Comparisons for die El scenario are believed to result in die same conclusion. In Figures 5-9 and 

11 5-10, the flows from the 120 input vectors are compared to the flow from the same input vectors 

12 with zero gas generation rates. The zero reaction rates are the only differences between the two 

13 input vector sets. Figure 5-9 corresponds to die E2 scenario class, while Figure 5-10 corresponds 

14 to the E1E2 scenario class. The intrusion time is 1000 years (die inuusion time which produces 

15 the highest releases). The "flows" from the gas generation simulation are lower and the amount or 

16 percentage of reduction in "flow" differs from vector to vector. 

17 The effect of gas generation on "flow" is more pronounced in the E2 scenarios than in the 

18 E1E2 widi respect to die percent reduction in "flow" because of the smaller "flows" associated with 

19 the E2 cases. The amount of the reductions are, however, consistenUy larger for the E1E2 

20 scenarios. An analy.sis of the-results presented in Figures 5-9 and 5-10 indicate that for the E2 

21 scenario the average "flow" of the 60 vectors is reduced from 9.0xl02m^ to 4.0xl0^m2, a 

22 reduction of 5.0xl0^m3 or 55% when gas generation occurs. The number of E2 vectors resulting 

23 in zero "flow" increases from 0 to 22 when gas is considered. The average "flow" of die 60 E1E2 

24 vectors is reduced from 8.2x10^ to 7.0x10^, a reduction of 1.2x10^ or 15%. The large flow rates 

25 of Castile brine into die panel compared to the flow rates of brine from Salado into the panel once 

26 the repository and brine pocket is breached is partially responsible for the lower percenuige 

27 reduction in flow observed in the E1E2 scenario compared to E2. The large flow from the brine 

28 pocket occurs in spite of rising gas pressure in the waste panel because at the 1000 year time of 

29 inuusion die pressure in the panel is still significandy lower than that of die brine pocket and the 

30 connection between die brine pocket and panel is quite permeable. 

31 The percent reduction in "flow" is expected to be larger in E1E2 scenarios at later intrusion 

32 times provided gas generation still occurs for at least two reasons. First, die higher pressures from 

33 continued gas generation at the latter inuusion times will slow the flow of Castile brine. Second, 

34 the longer reaction times before inuusion result in increased brine consumption and gas generation. 

35 The larger presence of gas in the panel at the time of intrusion results in lower brine 
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1 mobilities so not only must a larger amount of gas be displaced from the panel before brine flows 

2 up die inuusion well but it is displaced at a slower rate. 

3 Conclusion 4 is that the "f lows" produced during E2 summary scenarios do not bound the 

4 flows produced during the E l summary scenario in some vectors. For reasons discussed earlier in 

5 Section 4.2.3, the E2 "f lows" exceed those from El at the higher E2 " f low" vectors except for 

6 many of the vectors that produced littie or no E2 flow. In those vectors where El " f low" exceeds 

7 E2 flow, the "f lows" are close in magnitude to each other. In generating the final CCDFs, the 

8 releases from E l are approximated by those from the E2 scenario. This is justified since the E2 

9 releases either bound those of E l or the magnitudes of the El releases are sufficiently close to 

10 those of E2 that they fall in the same discretized release "bins" used in calculating the CCDFs. 

11 Conclusion 5 is that the " f low" produced during E l summary scenarios at early intrusion 

12 times does not bound that which is produced at later inuusion times for some vectors. This is 

13 different behavior than is .seen for flows produced from E2 and E1E2 summary scenarios. In 

14 Figure 5-11 " f low" produced during El summary scenarios is presented for each vector at the 

15 five inuusion times (1000, 3000, 5000, 7000, and 9000 years). At the higher "f low" magnitudes 

16 (in excess of 5000 m^) the eariy inuusion "f lows" exceed the "f lows" at later inuusion times for 

17 all vectors. At low " f low" magnitudes (less than 5000 m-̂ ) the early inuusion "f lows" do not 

18 necessarily exceed the "flows" at later intrusion times when comparing "f lows" resulting from the 

19 1000-, 3000-, and 5000-year inuusion times (vector 18 and 38 for example). Because the releases 

20 for these particular vectors are low this behavior does not appreciably affect the CCDFs. The 

21 causes of these trends at low "f low" magnitude arc being investigated and while interesting from a 

22 phenomenological pr mechanistic point of view, they are not at this time believed to be important 

23 widi respect to compliance assessment. 

24 Preliminary examination o f sonie of the deuils in pressure, saturation, and reaction rate 

25 profiles from vector 58 (a vector where "flow," although small, is greater for the 3000-, 5000-, and 

26 7000-year inuusion time than for the 1000-year inuusion time) suggest that the increase in El 

27 " f low" at later inuusion times may be a result of increased gas generation. In this vector a large 

28 gas pocket forms in the panel shortly after flow from die panel through the inuusion well begins. 

29 The gas pocket is located in the upper part of the panel some 20 to 50 m from die well, isolating a 

30 portion of the panel from the brine. The gas pocket continues to expand throughout the 10,000 

31 years and drives brine predominantiy toward the well but also out along the MB -139 as well. 

32 During the 1000-year inuusion time scenario this gas pocket does not form and the subsequent 

33 "gas drive" does not occur. The additional contribution to "f low" from the gas drive is believed to 

34 result in some of the later inuusion times having larger releases. Gas pockets typically do not 

35 persist throughout the 10,000 years. They tend to di.ssipate shordy after intrusion. Exactly how 

36 they form and under what conditions they form is being investigated. 

5-27 



Chapter 5. Disturbed Conditions of Repository/Shaft 

1 

2 5.2.5.2 Results for a Typical Vector 

3 A "typical" vector is analyzed to illusuate the significant features and behavior of two-phase 

4 flow under disturbed conditions when an inuusion borehole opens at 1000 years. Vector 18 was 

5 chosen as typical in that brine releases were very low, but nonzero, in die E2 scenario (the 

6 majority of die 60 vectors showed zero release) when gas generation was included. Without gas 

7 generation, the release was higher by a factor of about 6, well widiin the range of differences seen 

8 among die 60 E2 scenario vectors. In the E1E2 scenario, die release for vector 18 was near the 

9 mean for the 60 vectors when gas generation was modeled. With no gas generation, the release 

10 was just slighUy higher, as was generally the case. 

11 The behavior seen in vector 18 appears typical, particularly die pressure history in the waste, 

12 which, in the case of gas generation, shows a rapid buildup followed by an even more rapid 

13 pressure release when the intrusion borehole opens at 1000 years. The pressure budds up again, 

14 rapidly in die E1E2 scenario, and very slowly in the E2 scenario. Without gas generation, the 

15 pressure in the waste simply rises monotonically approximately to hydrostatic pressure at die time 

16 of borehole opening, then the pressure levels off and remains nearly constant for die remainder of 

17 die 10,000-year period. 

18 

19 Comparison of E2 With E1E2, With Gas Generation 

20 During the first 1000 years, the behavior of the two scenarios is identical, since the Castile 

21 brine reservoir is modeled as being completely isolated from die Salado by an impermeable layer of 

22 Castile anhydrite. Pressure in die waste rises rapidly to 9.2 MPa primarily as a result of gas 

23 generation. Small amounts of brine also flow in from the anhydrite layer above the repository and 

24 from MB 139, which tends to equalize die pressure in the waste widi die pressure in the far field, 

25 which is at 12.8 MPa. In diis vector, gas generation by anoxic corrosion occurs rapidly compared 

26 to odier vectors; approximately 55% of the corrodible metal in die waste is consumed by 1000 

27 years, the biodegradation rate is slower, but die amount of biodegradable material is one of the 

28 lowest among the 60 vectors, and it is fully consumed in about 350 years. 

29 The intrusion borehole opens at 1000 years, resulting in rapid depressurization in both 

30 scenarios. In the E1E2 scenario, the pressure (Figure 5-12) bottoms out at 2.5 MPa 280 years 

31 later. (It should be noted that in the WIPP repository and the surrounding geologic media, "rapid" 

32 changes occur over centuries, not days, weeks, or a few years.) During this period, a gas column 

33 (i.e., a gas-filled degraded borehole plug) connects the waste panel widi the Culebra. Since the 

34- pressure in the Culebra remains fairiy constant at about 1.05 MPa, the pressure in the waste could 

35 continue to drop to this level. Countering the drop in pressure is continued gas generation by 

36 anoxic corrosion, which finally consumes all corrodible metal by 1630 years. At die same time. 
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1 brine flow from the Castile is rapidly filling the panel. By 1540 years, the waste panel is 

2 connected to die Culebra by a column of brine, and the pressure in die waste rises above 

3 hydrostatic. Because the pressure in the Castile (11.57 MPa) is above hydrostatic, a gradient 

4 higher than hydrostatic is maintained in the borehole, resulting in die pressure being higher than 

5 hydrostatic in the waste. The panel pressure peaks at 7.9 MPa immediately after connection is 

6 made with the Culebra, and drops very slowly over the rest of die 10,000-year period to 7.7 MPa. 

7 Hydrostatic pressure at the repository level, with the Culebra pressure fixed at 1.053 MPa and 

8 brine density of 1230 kg/m^, is 6.04 MPa. The pressure in die waste is actually slighUy greater 

9 than even die gradient from the Castile would impose. This is probably caused by brine flow from 

10 the far field, which will tend to elevate the pressure closer to the far field pressure of 12.8 MPa, as 

11 long as there is some resistance to flow up the borehole. The pressure in the waste drops slowly 

12 over time because the Castile brine reservoir pressure is slowly decreasing as brine is withdrawn. 

13 Because of the high storage capacity of the brine reservoir, the pressure diere drops only from 

14 11.57 MPa initially to 11.51 MPa after 10,000 years. During the 8500 years that brine flows 

15 upward from die waste panel, about 31,500 m^ of brine is released (Figure 5-13). 

16 In die E2 scenario, the pressure in the panel (Figure 5-14) continues to decrease long after the 

17 borehole opens. Gas continues to be generated by anoxic corrosion until all corrodible metal is 

18 reacted after 4100 years, but the production rate is low because die brine saturation is low owing to 

19 the slow recharge from the far field and consumption of brine by the corrosion reaction. The 

20 . borehole is filled widi gas and offers littie resistance to gas flow, so as gas is generated, it simply 

21 flows up to the Culebra, where the relauvely high permeability results in nearly constant pressures 

22 of 1.05 MPa. Thus, waste pressure bottoms out at 1.09 MPa after 5400 years. Brine is flowing 

23 in from MB 139 and from die anhydrite layer during this time, and once conrosion ceases, die panel 

24 slowly fills up. After 7700 years, the panel is finally filled and a brine column fills die borehole 

25 to the Culebra after 7700 years, at which time the pressure in the waste climbs to just above 

26 hydrostatic. It continues to rise very slowly for die remainder of the 10,000 years, presumably as 

27 a result of inflow from the far field and some resistance to flow in the borehole. Until the panel 

28 and borehole are filled with brine, there is actually a downward flow of brine from die borehole 

29 into the panel (see Figure 5-15). This brine is seeping into the borehole from die Salado along the 

30 400 m of Salado between the repository and the Culebra. Once the panel is filled, at 7700 years, 

31 the direction of brine flow in the borehole reverses, and 1300 m^ of brine flows from the panel 

32 over die next 2300 years. 

33 There are clearly some major differences in behavior between the E2 and the E1E2 scenarios, 

34 owing to the high pressure in the Castile brine reservoir. Without that large source of brine, 

35 releases from the waste panel are delayed 6700 years, and die rate of release is far lower. Over the 
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•1 10,000-year regulatory period, the amount of brine released in the E2 scenario is only 1300 m^, 

2 compared widi 31,500 m^ when a pressurized brine reservoir is intercepted. 

3 
4 Comparison of E1E2, With Gas Generation, With E1E2, Without Gas 
5 Generation 

6 Widiout gas generation, the pressure in die waste rises slowly at first (Figure 5-16), the only 

7 mechanism for increasing pressure being inflow of brine from MB 139 and the anhydrite layer. 

8 Only when die panel is nearly full of brine does die pressure rise rapidly. This occurs just prior to 

9 die borehole opening. When die borehole does open at 1000 years, die pressure in die panel has 

10 not yet reached hydrostatic. Brine then drains into the panel by way of the borehole from the 

11 Salado DRZ, the anhydrite layer and die lower Salado above die repository, and pressure in the 

12 neighborhood of hydrostatic is achieved. Only a small amount of the gas diat was present initially 

13 flows into the borehole (less dian 0.2 m^ at reference conditions); die rest has been compressed to 

14 less than residual saturation and remains uapped in the waste. The borehole then fills with brine 

15 up to die Culebra. The pressure holds nearly constant for the remainder of the 10,000 years, as 

16 was the case with gas generation, except that the pressure is very slightly lower without gas 

17 generation dian widi gas generation. The greatest effect of gas generation is on die brine flow out 

18 of the waste (Figure 5-17). Aldiough the time when the brine first flows out is about die same in 

19 both cases, the flow rate is higher (4.32 m^/yr at 10,000 years, vs. 4.08 m^/yr) and die total flow 

20 out over the 10,000 years is greater when no gas is generated. Cumulative releases of brine are 

21 31,500 m^ with gas generation and 37,300 m3 without The process of filling die panel, driving 

22 out enough gas for brine to make the connection to the Culebra, and starting flow out of the panel 

23 seems to take nearly as long whether or not gas is generated. 

24 There are several reasons for the higher releases when no gas is generated. With gas 

25 generation, the panel initially fills with gas over the first 1000 years; and at the same time, brine ^—v..^^^ 

26 is consumed by anoxic corrosion, further reducing the brine content of die panel. Gas production f | y | j 

27 via corrosion consumes about 2660 m^ of brine. The rapid pressure buildup with gas generation V J _ ^ 

28 resuicts the flow of brine from the anhydrite layer and MB 139 during the first 1000 years 

29 preventing another 150 m^ of brine from coming in through MB 139, compared with when gas is 

30 generated. (Flow through the anhydrite layer is largely unaffected during this time period.) 

31 Without gas generation, essentially all the gas that is present is compressed down to residual 

32 saturation or less before die borehole opens. Thus, diere is no resistance to brine flow imposed by 

33 the presence of gas. With gas generation, there is gas present in some part of the panel at 

34 saturations greater than residual for die full 10,000 years. This resuicts flow from the far field and 

35 flow through the panel fi-om the Castile, even after the panel is sufficienUy filled with brine that it 

36 flows upward to the Culebra, which is delayed 540 years while the panel fills. The result is 
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1 slighdy higher pressure in die panel. At die same time, the gas bubble driven up into the Culebra 

2 is restricting flow there, resulting in higher pressures in the Culebra at the top of die borehole. 

3 The pressure diere is high enough that the pressure drop from the panel to the Culebra is lower 

4 than when no gas is generated, which also reduces die flow rate of brine from the panel. 

5 

6 Comparison of E2, With Gas Generation, With E2, Without Gas 
7 Generation ^ 

8 As with the E1E2 scenario, die E2 scenario shows no pressure spike when no gas is generated 

9 (Figure 5-18). The pressure in the panel reaches hydrostatic in about 1850 years. When the 

10 borehole opens at 1000 years, the pressure is still below hydrostatic, and brine drains down from 

11 above to fill and pressurize the panel. The source of this brine is the Salado DRZ, the overlying 

12 anhydrite layer, and the lower Salado Formation above die repository. Flow upward to die Culebra 

13 (Figure 5-19) begins after 1760 years. The effect of gas generation is clear in diis case: Widi gas 

14 generation, the time lag between borehole inuusion and brine flow out of the panel is 6730 years; 

15 without gas generation, die time lag is only 760 years. This shorter lag time results in far greater 

16 releases of brine: 8430 m^ vs. 1300 m^ with gas generation. When no gas has been generated, 

17 only residual saturation remains a short time after the borehole opens, so gas imposes no 

18 resistance to flow of brine dirough the waste from the anhydrite layer or MB 139, as it does when 

19 gas is generated. Thus, the flow rate out of the panel is higher even after 10,000 years when no 

20 gas is generated: 0.92 m^/yr vs. 0.68 m^/yr with gas. 

21 

22 5.3 Repository Discharge (PANEL)—Walt Beyeler and James 
23 W. Garner 

24 Boreholes peneuating a waste panel and possibly a Castile brine pocket can initiate the flow 

25 of brine and dissolved radionuclides between die repository and the Culebra Dolomite. Based on 

26 coupled models of fluid flow and the geochemical processes occurring widiin the repository, the 

27 discharge rale can be calculated widi the code PANEL. 

28 This model estimates rates of discharge of radionuclides and brine to die Culebra resulting 

29 from interconnection by one or more boreholes of the Culebra, repository, and possibly a Castile 

30 brine pocket underlying die repository. Radionuclide discharge depends on flow through the waste. 

31 Flow rates may be calculated internally in PANEL, or may be specified from a separate model 

32 (e.g., BRAGFLO). The 1991 calculations of the consequence analysis for disturbed conditions 

33 used flow rates calculated by BRAGFLO and not diose of PANEL. Only die waste mobilization 
34 and uansport model of P/^NEL is used. 
35 Figure 5-20 is a schematic diagram of die Castile, repository panels, and Culebra following 

36 peneuation. 
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Figure 5-20. Borehole Penetration of Repository Panels and Brine 
Pockets 

5-45 



Chapter 5. Disturtjed Condrtions of Reposrtory/Shaft 

1 Chemical/physical processes goveming radionuclide flux are: 

2 a. Dissolution of solid waste in the repository, 

3 b. Radioactive decay, and 

4 c. Advection of dissolved radionuclides from die repository to die Culebra. 

5 Processes considered in the intemal flow model are: 

6 a. Upward flow dirough each borehole (G^ [I?T~^]y from die Castile reservoir due to the 

7 difference between die reservoir pressure and die pressure in die panel at the borehole 

8 location; 

9 b. Row into each repository panel from the Salado (j2/j [1-T ]); 

10 c. Flow between boreholes k and j within a panel (Gx^^. [i?T~^]), 

11 d. Upward flow through each borehole from the repository to die Culebra (Q'̂ .̂ [l?T ^]). 

12 The following describes die mathematical models used to represent die above process. 

13 
14 5.3.1 FLUID FLOW MODEL 
15 
16 5.3.1.1 Assumptions 

17 While die fluid-flow model of PANEL was not used during die consequence analysis 

18 calculations, it was used for preliminary screening and comparison calculations. For diis reason a 

19 discussion of PANEL'S fluid-flow model follows. 

20 All flow is assumed to occur as a single fluid phase. Possibly relevant processes which are 

21 neglected in diis simplified approach include gas generation within the waste, exsolution of gases 

22 from Castile brine, and precipitation in the wellbore resulting from chemical or thermal 

23 disequilibrium between Castile brine and borehole fluid. All components of die flow system 

24 which are explicitly included in the model (see below) are assumed to be governed by Darcy's law. 

25 Hydrologic properties of each component are therefore completely characterized by hydraulic 

26 conductivity, specific storativity, and component geomeuy. 

27 Volume 3 discusses ranges of values of diese properties for die Castile, borehole fill, waste, 

28 and Culebra. 

29 Using diese properties, an analysis of die hydrologic response of these components following 

30 interconnection by a borehole of the Castile, repository, and Culebra suggests the following 

31 (Rechard et al., 1990b): 

32 a. During discharge, pressure in the Culebra is not significandy elevated above its initial 

33 value; 
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1 b. Time constants for intemal pressure Uansients in die Castile (bodi large and small fracture 

2 sets), borehole, and waste range from less than a year to tens of years; 

3 c. The discharge time of the Castile reservoir ranges from thousands to hundreds of thousands 

4 of years. 

5 On diis basis, the following assumptions about the Castile, boreholes, waste, and Culebra have 

6 been made in die fluid flow model: 

7 a. The Culebra acts as a fixed pressure discharge for all boreholes. 

8 b. The Uansient behavior of the system over the period of interest is governed by the 

9 depletion of the brine reservoir, rather than by intemal pressure uansients within any 

10 component. Accordingly, all components are assumed to be at steady state with respect to 

11 boundary pressures at any given time. 

12 c. The evolution of boundary pressures is controlled by depletion of the brine reservoir. 

13 Pressure change is assumed to be a linear function of die change in reservoir brine volume 

14 (e.g., due to linear elastic expansion of reservoir fluid and anhydrite): 
15 

16 AVp = SbAPp (5-10) 

17 In terms of parameters of the Darcy flow model, the storativity of all components other than 

18 the brine reservoir is assumed to be zero. The conductivities of die brine reservoir and Culebra are 

19 assumed to be infinite.. 

20 Brine inflow rates from die Salado are assumed to be described by a differential equation which 

21 is linear in boundary pressure (such as the Darcian flow equation). In addition, pressure gradients 

22 within the panel due to flow from the Salado are assumed to be small, so diat the pressure at the 

23 waste/Salado interface is effectively equal to an equivalent panel pressure PQ. . Salado brine inflow 

24 for an arbiuary pressure history in die panel can be estimated by convolution. 

25 . .. . 

26 5.3.1.2 Mathematical Formulation 

27 Volume balance expressions are written for each borehole at the point of peneuation of the 

28 waste panel (Figure 5-21) as follows: 

29 Q'Hj = QRj + . + Q'p. (5-11) 

30 

31 where Qjj is that portion of Qjj discharged through the conuol volume. 

32 Darcy's law allows all flow components at each junction to be expressed in terms of the 

33 discharge (Culebra) pressure (p^) , pressure in the panel at each wellbore (P'j), die pressure in die 

34 panel at odier wellbores (Pj^) and the instantaneous pressure in die brine reservoir (Pp): 
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Figure 5-21. Waste Panel Penetration 
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e i y = 4 , ( ^ - ^ - ^ ) (5-12) 

Q ^ j - l Q ^ ^ - I . ^ j k ( ' k - ^ ; ) (5-'4) 
k*j k^j 

4 Qpj=^ij(^-^r'^) ^'-''^ 

5 

6 The connection terms C • are the effective hydraulic conductances (in units of m /̂s/Pa) of the 

7 pathways associated widi each flow component C,ŷ  and C,̂ -̂. are the conductances of the upper 

8 and lower portions of wellbore is as follows: 

KA) 
9 C ' . = i - (5-16) 

^^J AZ2Pg 

10 (5-17) 
h AZipg 

11 

12 where, . . 

13 K = hydraulic conductivity of the borehole fills, 

14 A = borehole cross-sectional area, 

15 AZj = lengdis of die lower segment of die borehole, 

16 AZ2 = lengdis of die upper segment of die borehole, 

17 p = fluid density, and 

18 g = gravitational acceleration. 

19 The effects of alteration of borehole hydraulic properues dirough plug degradation and closure may 

20 be included by varying the product KA for each borehole widi time. 

21 Q'jf is allocated among wellbores in panel i based on the wellbore radius (via the 

22 wellbore/waste conductance term ) and the pressure at the wellbore (via the far-field waste 

23 pressure PQ). Accordingly, the individual discharges Q̂ ĵ . must collectively satisfy 
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2 

3 

4 

5 

6 

7 

8 

9 

10 

(5-18a) 

The instantaneous inflow rate to the panel, Qjj, is given by the pressure history in panel i and 

the unit pressure response function h(t): 

ei=(̂ /-̂ (SH (5-18b) 

where P[ is die equilibrium (far field) pressure at the repository elevation. 

The wellbore/waste conductance is estimated as die steady-state conductance between the 

wellbore radius r^. and a radius equal to one-half the widdi of a panel excavation: 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

2nK]fb (5-19) 

In 

K^JJ 

P8 

where Kj^ is the hydraulic conductivity of die waste, and b is the panel height. 

^ is die conductance between boreholes within die same waste panel, and is given by: 

(5-20) 

where CD is that portion of the inter-borehole conductance due to borehole separation, i.e., the 
'^jk 

conductance of die paths between die far fields of each borehole (Figure 5-22). 

Substituting for flow terms in (5-11) gives: 

(5-21) 

The linear relationship between Castile brine reservoir pressure decline and total reservoir 

discharge volume can be written: 
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Figure 5-22. Conductance Between Boreholes Within the Same Waste 
Panel 
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' j 

(5-22) 

2 Because of the possibility of time-vary ing borehole properties (see above), coefficients of 

3 (5-21) are not constant. The system is therefore solved numerically using a semi-implicit 

4 expression for Q'̂ ^ in (5-22) to approximate Pp: 

6 

7 

8 

9 

Pp{'2)=PpM-^l'ZQ'pj 
i j 

e/y=ci.{̂ [/v(ri)+/',('2)]4H('i)̂ ':;('2)]-̂  

(5-23) 

(5-24) 

where . is an effective conductance for the lower portion of the borehole over the interval 

(/] ^ 2̂) • estimated from the harmonic mean of the end point values: 

10 

11 

12 

13 

-I %{'&C,j{t2) 

Ci,/'i)+Cl..('2) 

Substituting (5-24) into (5-23) and defining 

(5-25) 

14 

15 

16 

17 

18 

19 

20 

21 

I m 

At = t2- t i 

yields 

Collecting junction pressure terms pj in (5-21) gives: 

(5-26a) 

(5-26b) 

Pp{t2) = Y ^ : = ^ { [ l - M̂L W]Pp{tl) + [Plm{t\)] + WL[Pim(^2)] + 2 ( 1 ) } (5-27) 
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3 

4 

f \ 

<Vj ^^Wj + UCxkj ^^Lj ^r^^X^n-<LjT'p 
k*j ) k*j 

= Cj/.(̂ D + APz)+CW/(5-Ci,.AA (5-28) 

Substituting for Pp in (5-28) and collecting pressure terms at time t2 on the left hand side 

yields: 

^Uj^>^\vj-^I,^Xkj<j 

10 

11 

k*j 

=ci/.(̂ D+APz)-Hci,../'(S-ci,.AA 

Cr 

I + H^LO) 
^{/ 'p( r i ) [ l -Wi , ( l ) ] -H W'z,[/%,(ri)]-h2A/^wt(i)} 

Substituting for Qjĵ . from (5-13) into (5-18), 

(5-29a) 

12 

13 

14 

15 

16 

17 

18 

19 

Iĉ (/'̂ /:;>ei=(/'/-/'(̂ h (5-29b) 

Convolution in (5-29b) is approximated from tabulated values of h{t) and accumulated values 

of /Q , expanded around /Q (r): 

[pi-p^yh=Qii+o.\pi-pi{t)] (5-30) 

giving 

20 Iĉ (/'̂ /:;>eS+a'•[/';-/>̂ ] (5-31) 
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1 

2 or 

3 ZC^(/'(S-/';>a'>^=Gj + aP; (5-32) 
j 

4 

5 Equations (5-29a) and (5-29b) can then be solved for the pressures at each junction in each panel 

6 pj and for die equivalent far-field pressure in each panel PQ. 

7 In practice, the waste conductance terms .. . C'M -̂ are usually much larger dian die borehole 

8 conductance terms. Small inaccuracies in calculated junction pressures can produce large mass 

9 balance ertors within the waste panel. To overcome this problem, flow rates in each Ijorehole are 

10 first calculated assuming infinite waste conductivity (pressure equilibrium in the waste). These 

11 flow rates are dien used with the waste conductivity and borehole locations to calculate an upper 

12 txjund on pressure variation induced at each borehole as a result of resistance to flow through die 

13 waste. I f this variation is within some specified tolerance, die infinite-conductivity approximation 

14 is retained. I f not, the full system, including waste permeability [i.e., equation (5-29)], is solved. 

15 
16 5.3.1.3 Required Parameters 

17 The following parameters are required by die model: 

18 a. Culebra discharge pressure; 

19 b. Length, area, location, f i l l hydraulic conductivity, and time of consUuction for each 

20 borehole; 

21 c. Waste hydraulic conductivity; 

22 d. Rate of brine inflow from the Salado as a function of time for some fixed pressure change 

23 at die waste/Salado boundary; 

24 e. Castile reservoir initial pressure and bulk storage coefficient (change in volume per unit 

25 change in pressure). 

26 In addition, die product of the hydraulic conductivity and area of the borehole may be made to 

27 vary in an arbiuary way with time, in order to represent (e.g.) die effects of plug degradation and 

28 closure. 

29 
30 5.3.2 W A S T E MOBILIZATION AND T R A N S P O R T MODEL 

31 A s s u m p t i o n s . The following are the waste mobilization and uansport assumptions: 

32 a. Concentrations of all species are assumed to be uniform throughout the waste panel. 

33 b. Concenuations of all species are assumed to be in equilibrium at any time. 
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1 c. Solubility limits for a given element are allocated among its isotopes on the basis of 

2 relative abundance. 

3 

4 5.3.2.1 Mathematical Formulation 

5 Radionuclide concenuation and discharge are calculated at discrete time steps as follows: 

6 a. The total volume of fluid entering the panel over die interval displaces an identical volume 

7 of fluid with the appropriate concenuations of all isotopes. This volume is limited to no 

8 more than 10% of the pore volume of a panel by selection of the time step. 

9 b. Concenuations within die panel are updated by: 

10 1. Mixing the remaining panel pore fluid with die inuoduced fluid volume; 

11 2. Updating the existing inventory of all species from radioactive decay during the 

12 interval; the amount of each radionuclide at time T + AT is Ai{T + AT) with decay 

13 constant X/ is defined as A/(7 + AT) = Aj{T)£^f^T .̂ parental, Grandparental and 

14 Great-Grandparental conuibutions as defined by Bateman Equations (see discussion in 
15 CUTTINGS, Chapter 7). 

16 3. Calculating the new equilibrium concentrations of all species with respect to 

17 dissolution. The amount in solution for each element is die solubility limit (molar) * 

18 1,000 liters/m^ * volume of panel (m^). If this amount is more than the amount of 

19 die element in die panel, the amount in solution is the entire amount of die element. 

20 The concenuation of each radionuclide is die mass of its corresponding element in 

21 solution times the moles of this radionuclide in the panel/the total moles for its 

22 cortcsponding element in the panel. Since diis is a mixing-cell model, there are no local 

23 variations. 

24 
25 5.3.2.2 Parameters 

26 The following are the waste mobilization and uansport required parameters: 

27 a. Initial inventory of all isotopes in each panel; 

28 b. Half-lives and daughters for each isotope; 

29 c. Solubility limits for each element; 

30 d. Pore volume of each panel; 

31 e. Rate of fluid flow through the waste (derived from the fluid model discussed above or 

32 specified from results of another model, e.g. BRAGFLO). 

33 

34 5.3.3 FLUID-FLOW/WASTE MODEL COUPLING 

35 Two components of the flow system may potentially mobilize waste; flow from the Salado to 

36 a borehole, and flow from one borehole to another. The sum of these components at any time 

37 provides an estimate of the rate of flow through the waste. In the event of a single inuusion, only 
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1 provides an estimate of die rate of flow through the waste. In the event of a single inuusion, only 

2 flow from the Salado is assumed to pass through die waste. In the E1E2 scenario, flow from the 

3 Castile is also assumed to pass through the waste. Integration of fluid flow rate through the waste 

4 over some time interval provides an estimate of the volume of contaminated fluid (with 

5 concenuations calculated as described under waste mobilization) discharged to the Cidebra through 

6 the inuusion boreholes. Final flow rates and concenuations discharged to the Culebra from a 

7 given borehole are estimated from the mixing of fluid entering the borehole from the waste widi 

8 fluid flowing through the borehole from the Castile. This procedure ignores any decay or sorption 

9 in uansport through the upper hialf of die borehole. Short uavel times and expected borehole fill 

10 material suggest that the effect of these would be negligible. 

11 

12 5.3.4 RESULTS 

13 The total flow input to PANEL from die BRAGFLO (Section 5.2.5.1) calculations varied 

14 from 0 m^ to 44,000 m^ for intrusions Uiat did not intersect a brine pocket and from 0 m^ to 

15 675,000 m^ for intrusions that intersected a brine pocket. These flows, coupled with solubilities 

16 that varied over many orders of magnitude produced releases of the various radionuclides from 

17 PANEL that varied from zero to the inventory of one panel. These releases were then used as 

18 input to the program STAFF2D. - The EPA normalized releases from P/VNEL are shown in 

19 Figures 5-23 and 5-24. A comparison of Figure 5-23 with 5-7 (the "flows" from BRAGFLO) 

20 reveals Uiat large flows are a necessary condition for large releases, but not a sufficient condition 

21 (compare vectors 16 and 24). Also, comparing E2 releases and E1E2 releases for vectors 15 and 16 

22 indicates that vector 16 has large releases for both E2 and E1E2, but vector 15 has a near zero 

23 release for E2 and a maximum release for E1E2. 

24 PANEL can also be run in a mode diat does not require fluid flows produced by BRAGFLO. 

25 In this mode, it calculates internally the flows through the waste. The runs made in this mode 

26 were used as a diagnostic tool for BRAGFLO. This type of calculation was not used in any of the 
27 results reported. 

5.4 Summary of Results for Disturbed Performance of the 
Repository/Shaft 

31 The calculations performed to assess the disturbed performance of the Repository/Shaft 

32 System had two primary objectives: 

33 • To determine die padi and extent of flow of contaminated brine and to determine migration 

34 and uansport of radionuclides from die waste panel up an inuusion borehole. 

35 • To evaluate die effect of waste-generated gas on the flow of contaminated brine and on the 

36 migration of radionuclides. 
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Figure 5-23. E2 Releases from PANEL at Various Times of intrusion 
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1 To address these objectives, two computer codes (BRAGFLO and PANEL) were used with 

2 varying material, reservoir, and waste properties. A Latin hypercube sampling procedure was used 

3 for selection of the parameter values from parameter probability disuibutions documented in 

4 Volume 3 of this report The sampling procedure resulted in 60 vectors (differing sets of sampled 

5 input parameter values) for each of two summary scenarios E2 and E1E2. The E2 summary 

6 scenario is single intrusion of the waste panel, the E1E2 summary scenario is a multiple intrusion 

7 of the repository widi one well terminating in the waste panel and a second well passing through 

8 the panel and terminating in a pressurized brine pocket. The consequences of a third scenario 

9 summary the El (in which a single borehole peneuates the waste and a brine pocket) was assumed 

10 identical to the E2 summary scenario. All three summary scenarios were further sub-divided 

11 according to die time of inuusion (1000, 3000, 4000, 7000, and 9000 years). A total of 600 

12 BRAGFLO and PANEL simulations were performed for assessing die disUirbed performance of the 

13 repository 300 E2 and 300 E1E2 simulation sets. 

14 In PA the calculations, BRAGFLO was used to quantify the two-phase flow fields in and 

15 around die repository. PANEL was used for calculating die radionuclide concenuation and discharge 

16 of radionuclide from the waste through the intrusion borehole. The time-dependent flow fields, 

17 phase saturations, and waste porosity from BRAGFLO served as input to PANEL. The well bore 

18 flow rates and radionuclide concenuations in die brine resulting from BRAGFLO and PANEL are 

19 source terms for models such as SEC02D and STAFF2D (Chapter 6), which quantify the flow 

20 fields and radionuclide transport in the Culebra dolomite member of the Rustler formation, 

21 considered to be the most likely subsurface pathway to the accessible environment during human 

22 inuusion. 

23 . Results for a typical vector were described to illusuate the significant features and behavior of 

24 two-phase flow under disturbed conditions when an intrusion borehole opens at 1000 years. The E2 

25 and E1E2 scenarios, with gas generation occurring, were compared. Then the effects of gas 

26 generation were examined by comparing the results of each scenario with and without gas being 

27 generated. 

28 The following general conclusions are based on analysis of the BRAGFLO and PANEL 

29 intermediate results. (The term "flow" is defined as die accumulated volume of contaminated brine 

30 which enters die Culebra from an inuusion borehole during a 10,000-year interval following panel 

31 sealing.) 

32 • 'Tlow" and radionuclide release decreased for later- occurring intrusions. 

33 • "How" and radionuclide release was larger during E1E2 summary scenarios dian during E2 

34 summary scenarios. 
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1 • Waste generated gas reduced "flow" and radionuclide release during die 1000-year intrusion 

2 E2 and E1E2 summary scenarios for die range in waste properties and gas generation rates 

3 . sampled. 

4 • The "flows" produced during E2 summary scenarios were of similar magnitude to those of 

5 El summary scenarios but did not necessarily bound the El produced "flows" for all vectors. 

6 • Large "flow" was a necessary but not a sufficient condition for producing a large 

7 radionuclide release from die waste panel. 

8 
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Conceptual Model 

1 6. DISTURBED GROUNDWATER FLOW AND TRANSPORT 
2 
3 6.1 Conceptual Model—Walt Beyeler 

4 The Culebra Dolomite member of the Rustier Formation is considered to be the most likely 

5 subsurface padiway for radionuchde Uansport to the accessible environment in die event of human 

6 inuusion into die repository (Volume 1 of this report). Because of its perceived importance to site 

7 performance, conceptual and numerical models of the Culebra continue to receive much attention. 

8 The conceptual model of the Culebra Dolomite underlying die current performance assessment 

9 calculations describes the hydrologic state and behavior of the Culebra Dolomite within the model 

10 domain shown on Figure 6-1. The conceptual model consists of die following assumptions: 

11 

12 • Single-porosity Darcian flow. Results of hydrologic tests on wells completed in the 

13 Culebra are consistent with the response of a heterogeneous medium obeying Darcy's law. 

14 Results of some well tests indicate double-porosity response during the early part of the 

15 tests (see, for example, Beauheim, 1987). This is interpreted to be caused by disequiUbrium 

16 between pressure in coextensive fracture and mauix porosity sets. Because the time of 

17 pressure equilibration between die porosity sets is much smaller than the time scale of 

18 processes considered in the human-inuusion scenario, the Culebra Dolomite is modeled as a 

19 heterogeneous single-porosity medium for the purpose of fluid flow calculations. (Dual 

20 porosity effects on uansport are considered, however). 

21 

22 • Two-dimensional flow. Most hydrologic test wells in the Culebra Dolomite are 

23 completed across die entire vertical extent of the Culebra. Parameters derived from tests on 

24 diese wells are dierefore composite or average values over the vertical extent of the member. 

25 Although flow is known to be localized to particular elevations within the Culebra at 

26 " several wells (Mercer and Orr, 1979), there is insufficient information to characterize vertical 

27 variability of hydrologic properties within the Culebra Dolomite. A vertically integrated 

28 two-dimensional model has dierefore been adopted. 

29 

30 • No flow through upper and lower boundaries. Potentiomeuic differences between 

31 the Culebra and other members, of the Rustier suggest that vertical flow between the 

32 members is exuemely slow over the WBPP and in much of die surrounding study area. The 

33 present conceptual model includes impermeable upper and lower boundaries on die Culebra. 

34 

35 • Parallel-to-axis-flow along the axis of Nash Draw. Nash Draw is believed to be 

36 a major sub-surface drain for the Rustier in the vicinity of the WIPP (Davies, 1989; 
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Figure 6-1. Model Domain of the Culebra Dolomite Member 
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1 Brinster, 1991). Flow in die Rustier would dierefore follow the axis of Nash Draw; the 

2 axis of the draw is Ueated as a streamline (no-flow) boundary. 

3 

4 • Pressure equilibrium and flow prior to WIPP construction. Time constants of 

5 pressure changes due to compression of the fluid and matrix are small compared to time 

6 constants of fluid density change, Uansmissivity evolution, or other uansient processes 

7 affecting pressure. For any subdomain of die Culebra, and in the absence of fluid sources or 

8 sinks within the subdomain, the Culebra pressure is assumed to be currendy in equilibrium 

9 with pressures around die boundary of the subdomain. > 

10 

11 • Future flow-field transients induced by external changes. The future state of 

12 the Culebra flow field is assumed to differ from the present state dirough regional climate 

13 change. Climate change is assumed to affect recharge and discharge rates external to the 

14 model domain, and therefore to influence flow within the model domain through a change in 

15 boundary pressures. 

16 

17 • Transport decoupled from flow. In the human inttusion scenario, one or more 

18 boreholes create a long-term connection between the repository and the Culebra. Hydrologic 

19 properties of the borehole fill limit potential fluid discharge to the Culebra to approximately 

20 80 m^/yr. This rate of fluid injection is assumed to have no impact on the prevailing 

21 Culebra flow field (Reeves et al., 1991). In addition, fluid injected from the repository is 

22 assumed to have negligible effect on the Culebra fluid density. Estimation of the Culebra 

23 flow field, and estimation of radionuclide uansport through this flow field resulting from 

24 intrusion, are dierefore considered as separate problems. 

25 

26 • Dual-porosity transport. MaUix and fracture porosities that are coextensive and 

27 communicating can result in local disequilibrium in radionuclide concentrations between the 

28 fracture and mauix. The time constant associated widi this disequilibrium is determined by 

29 the rate of exchange of radionuclides between the two porosity sets, and the radionuclide 

30 storage capacity of the fracture and mauix. Because this equilibration time may be 

31 significant in comparison to the time scale of source-term concenuation change, a dual-

32 porosity Uansport model has been adopted. 

33 

34 • Linear equilibrium sorption of radionuclides. In addition to hydrodynamic 

35 processes, radionuclide concenuations in Culebra groundwater are assumed to be affected by 

36 geochemical interactions with the host rock. Reversible sorption is assumed to be the only 
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1 mechanism of interaction of the radionuclides wilh the Culebra Dolomite. Sorption is 

2 further assumed to follow a linear Freundlich isodierm, with different coefficients describing 

3 sorption on die Culebra mauix and on clays in Culebra fractures. 

4 

5 Several assumptions made in the present conceptual model are tentative and may be revised 

6 after evaluauon of more comprehensive models of die regional flow system. Specific areas being 

7 investigated by Sandia's Fluid Flow and Transport research group include: 

8 • The extent to which leakage between die Culebra and adjacent units can be neglected. While 

9 diis assumption may be acceptable in many areas, it is not universally valid. For example, 

10 extensive dissolution of Rustler halite and anhydrite in lower Nash Draw has resulted in the 

11 Rustier becoming highly fractured, forming a single unconfined aquifer. A more accurate 

12 description of vertical flow may be made on the basis of existing data, regional fluid balance 

13 requirements, and geologic considerations. 

14 • Geochemical interaction of radionuclides with the Culebra may not be adequately described 

15 by a linear sorption model A more detailed representation of the specific interactions 

16 between radionuclides, pore fluid, and mauix may be required to predict potenual migration 

17 rates. 

18 
19 6.1.1 PARAMETERS OF THE CULEBRA MODEL 

20 The Darcian flow model requires values for uansmissivity, storage coefficient, fluid density, 

21 and initial pressure defined throughout the model domain, in addition to boundary conditions and 

22 intemal fluid sources and sinks. The dual-porosity uansport model requires a fluid seepage velocity 

23 field (derived from the Darcian flow model), fracture and mauix porosities, effective mauix 

24 diffusivity, fracture dispersivity and diffusivity, and isotope-specific geochemical parameters 

25 (retardation factors in both porosity sets) defined over the model domain, as well as specification of 

26 intemal sources. Parameter values used in die performance assessment are discussed in Volume 3. 

27 
28 6.1.2 MODEL IMPLEMENTATION 
29 Separability of die flow and uansport problems allows the release associated widi inuusion to 

30 be estimated as follows: 

31 • estimation of die prevailing Culebra flow field 

32 • estimation of integrated release due to radionuclide sources inuoduced into die Culebra flow 

33 field. 

34 Because of the complexity of the spatial disuibution of uansmissivity, and the resulting 

35 spatial variability of the flow field, numerical approximations are used to simulate flow and 

36 uansport processes. Uncertainty in release due to uncertainty in model parameters is addressed by 
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1 creating equally likely realizations of the set of parameters conuoUing uansport. Most parameters 

2 are assumed to have a single value over the entire model domain for each realization. Because of 

3 the large variability of uansmissivity, the dependence of uansmissivity on location, and the large 

4 number of estimates of uansmissivity over the site, spatial variability of transmissivity is 

5 explicitly included in the model. Realizations of uansmissivity are required to honor the point 

6 estimates at well locations as well as indirect consuaints imposed by die Culebra head distribution, 

7 as described below. 

8 

9 6.2 Generation of Transmissivity Fields by Geostatistics—Walt 
10 Beyeler 
11 Previous WLPP Performance Assessments used a simple zonal approach for including 

12 uncertainty in the uansmissivity (T) field within the Culebra Dolomite Member of the Rustler 

13 Formation. The zonal method divides the regional and local computational domains, into 

14 geographic regions; 8, 13, and 15 regions have been used for different analyses reported in Marietta 

15 et al. (1989) and Beruam-Howery et al. (1990). In each region, a disuibution was constructed 

16 using uansmissivity measurements from available wells. This empirical disuibution was sampled 

17 and one constant value used for the transmissivity in each zone. Each zone was sampled 

18 independendy, so a single simulation used 8 (or 13 or 15) Uansmissivity values to represent the 

19 regional T field. Some simulations used distributions constructed from pilot point values 

20 (LaVenue et al., 1990) at locations assigned during calibration in addition to actual measurements 

21 at well locations. 

22 This approach can be improved in two ways: 

23 • The reason for varying Uansmissivity over geographic zones is to include spatial variability 

24 in the T field. Correlations exist in the T field over distances greater than fi ve kilometers; 

25 however, assuming that the 8 (or 13 or 15) zones are independent during sampling is only a 

26 first approximation. Spatial dependence should be included over die whole model domain. 

27 • The T fields generated by the simple zonal approach directly used uansmissivity 

28 measurements whereas other information was included indirectly through pilot point values. 

29 Many other data are available, and it would be better to incorporate diese data direcdy, e.g. 

30 hydraulic head measurements and geologic information. 

31 Several methods have been proposed in die scientific literature to resolve these two issues. 

32 Most suggestions have relied on geostatistical techniques combined with inverse methods (de 

33 Marsily, 1986; Yeh, 1986). To obtain fast guidance on development of a package for WIPP PA to 

34 use in die final compliance assessment, a Geostatistics eXpert Group (GXG) was convened. The 

35 GXG was asked to provide advice given the modeling work completed,, calibrated transmissivity 
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1 field, data collected, and the above two objectives listed for improvement of the earlier zonal 

2 approach. The group's recommendations were organized into three categories: 

3 • Proposing methods for generating conditional random fields to be used in the present 

4 assessment. 

5 • Proposing methods for including conceptual model uncertainty. 

6 • Proposing methods for including geological information. 

7 These recommendations are summarized in the following discussion. 

8 

9 6.2.1 GENERATION OF CONDITIONAL RANDOM FIELDS 

10 Transmissivities display a variability in space that can be characterized using measured data, 

11 e.g. pump tests, by geostatistical analyses. This spatial variability was found to be stationary in 

12 the mean (LaVenue et al., 1990), but inuinsic in the second moment (IRF = 0) with a linear 

13 variogram without nugget effect (i.e., locally described by a constant with random perturbations 

14 that increase in variance widi distance. Several techniques are avadable to generate random fields 

15 having this spatial sUucture: turning bands, inversion of the full covariance matrix, and specual 

16 methods. Many such realizations could be generated and each realization could be used as one 

17 input for a system simulation. Each realization would dien have the correct spatial structure of the 

18 true field, and would satisfy the first objective above. 

19 However, these realizations would not be fully coherent with the actual measurements, and 

20 would overestimate the uncertainty in the T field. Making realizations of random fields coherent 

21 with measured information is called conditioning, which was the major focus of the GXG. For 

22 WIPP PA, conditioning can be performed on at least four types of information: 

23 • Measured T values at the wells. 

24 • Measured or estimated head values at the wells in pre-excavation steady-state conditions. 

25 • Measured head values during various uansient hydraulic tests (e.g., long-term pump tests, 

26 shaft excavation). 

27 • Indirect geologic data that can be correlated with uansmissivity (such as overburden 

28 diickness, or presence of evaporites in the Culebra or Rusder). 
29 Conditioning on the measured T values is one available technique (Delhomme, 1979). A 

30 second technique, conditioning on steady-state and uansient head data is discussed below. 

31 Conditioning on geologic information will be discussed later. 

32 Six methods of conditioning on head data were discussed by die GXG. These methods range 

33 from the simple to the complex. Each mediod has potential advantages and disadvantages. The 

34 GXG will compare these methods on die WIPP data base, and make a recommendation for die final 

35 compliance assessment. Given the time consuaints for the present PA, only the first method 

36 could be implemented. A brief description of die six methods follows. 
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1 1. The first method considered by the GXG was used in the 1991 Preliminary Comparison 

2 reported in Volume 1 of this document set. Random fields conditioned on T 

3 measurements at well locations and on values assigned during manual calibration were 

4 assigned to pdot point locations where no measurements were available (LaVenue et al., 

5 1990). Forty-one measured-T and 41 pilot-point values are available. The pilot point 

6 values were assigned to insure coherence of die calibrated T field widi the measured head 

7 data (bodi steady-state and uansient conditions) so conditioning on head data is indirectiy 

8 included 

9 This approach still needs to be validated on the transient data. An advantage of this 

10 method is that it does not require any assumption on the accepUible range of variability of 

11 T (Var(7)). Many methods require that the Var(ln7)>l , and in the Culebra the 

12 Var(ln T) is about 3.5. This first method also allows using a variable-density fluid-flow 

13 model which may be important in the Culebra (Davies, 1989). Other mediods are linear, 

14 but can only accommodate constant-density fluid-flow models. A second advantage is 

15 computational efficiency because die Cholesky decomposition only needs to be performed 

16 once regardless of the number of simulations. 

17 2. The second method considered by the GXG was to apply mediod one only on measured T 

18 values. Conditioning on head values (steady-state and uansient) would be accomplished 

19 simply by screening out 7 fields not satisfying an assigned acceptance criterion on 

20 observed head. Upon testing, the rejection rate proved to be high, so this method was not 

21 pursued further. 

22 3. The third method considered by the GXG was to use an available code, INVS (Bras and 

23 Kitanidis, 1991; Kitanidis and Vomvoris, 1983; Hoeksema and Kitanidis, 1984, 1985 a 

24 and b), diat conditions on bodi measured T values and also steady-state head values, widi 

25 or without using pilot point values. However, this method is resuicted to Var(ln 7) < 1 

26 because of linearization of die flow equations (only consuint-density fluid flow). The 

27 present code assumes full stationarity of In 7 with an exponential covariance function, 

28 and automatically fits the corresponding covariance of the head and cross-covariance 

29 functions. The relationship between these covariances is derived analytically assuming 

30 that average flow direction and gradient are constant. Uniform rectilinear grids with less 

31 than about 10-̂  blocks are also required. After automatic fitting of the covariances, an 

32 optimal T field can be estimated by co-kriging, and conditional simulations can be 

33 generated. 

34 A similar method relying on specUal techniques (Gutjahr, 1989) is also part of the 

35 ongoing comparison exercise between methods 1 and 3. 
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1 4. The fourth method considered by die GXG is an extension of the pilot point approach 

2 , used for die calibration of the Culebra T field. This method should generate random fields 

3 conditioned on T measurements, steady-state, and uansient head data without resuiction 

4 on Var(lnr) and with variable-density fluid-flow models. This method, if successful, 

5 will be used for the 1992 PA. 

6 First, random T fields conditioned only on the measured T values are generated. These 

7 fields are further conditioned on the head data by calibrating diem with the pilot point 

8 approach bodi on steady-state and uansient data. To generate a large number of caUbrated 

9 random fields, the procedure^will be automated. Order of pilot point selection and the 

10 uniqueness of the resulting T field are issues to be examined during operational tests and 

11 sensitivity analyses. 

12 5. The fifth method considered by the GXG was a semi-analytical approach (Rubin and 

13 ' Dagan, 1987a and b, 1988; Rubin, 1990; Rubin 1991, in press). This mediod is similar 

14 • to method 3, but uses semi-analytical expressions. It will be added to the comparison 

15 exercise with methods 1, 3, and 4. 

16 6. The sixth method considered by the GXG is complex relying on a maximum likelihood 

17 approach (Carrera and Neuman, 1986 a,b, and c). This method conditions on bodi steady-

18 state and uansient head data, assumes linearity iteratively (in the vicinity of the optimal 

19 solution), and constant-density fluid-flow. It may also be added to the comparison 

20 exercise. 

21 

22 The comparison exercise will expose potential discrepancies among these six methods. 

23 Depending upon the resolution of diese discrepancies, the GXG wdl recommend a method(s) for 

24 use in the final PA. 

25 

26 6.2;2 INCLUDING G E O L O G I C A L INFORMATION 

27 Geological information should be included in die estimation of die T field because of 

28 • An apparent non-stationarity of the T field; an increasing uend from east to west exists in 
29 die data. 

30 • An observed difference between kriged T field and the conditionally simulated fields above. 

31 ' A large amount of available geologic information diat has not been directly used in either 

32 die calibration or die conditional simulations. 

33 The GXG discussed two proposals. First, relevant geologic information such as thickness of 

34 the overburden, total estimated thickness of evaporites in the Rustler, slope or curvature of 

35 Culebra, density of lineaments, chemical data, etc. should be tested by co-kriging widi 

36 uansmissivity. If a candidate geologic data set(s) is found to improve the T estimation, it can be 
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1 retained, and a new T estimation procedure developed. Second, after a new co-kriging procedure 

2 using geologic data sets is developed, co-kriged estimates should be compared with measured 

3 values at well locations to look for any systematic bias. If a bias is found, the quality of those 

4 measurements would be questioned. This would allow well measurements which have been 

5 questioned (e.g., well P-18) to be evaluated objectively. 

6 
7 6.2.3 INCLUDING CONCEPTUAL MODEL UNCERTAINTY 

8 After considering the detailed problem of residual uncertainty in the T field of the Culebra, the 

9 GXG discussed the general problem of how to include conceptual model uncertainty in WIPP PA. 

10 The approach discussed was the same as used in previous analyses (Marietta et al, 1989; Bertram-

11 Howery et al., 1990). For each conceptual model, the underlying parameter uncertainty is 

12 characterized, and different sets of CCDFs are produced as described in Volume 1, Chapter III. 

13 These sets of CCDFs are compared widi respect to potential impact on a compliance decision diat 

14 would be based on a mean CCDF constructed from one or more of these conceptual model sets of 

15 CCDFs with an assigned weighting. If a conceptual model produces a set of CCDFs that would 

16 have negligible impact on the eventual compliance decision, it can be discarded. The goal is then 

17 to identify possible alternative conceptual models that are qualitatively different, and can be 

18 calibrated on die available data. 

19 Preliminary approaches for identifying such alternative conceptual models were discussed: 

20 • A fractal model of the Culebra uansmissivity was proposed (Grindrod and Capon, 1991). 

21 Using a fractal approach allows an extension of the spatial variability in the uansmissivity 

22 fields to scales less dian the measured scale. In this way the effect of possible smaller scale 

23 features dian have been observed can be evaluated. 

24 • Basin-scale hydrologic modeling over past geologic time scales could evaluate the steady-

25 state assumption of the present PA modeling. Sensitivity studies with such a model would 

26 assess different conceptual models for both recharge/infiluation and geologic framework of 

27 the Culebra, other Rustler units, and overlying formations. 

28 - A lithofacies modeling approach was proposed (Ravennes et al., 1991). Instead of 

29 describing spatial variability by just parameter variability, lithofacies models represent 

30 geometric descriptions of geologic strata by sequential stratigraphy in a stochastic 

31 framework. These models can be conditioned by geologic information. 

32 • Upscaling block properties and modifying the governing equations appropriately is an 

33 approach diat was also proposed. 

34 These proposed methods will be assessed by die GXG after the results of the variability studies in 

35 die Culebra are available. 

36 
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1 6.3 Selection of Transmissivity Fields—VValt Beyeler 
2 At least three types of information are available for estimating values of Culebra 

3 uansmissivity (7 :̂ slug tests, drill stem tests, and short-term pumping tests are interpreted to give 

4 estimates of T in the neighborhood of the tested well; long-term pumping tests with pressure 

5 observations made at several wells can yield a T value integrated over a large region smrounding 

6 the pumped well; and the disuibution of pressures over the aquifer is related to the distribution of 

7 uansmissivities by the flow equation. 

8 The estimation procedure used in the present PA is intended to identify uansmissivity fields 

9 which are consistent with both point observations of T and the equiUbrium pressure distribution. 

10 An approach being developed for the 1992 PA (method 4, described above) will allow 

11 uansmissivities to be consuained by bodi short- and long-term uansient pressure data, in addition 

12 to the uansmissivity observations and equilibrium pressures used in the present method. As an 

13 interim means of incorporating information about uansmissivity from long-term Uansient 

14 observations, pilot points derived during calibration of die Culebra flow model (LaVenue et al., 

15 1990) were inuoduced as additional observations of 7. 

16 The present method consists of four steps: generation of candidate transmissivities consuained 

17 by point data; determination of the sensitivity of pressure at all observation wells to changes in 

18 bouridary pressure; assembly of an optimal boundary pressure function which minimizes the 

19 deviation of model pressures from estimated equilibrium pressures; and evaluation of acceptabiUty 

20 of die resulting model. Detailed information on these four steps follows. 

21 The CAMCON program GARFIELD (draft of SAND90-1983, Rechard et al., in preparation) 

22 was used to simulate uansmissivity fields over the discretized model domain. GARFIELD uses a 

23 set of'point observations, and a generaUzed covariance describing the spatial variability of the 

24 observations, to simulate any number of alternative fields conditioned by the point observations. 

25 The point observations of uansmissivity, and the associated generalized covariance function, were 

26 identical to those used in die final calibrated flow model of LaVenue et al. (1990). Conditioning 

27 on both measured and pilot point values was done by a Cholesky decomposition of the full 

28 covariance mauix of the kriging estimation error. An IRF = 0 random function was considered 

29 with the linear variogram determined by LaVenue et al. (1990). Point simulations on a 32 x 25 

30 km^ grid (52 by 44 elements) were produced. The resulting realizations honor the point estimates 

31 of uansmissivity (within bounds estabhshed by the variance of the point estimate), and the spatial 

32 variabUity of transmissivity reflected in die generalized covariance. 

33 Since this conditioning on head measurements is only indirect, a systematic measurement of 

34 the coherence of the calculated heads with the measured heads was performed, but given the time 

35 consuaint, only steady-state heads could be considered. Uncertainty in the value of the prescribed 

36 heads on the boundary was also taken into account. These prescribed heads on the boundary are 
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1 estimated by kriging the local head measurements at well locations. Therefore, they are given a 

2 variance of their estimation error. Programs GENOBS and SWIFT were then used to calculate 

3 sensitivity of steady-state model pressure with respect to pressure changes on segments of the 

4 model boundary. In order to reduce the number of independent pressures, the pressure distribution 

5 along a boundary segment was assumed to be piecewise linear. 

6 Program FITBND then used the above sensitivity coefficients to derive fixed-pressure 

7 boundary conditions which optimized model agreement with estimates of pre-construction Culebra 

8 pressure at the 36 conuol points used in the LaVenue et al. (1990) study. The resulting pressure 

9 fields are optimal in the sense of minimizing the following objective function: 

10 
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where A' is die number of elements of a particular type, P is pressure, a is the estimated standard 

deviation of the error of die observation, obs denotes an observation well location, bound denotes a 

model boundary element, and mod denotes a model-calculated pressure. 

To decide on the acceptability of a conditionally simulated field, the boundary conditions of 

the calculated head fields were first optimized within their uncertainty range. Then, two acceptance 

criteria were used: 

• The average standard deviation of the model enror over all wells where steady-state head data 

are available should not exceed ^ • s where s is the standard deviation of die measured head 

error. 

• The corresponding flow field should be globally coherent with known flow in the area 

including general direction, recharge and discharge zones 

6.3.1 RATIONALE FOR FIRST CRITERION 

The value of model error {X ) at the minimum was used as an indication of die plausibUity of 

the underlying T field. X is the average normalized squared deviation of the model pressure from 

die observed pressure or prior estimate of boundary pressure. If the variance of the observation and 

boundary errors have been correctly estimated, and the observation errors are normally distributed, 

the expected value of X for the correct model would be 1. If the observation error distribution is 
2 

less compact dian the normal disuibution, X for die correct model would be larger than 1. To 

allow for this possibility, a threshold value of 2 was selected for X (as discussed below, the 

particular threshold value selected has littie effect on release). If the model error for a given 

uansmissivity field was greater than this threshold, die uansmissivity was considered irreconcilable 
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1 with pre-construction equiUbrium pressures. Transmissivity fields, (along with optimal boundary 

2 conditions) which produce an ertor less than the threshold were considered to be plausible. All 

3 plausible uansmissivity fields were considered to be equally likely. 

4 

5 6.3.2 RATIONALE FOR SECOND CRITERION 

6 Because pressure data near die model boundaries are sparse, the optimizing procedure has 

7 considerable latitude in assigning some boundary values. In a few cases, the location of minimum 

8 pressure in odierwise plausible fields was believed to be unrealistically located along the 

9 southeastern boundary. For diis reason, a further screening of flow fields satisfying die maximum 

10 error criterion was made on the subjective basis of requiring discharge to occur along the 

11 soudiwestem boundary. 

12 

13 6.3.3 TRAVEL TIMES FOR RETAINED FIELDS 

14 The procedure described above was appUed to produce 60 plausible uansmissivity fields and 

15 associated equilibrium boundary pressures. About 350 simulations conditioned on point 

16 uansmissivities were generated. The first criterion selected 88 acceptable T fields. The second 

17 criterion, aldiough subjective, reduced that number to 76. 

18 The resulting flow fields conuol advection of radionuclides released into the Culebra Dolomite 

19 from an inUusion borehole. For this reason, the uavel time of a neuually buoyant particle from 

20 the hypothesized location of an inuusion borehole to the accessible environment boundary is an 

21 appropriate index of the influence of the flow field on discharge. The first 60 of the 76 T fields 

22 were retained and then ordered by uavel time to die accessible environment. This uavel time was 

23 calculated for each plausible flow field using the program TRACKER. Figure 6-2 is a cumulative 

24 distribution of Uavel times of die 60 flow fields. Figure 6-3 shows a scatter plot of model error 

25 X^ versus Uavel time. There is no apparent relationship between the model error and uavel time, 

26 so that the distribution of uavel times is independent of the threshold model error used to define 

27 plausible flow fields. Figure 6-4 (part a dirough part o) shows die uansmissivity disuibution in 

28 each of the retained fields. 

29 Row fields were selected for the 1991 PA calculations using a single uniformly disuibuted 

30 random variable as an index of the flow field to be used in conjunction with all other parameters 

31 defining a sample vector. Travel time from the center of the waste panel, region was used to 

32 impose a natural ordering on die flow fields to facilitate future sensitivity analyses (for example, 

33 the tenth smallest value of the sampled index was associated widi the flow field having the tenth 

34 smallest uavel time). Because the flow fields are considered to be equally likely, die rank of the 

35 sampled index value was used an an index of die flow field. The particular shape and range of the 

36 disuibution is dierefore irtclevant. 
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Figure 6-2. Cumulative Distribution of Travel Times of the 60 Flow Fields 
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Figure 6-4a. Transmissivity Field Distribution (Fields 1-4) 
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Figure 6-4b. Transmissivity Field Distribution (Fields 5-8) 
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Figure 6-4c. Transmissivity Field Distribution (Fields 9-12) 
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Figure 6-4d. Transmissivity Field Distribution (Fields 13-16) 
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Figure 6-4e. Transmissivity Field Distribution (Fields 17-20) 
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Figure 6-4f. Transmissivity Field Distribution (Fields 21-24) 
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Field 25 
©=-10.48 
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Field 26 
©=-10.62 
• = -1.10 

Field 28 
©=-11.03 
• = -1.19 

Legend 

LOGT (log,o m^/s) 

A = -15.00 
B = -14.00 
C =-13.00 

D = -12.00 
E =-11.00 
F =-10.00 

G = -9.00 
H= -8.00 
1= -7.00 Q = 

-6.00 

1.00 

TRI-6342-1373-0 

Figure 6-4g. Transmissivi ty Field Distribution (Fields 25-28) 
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Field 29 
© = -9.654 
• =-1.620 

Field 31 
© = -11.19 
• = -0.06 

Field 30 
©=-8.811 
• = -1.466 

Field 32 
© = -12.42 
• = -1.53 
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Figure 6-4h. Transmissivity Field Distribution (Fields 29-32) 
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Field 33 
ffi= -11.03 
• = -0.52 

Field 34 
©=-10.67 
• = -1.27 

Field 35 
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Figure 6-4i. Transmissivity Field Distribution (Fields 33-36) 
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Field 37 
© = -10.33 
• = -1.88 

Field 38 
©=-10.41 
• = -0.48 

Field 39 
©=-10.49 
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Legend 
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Figure 6-4j. Transmissivity Field Distribution (Fields 37-40) 
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Field 41 
© = -13.08 
• = -0.94 

Field 43 
©=-10.04 
• = -1.80 

Field 42 
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Legend 
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Figure 6-4k. Transmissivity Field Distribution (Fjelds 41-44) 

6-25 



Chapter 6. Disturbed Groundwater Flow and Transport 

Field 45 
©=-10.68 
• = -1.46 

Field 46 
©=-10.62 
• = -1.96 
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Field 47 
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Figure 6-41. Transmissivity Field Distribution (Fields 45-48) 
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Field 49 
© = -11.45 
• = -1.24 

Field 51 
©=-10.80 
• = -1.22 

Field 50 
© = -9.929 
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Legend 
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Figure 6-4m. Transmissivity Field Distribution (Fields 49-52) 
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Field 53 
©=-10.66 
• = -1.88 

Field 55 
© = -12.67 
• = -0.81 

Field 54 
©=-10.78 
• = -2.33 

Field 56 
©=-8.359 
• = -0.562 

® 
Legend 
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Figure 6-4n. Transmissivity Field Distribution (Fields 53-56) 
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Field 57 
© = -9.951 
• =-1.383 

Field 59 
© = -8.787 
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Figure 6-4o. Transmissivity Field Distribution (Fields 57-60) 
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1 6.4 Fluid Flow Modeling with SEC02D—Bruce L. Baker and 
2 Patrick J . Roache 

3 The SEC0_2DH code was used to model the effect of climate on groundwater flow in die 

4 Culebra Dolomite Member. Capabilities of SEC0_2DH are fully documented in die SECO 2.1 

5 User's Manual (draft of SAND90-7096, Roache et al., in preparation). A brief overview die 

6 SEC0_2DH code is first described and then the specific options utilized to model the Culebra 

7 aquifer are detailed. - ' 

8 

9 
10 6.4.1 MODEL DESCRIPTION 
11 SEC0_2DH, a single-phase, two-dimensional flow code, was developed specifically for the 

12 WIPP project. For the 1991 PA calculations, SEC0_2DH was used to estimate die regional 

13 steady-state flow fields for present and climatically perturbed boundaries. 

14 

15 
16 6.4.1.1 Governing Equation 
17 The partial differential equation solved for potentiomeuic head, h, is the following: 
18 

19 S, — = V»(KVh)-W 
' dt ^ ' (6-2) 

20 
21 where K is die (tensor) hydraulic conductivity, 5^ is the specific storage of die porous material, t 

22 is time, and is a volumeuic flux (out of die porous material) percent volume representing wells. 

23 The principal axes of K must be aligned along the coordinate directions x and y. S^, K, and W 

24 may be functions of (x, y, t). 

25 

26 
27 6.4.1.2 Discretization and Solvers 
28 The above equation (or die steady-state version with dh/dt = 0) is discretized using standard 

29 second-order differences in space and first-order backward (fully implicit) differences in time 

30 (McDonald and Harbaugh, 1988; Roache, 1976). The fully implicit time differencing produces 

31 unconditional stability for this linear equation but requires solution of an elliptic (Helmholtz) 

32 equation at each time step. In MODFLOW and other common groundwater hydrology codes, diis 

33 linear, elliptic equauon is solved by either die 2-line successive over-relaxation (SOR) iterative 

34 mediod or by a direct solver. The direct solver is not considered to be practical for realistic grids 

35 (sufficiendy fine resolution), being excessively sensitive to computer round-off error (especially on 

36 VAX class computers) and very slow. In SEC0_2DH, the solver options are point SOR, (single) 
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1 line SOR (e.g., see Roache, 1976), and the semi-coarsening multigrid solver MGSS2, which was 

2 developed at Ecodynamics (Schaffer, 1991). 

3 The semi-coarsening multigrid solver (MGSS2) is the default option. For very coarse 

4 resolution (e.g., a 6x6 grid that might be used for development of code enhancements), the point 

5 SOR solver is fastest. However, MGSS2 results in significandy increased efficiency for problems 

6 with fine resolution and suongly varying conductance (due to either hydraulic conductivity 

7 variations or highly suetched grids). Further, the MGSS2 solver does not require that the user 

8 estimate an optimum relaxation factor, as SOR solvers do. 

9 

10 

11 6.4.1.3 Block-Centered Discretization 

12 SECO_2DH has been written with an option flag called MAC to select either the most 

13 common block-centered discretization (MAC=1), with the cell edge coincident with the aquifer 

14 edge, or node-centered discretization (MAC=0), with the cell center (or node) on die aquifer edge. 

15 Unless required by a specd'ic study, the default cell configuration is MAC=1. This configuration 

16 clearly more accurately locates the aquifer edge for bodi Dirichlet (fixed head) and Neumann (fixed 

17 gradient) boundary conditions. For QA purposes, MAC=0 is unsupported in SECO_2DH. 

18 

19 

20 6.4.1.4 Problem Decoupling 

21 To make the problem definition convenient and to facilitate the running of grid convergence 

22 tests and local-area simulations within the larger regional-area simulation, the problem definition 

23 is decoupled from the computational grid. The aquifer properties are defined on a discrete data base 

24 that can be independent of the computational grids. A sequence of grid solutions does not require 

25 the user to define aquifer properties point by point in each computational grid; likewise, the 

26 regional computational grid is decoupled from the local computational grid, both in space and 

27 time. A number of parameters, including die boundaries of the computational regions, the spatial 

28 increments (cell sizes), the simulation times, and the time steps, are all decoupled in both space 

29 and time. The only requirement is that die local grid problem domain of definition must lie within 

30 the regional grid problem domain of definition. Likewise, definition of boundary conditions (types 

31 and values) and wells (locations and pumping schedules) are decoupled from the computational grid 

32 and are defined in the continuum. 

33 

34 . 

35 6.4.1.5 Initial Conditions 

36 Initial conditions on hydraulic head may be specified by one of three methods: (1) by using the 

37 values set in the aquifer-defining grid; (2) by specifying odier values by way of linear variations in 
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1 the X and y directions (die initial condition subroutine, SET IC, may be readily modified for other 

2 distributions); or (3) by solving the steady-state problem with the specified boundary conditions 

3 and all wells turned off. 

4 

5 
6 6.4.1.6 Boundary Conditions 

7 Unlike most groundwater hydrology codes, SEC0_2DH allows a fairly general specification 

8, of boundary conditions. The SECO_2DH boundary conditions can be of the following types: 

9 Dirichlet (specified head), non-homogeneous Neumann (specified, possibly non-zero gradient), or 

10 Robin (mixed) conditions. A further option is an adaptive boundary condition, which sets 

11 specified flux at inflow boundaries and specified head at outflow boundaries. These types of 

12 boundaries may be set independendy along each of the four rectangular boundaries of the grid or 

13 along an arbiuary number of user-specified sections on each boundary. (Following the basic 

14 philosophy of the SECO codes, the specification of these boundary sections is done in the 

15 continuum rather dian being tied into die discretization.) In particular, sections of specified-gradient 

16 boundaries can be used to simulate recharge boundaries; these values can be modified by climatic 

17 variation. 

18 Constant-head regions may also be set on interior regions, as can time-independent wells and 

19 lake/river levels, which differ from simple constant-head regions in that they affect die cell block 

20 heads via a riverbed conductance term. The specification of these interior boundaries is not 

21 automated at present: the user must specify each interior boundary on a cell-by-cell basis in the 

22 aquifer-defining grid, as is die case widi other aquifer properties. However, once established, these 

23 values can be used without furdier user specification in any regional or local grid. In this sense, 

24 the interior boundaries are still defined independendy of die discretization of the computational 

25 grids. 

26 

27 

28 6.4.1.7 Additional Capabilities 

29 Although die SECO codes solve the same equation for hydraulic head as the United States 

30 Geological Survey (USGS) code MODFLOW (McDonald and Harbaugh, 1988), die SECO codes 

31 have the following additional capabilities: 

32 • Regional and local grid solutions 

33 . • General boundary conditions 

34 • Interactive problem definition and output 

35 • Options for initial condition specification 

36 • Options for eidier cell-centered or node-centered grids 
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1 • Automated specification of grid spacing, including uniform spacing or power-law suetching 

2 for increased resolution near physical features 

3 • Automated specification of time steps, including uniform spacing or power-law suetching 

4 for increased time resolution near events 

5 • Parameterized climatic variations 

6 • Particle-tracking capability 

7 The regional and local grid capabilities include die following: 

8 • Independent specification of aquifer properues in an aquifer-defining grid (independent of die 

9 computational grids) 

10 • User-friendly specification of regional and local grid uanslation and rotation without the 

11 need for redefining aquifer properues 

12 ' A single specification of well properties and locations applicable to both the regional and 

13 local grids 

14 • Independent specification of time stepping 

15 • Time events such as well schedules, climatic variability, and time-dependent boundaries are 

16 defined independent of the modeled time. 

17 • Automated, conservative interpolation of time-dependent or steady boundary conditions from 

18 die regional grid solution to the local grid boundaries 

19 • Automated particle uacking from the local into the regional grid with the entire particle 

20 history expressed conveniendy in die regional grid 

21 Particle uacking is accomplished by the SECO Tracker codes (which are separate from the 

22 SEC0_2DH flow codes) for the local and regional grid flow solutions widi either time-dependent 

23 or steady-state solutions. For time-dependent solutions, the particle-uacking time intervals are 

24 equal to die flow-solution time intervals as output to a file. There is no requirement for separate 

25 time intervals because the nature of Darcy flow assures diat die characteristic time for the panicle 

26 motion will always be significandy less than the characteristic time for the flow solution. For 

27 steady-state flows, die particle-uacking time intervals are defined separately. 

28 The particle-uacking algorithm is based on a linear interpolation of the Darcy velocities in 

29 space (consistent widi the second-order spatial accuracy of die flow solution) and an adaptive fifth-

30 order (Runge-Kutta-Fehlberg) integration in time. Note that the Uacker integrator is a much higher 

31 order in time than the flow solution. This is not inconsistent or unbalanced because the flow 

32 solution involves an Eulerian description, whereas the particle solution is inherentiy Lagrangian. 

33 For example, even a steady-state flow solution widi zero time Uuncation error and a velocity field 

34 linearly varying in space produces a particle path that involves exponential time functions, which 

35. justifies the higher order accuracy in time. 
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1 Three options govern the code performance if die uacked particle exits the computational grid 

2 within the simulation time: the code can simply stop computing as soon as the particle exits; it 

3 can continue die calculation over the entire uacking time step by exuapolation of the velocity 

4 field; or die code can repeat the previous step with a new time step adjusted so as to approximately 

5 place die particle at the grid boundary. Provision is made should die particle exit die grid within 

6 the first time step. 

7 The particle history (position vs. time) is written to a file. The output file from the local grid 

8 particle uacker may be read by die regional grid uacker to set the initial position of the particle in 

9 the regional grid. In this option, the entire history in the local grid coordinates is read and 

10 uanslated to the regional grid coordinates, and the uacking is continued. The output file from the 

11 regional grid uacker dien contains die entire particle history (local and regional grid) expressed in 

12 die regional grid coordinates. 

13 The accuracy of the flow codes in SEC0_2DH and the particle tracking codes 

14 S E C 0 _ T R A C K E R have been verified on model problems. The flow codes experimentally exhibit 
2 5 

15 die expected 0(Ax^, A;) accuracy, and die particle uacking codes exhibit die expected 0{Ax , At ) 

16 accuracy. See die intemal code documentation or Roache etal. (1990). 

17 
18 

19 6.4.2 OPTIONS USED FOR 1991 CALCULATIONS 

20 The specific options utilized in the current calculations are mentioned here. Semi-coarsening 

21 multigrid solvers are used to increase solution efficiency. A point SOR solver is then used to 

22 check the convergence of die finite difference formulation of die fluid flow. Independent regional 

23 and local grid definition and orientation keep boundary effects from unduly influencing the fluid 

24 flow field input to the STAFF2D uansport equations. Initial conditions on hydraulic head are set 

25 by solving the steady-state problem widi the specified boundary conditions and all wells turned off. 

26 The user-modifiable nature of SEC0_2DH is utilized to include a customized climatic variation for 

27 boundary recharge. The boundary conditions used include fixed head, fixed flux, and time-varying 

28 head. The SECO_2DH particle uacking capability is utilized to estimate path lines and fluid Uavel 

29 times for diagnostic analysis. 

30 

31 
32 6.4.2.1 Spatial Grid 

33 Regional gridding for SEC0_2DH used for 1991 calculations is the same as used for the 

34 uansmissivity sampling and is shown in Figure 6-5. The regional domain is shown in Figure 

35 6-1. As this figure shows, the regional domain of the previous year's calculations has been 

36 shortened from 40 to 30 kilometers in length. Greater accuracy in modeling of the uansmissivity 
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1 fields results because of the lack of conuol well data in this southern 10 km portion. The 

2 resulting 25 km by 30 km grid is still of sufficient size to keep effects of die regional boundary 

3 from adversely influencing the solution of the local domain simulation. The region retains its 

4 orientation along the natural boundary of Nash Draw but now has a power-law-suetched rectangular 

5 gridding. Initial testing has shown difficulties in utilizing die finite difference results of a SEC02 

6 local fluid flow solution to solve the finite element transport equations of STAFF2D. For 

7 consistency; the local fluid flow and mass uansport are both solved using STAFF2D using the 

8 regional SEC02D solutions as input boundary conditions. Saline concenuation density and mass 

9 transport features are being added to SEC02D to solve these difficulties for next year's 

10 calculations. 

11 

12 
13 6.4.2.2 Changing Climate Models 

14 The climate model was planned to utilize the user-modifiable climate factor routines to input a 

15 modified sinusoidal variability of flux, including an LHS-sampled, uniformly disuibuted factor. 

16 This climatic variabihty was entered as a boundary recharge along 15 kilometers of die north and 

17 west regional boundaries. Difficulties arose from Uying to apply a single average flux value along 

18 the entire recharge boundary. The variability of sampled uansmissivities changed this property by 

19 six orders of magnitude along this boundary, requiring a similar range of head values. This 

20 required us to look at other ways to incorporate climatic change in the model. For preliminary 

21 analysis a steady-state simulation with heads along the same recharge boundary set to die land 

22 surface elevation was used to represent die effects on climatic change. 

23 

24 

25 6.4.2.3 Climate Factors and Climatic Variability Calculations 

26 For the 1991 preliminary comparison, climate variability was modeled by varying head along 

27 die recharge boundary. The amplitude of die climate function was bounded between present values 

28 and the land surface elevation, multiplied by a uniformly sampled value, Climfldx, ranging fi-om 

29 zero to one. The user-modifiable climate function routine was utilized to model an equation with 

30 three peaks in ten thousand years (see Volume 3). This does not match die data base definition of 

31 five peaks in ten diousand years because it was written before die data base was defined. However, 

32 the integrated effect will be the same and die historical data show diree minor climate peaks in die 

33 last ten diousand years. This model with its peaks occurring at exacUy four thousand year 

34 intervals is not intended to predict the exact climatic change but only to model its effect. 

35 

36 
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2 6.4.2.4 Material Properties, Boundary Conditions, and Initial Conditions 

3 The western regional boundary diat corresponds to die center of Nash Draw is modeled as a no-

4 flow symmeuy boundary, except for the small portion (7.3 km) of the northern end that takes 

5 cUmatic boundary recharge. The head boundaries of the north, soudi, and east sides are fixed as 

6 part of the uansmissivity sampling process. Each sample has a set of fixed head boundaries 

7 associated with it as part of the consUaints on the uansmissivity field. Initial conditions for 

8 interior head values are taken from a preliminary steady-state solution step computed by 

9 SEC0_2DH. 

10 

11 
12 6.4.3 RESULTS AND DISCUSSION 

13 The sampled uansmissivities resulted in a greater spatial variation of aquifer properties than 

14 were present in previous calculations. The variability in flow fields, uavel times, and path lines 

15 were more realistic dian die 1990 zoned calculations. There were no unphysical or unrealistic flow 

16 problems revealed by solving for diese synthetically generated fields. The effect of the climatic 

17 variabdity calculations were shown to be less than 5000 years reduction in uavel times, averaging 

18 about 3000 years. Characteristics of all modeled flows are illusuated by displaying results of die 

19 vector containing the largest sampled climate factor. Since this is an LHS uniformly sampled 

20 variable, die effect is to randomly select a syndietic uansmissivity field. 

21 The results of these calculations are shown in Figures 6-6 dirough 6-11: 

22 • Figure 6-6 shows the 10,000-year history of the climate function, sampled at 1000-year 

23 time steps. 

24 • The head contours in Figure 6-7 describe all time steps widi a climate head boundary factor 

25 (HEAD_VAR) of 1. (See Figure 6-6 for the plot of HEAD_VAR.) 

26 • Figure 6-8 shows the resulting flux vector representation of the velocity flow field. Small 

27 values of flux are thresholded to blanks. This illusuates the channelized nature of the flow 

28 in response to die uansmissivity field which is described in Figure 6-9. 

29 • Figure 6-10 has the elevated heads at the northwest comer set to die land surface elevation 

30 times Climtldx (=.985), which is the LHS sampled climate factor. These elevated heads are 

31 applied at 2000,6000, and 10,000 years. 

32 • The resulting increased flux is shown in Figure 6-11. Note the no-flow symmeuy boundary 

33 on the west face representing the center of Nash Draw. The highly channelized flow was 

34 present in single or multiple flow paUis for all the characterized fields. 

35 This model of climatic variability will be refined for next year's calculations. 

6-36 



Fluid Flow Modeling with SEC02D 
Results and Discussion 

12 

8 -

4 -

i 0 -

-4 -

-8 -

-12 -

-12 -8 -4 8 12 

X(km) 

TRI-6342-1360-0 

Figure 6-5. Regional and Local Grids Used for Disturbed Fluid Flow and 
Transport Calculations 
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Figure 6-6. 10,000-Year History of Climate Function, Sampled at 1000-
Year Time Steps 
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Figure 6-7. Head Contours at 1000 Years, Climate Minimum 
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Figure 6-8. Flux Vector Representation of the Velocity Flow Field at 
1000 Years, Climate Minimum 
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Figure 6-9. Log^o of Transmissivity Field for Vector 54 

6^1 



Chapter 6. Disturbed Groundwater Flow and Transport 

28 

24 

20 

^ 16 
E 
JC 

12 

4 -

WIPP Land 
Withdrawal 
Boundary 

12 16 20 24 28 

HEADEL (mx10^> 

A = 0.910 H = 0.980 0 = 1.05 
B = 0.920 1 = 0.990 P = 1.06 
C = 0.930 J = 1.00 Q = 1.07 
D = 0.940 K 1.01 e= 0.909 
E = 0.950 L 1.02 • = 1.084 
F = 0.960 M = 1.03 
G = 0.970 N 1.04 

X(km) 

TRI-6342-1365-0 

Figure 6-10. Elevated Heads at the Northwest Corner Set to the Land 
Surface Elevation at 10,000 Years, Climate Maximum 
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1 6.5 Transport Modeling (STAFF2D)—David K. Rudeen 
2 

3 6.5.1 Local Flow Modeling With STAFF2D 

4 The local flow fields calculations were generated widi the STAFF2D finite element program. 

5 STAFF2D calculates either Darcy flow or radionuclide uansport in two-dimensions. The flow and 

6 uansport could be uncoupled because the rate of fluid injection into the Culebra from an inuusion 

7 borehole was assumed to have no impact on the prevailing flow-field and the injected nuclide 

8 concenuation was assumed to be so small as to have no effect on Culebra fluid density. The local 

9 flow simulations were each run in two steps. The first step was a steady state calculation of 

10 initial conditions for a second Uansient calculation. The resulting uansient flow fields were used 

11 for uansport discussed below. 

12 

13 6.5.1.1 Fluid Flow Model Description 

14 The model description that follows is based closely on the presentation in Huyakom et al. 

15 (1991). The goveming equation for fluid flow in STAFF2D is 

16 
_d_ 
dxi 

dh 
= S^-A-q,i=l,2 (6-3) 

dt 

17 

18 where. 

19 h = hydraulic head (length) 

20 Tij = uansmissivity tensor (lengths/time) 

21 S = storage coefficient (dimensionless) 

22 A = volumeuic rate of fluid uansfer per unit area from porous mauix blocks to the 

23 fracture when using dual-porosity flow (length-'/(time'lengthS)) 

24 q = volumetric rate of fluid flow per unit area for sources or sinks 

25 (Iength3/(time'length2)) 

26 In accordance widi standard definitions for transmissivity and storage coefficient, 7]y and S can 

27 be expressed as 

28 

29 Tij=<^fHKij (64) 

30 

31 and 

32 

33 5 = (J) fHSs for confined aquifers (^5) 

34 
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1 where, 

2 H = formation thickness (length) 

3 Kij = hydraulic conductivity tensor (lengdi/time) 

4 <t>/ = porosity (fracture or secondary porosity for dual porosity) (dimensionless) 

5 = specific storage coefficient (1/length). 

6 The term A represents the interaction between the porous rock mauix and fractures and is 

7 analogous to the Fi in the uansport equation. For the flow calculated here, A is assumed to be 

8 zero. The fluid exchange between the mauix and fractures in the Culebra dolomite is assumed to 

9 negligible. The q term is also zero. The fluid injected into die Culebra at die inuusion borehole 

10 diat carries dissolved nuclides is assumed to have negligible effect on die existing flow field. 

11 

12 6.5.1.2 Space and Time Discretization 

13 The spatial grid used for the fluid flow modeling in the Culebra was a subregion of the 

14 regional flow field (Section 6.4). The extent of the local grid region was chosen to minimize the 

15 size of the simulation and still cover the expected uansport region to a boundary 5 km soudi of the 

16 center of the repository. TRACKER flow paths for a neuually buoyant particle released at the 

17 inuusion borehole for all regional flow fields were examined to determine die extent of die east and 

18 west particle path positions. All zones in the grid were 125 m square. The region covered 

19 extended form 1500 m east to 3750 m west of the borehole and 1750 m north to 5375 m south. 

20 The grid and its relation to the regional and local flow fields is shown in Figure 6-5. UTM 

21 coordinates for the grid origin (south west comer) are 612094 m east and 3576025 m nordi. Equal 

22 times of 1000 years to the maximum time of 10,000 yr were used in all uansient simulations. 

23 
24 6.5.1.3 Boundary and Initial Conditions 
25 The zones (elements) in the local grid did not coincided widi the zones in the regional grid so 

26 interpolation of the heads on to the boundaries of the grid was required. The head boundary 

27 conditions for the steady state calculation of initial conditions were interpolated from time zero 

28 SEC0_2DH regional calculations using the RELATE computer program. The resulting steady-

29 state hydraulic heads were used as initial conditions for die second step, which was a uansient flow 

30 calculation widi time dependent boundary heads interpolated from subsequent SEC0_2DH time 

31 step results. 

32 
33 6.5.1.4 Results and Discussion 

34 The resulting flow fields were used for radionuclide uansport as discussed below. Figure 6-12 

35 shows die spatial range of particle paths for a neuually buoyant particle released at time 0 at the 

36 inuusion borehole. The 5 chosen paths are representative of the spread in the 60 sampled flow 
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1 fields. Travel time variations were discussed in the section on uansmissivity field generation 

2 (Section 6.3.3). 
3 
4 6.5.2 LOCAL TRANSPORT MODELING WITH STAFF2D 

5 The local Uansport modeling was performed with die STAFF2D finite element program. 

6 STAFF2D calculates eidier Darcy fluid flow or radionuclide uansport. The flow fields used in die 

7 uansport calculations were also calculated with STAFF2D as discussed above. Transport was 

8 calculated using die dual-porosity conceptual model. The flow and uansport are assumed to take 

9 place in the fractures widi a solute exchange between the fractures and matiix conuolled by a one-

10 dimensional diffusion equation. Single porosity fracture uansport was calculated using a fracture 

11 field derived from the specific discharge by scaling by fracture porosity. Dual porosity uansport 

12 used the fracture flow field but included diffusion into the mauix. Transport was also calculated 

13 using single-porosity fracture Uansport with no diffusion into die mauix. 

14 
15 6.5.2.1 Transport Model Description 

16 STAFF2D (Solute Transport and Fracture Flow in 2 Dimensions) is a two-dimensional, 

17 finite-element code designed to simulate groundwater flow and solute uansport in fractured or 

18 granular aquifers (Huyakom et al., 1991). The original version was developed through a joint 

19 effort by HydroGeoLogic, Inc., and the International Ground Water Modeling Center of the 

20 Holcomb Research Institute. Improved versions of the code have since been commercially 

21 available through HydroGeoLogic, the latest being Version 3.2. CAMCON originally adapted 

22 Version 2.0 of the code and has since included upgrades from Version 3.2. Additional changes to 

23 die code have been made to accommodate CAMCON input/output requirements and tailor code 

24 inputs to the WIPP database (Rechard et al., 1989). The model description diat follows is based 

25 closely on the presentauon in Huyakom et al. (1991). 

26 
27 6.5.2.2 Governing Physical Equations 

28 STAFF2D can perform both fluid flow and uansport problems. The goveming equations for 

29 uansport in STAFF2D are 

30 _a_ 
dxi 

D, 
dc 

'•' dx 
axj J 

dc dc ^ 
^' " <t>^^^^Q - E ^Im^'^m'^mCm - q(c*i - Ci)-ri 

m=\ 

31 

32 £ = l,2, M species (6-6) 

33 

34 where, 

35 ci = concenuation (mass/volume) of species 
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1 Dij = hydrodynamic dispersion tensor (lengdi^/time), 

2 Vi = Darcy velocity (length/time) of the flow field, 

3 ()) = porosity (dimensionless), 

4 ^ l = first order decay constant (time'^) of species ^, 

5 Rl = retardation coefficient (dimensionless) of species £, 

6 Kim = fraction of parent species m (dimensionless) diat uansforms into daughter species £, 

7 q = rate of fluid injection per unit volume of formation.(Iengdi3/(time«length3)), 

8 ^*i - concenuation of species £ in the injected fluid, and 

9 ^ l = rate of material uansfer of component £ from die rock mauix to the'fracture (see 

10 dual porosity model below). 

11 

12 In the uansport mode, the Darcy velocity is considered as input to the code and is obtained 

13 from STAFF2D or odier flow codes. The dispersion tensor is defined as (Scheideger, 1960), 

14 • 

15 D i i = "'^^^ 1^"^^'^ ' ^ ^ l ' [lengdi^/time] 

16 = (a^ - aT)^YA^, [lengths/time] 

17 D22 = "̂ -̂ 2̂ ^^p*^ [length2/time] (^7) 

18 

19 where and aj [length] are the longitudinal and uansverse dispersivities, and and D2 

20 [lengths/time] are the effective coefficients of molecular diffusion, including tortuosity effects 

21 { D i » i ) where Z)^ is the free water molecular diffusion of species £ and x [dimensionless] is die 

22 tortuosity. 

23 The decay constant is 

24 

25 X = i^^ , [ t ime-1] { ) (^8) 
^1/2 

26 

27 where 7^2 is the half-life of species £. ' ' 

28 Retardation is given by 

29 
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1 = 1 -I- ^^^^^ K j I , [dimensionless] (6-9) 

2 

3 where K^ is the disuibution coefficient, and p^ is die solid density. 

4 In (6-6), r represents a source term modeling the matrix-fracture interaction. The dual 

5 porosity model involves the solution of both the two-dimensional, advective-dispersion equation 

6 for uansport in the fracture (6-6) and a one-dimensional diffusion equation derived by assuming 

7 Pick's Law for solute exchange between die fracture and die maUix, 

df^ ,dc '^ ^ 
= <D'/?^ ^ + ̂ 'R'l ^ic'i - £ Klm^'R'mkmC'm (6-10) 

m=\ 

9 

10 where the prime indicates mauix properties and with the boundary condition requirement diat the 

11 concenuations match at the interface. Refinements are made depending on die assumed geomeuy. 

12 For slab geometry: 

13 r = A ^ ' M 
' -b dx' (6-11) 

14 

15 where, 

16 b = fracture aperture (lengdi) 

17 a = fracture mauix interface. 

18 

19 The initial and boundary conditions for (6-10) are given by 

20 

21 Ci{x' , t = 0) = C'i° (6-12) 

22 

dc 

23 D ' ^ i O , y ) = 0 (6-13) 

24 

25 C'i{b',t) = C i - C p ' ^ (6-14) 

26 

27 where is a parameter characterizing the resistance of a diin skin adjacent to die fracture surface. 
28 The parameter is defined as C = b^/D^ , where b̂  (length) and D^ (lengths/time) are the skin 

29 diickness and the effective skin diffusion coefficient, respectively. 
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1 The purpose of die dual-porosity term is to simulate solute storage within die matrix through 

2 diffusion processes. If die concenuation in die fractures decreases widi time, solute is reuimed to 

3 die fractures through diffusion out of the mauix. Note that there is no Uansport dirough the 

4 matiix; there is only an exchange between the fracture and mauix at discrete points. Details are 

5 given in Huyakom et al. (1991, 1983a, and 1983b). 

6 

7 6.5.2.3 Physical Assumptions and Limitations 

8 Assumptions are as follows: 

9 • The code is limited to two dimensions. 

10 • Transport is governed by Pick's Law. 

11 • The dispersivity is assumed to cortespond to an isouopic porous medium so that it can be 

12 represented by two constants in the principal direction of flow. 

13 • In die fracture-flow-only model, die fractures are modeled as an equivalent porous medium. 

14 • In die dual-porosity model, there is no flow or. transport through the maUix, only an 

15 exchange between die matrix and fracture. 

16 • Adsorption and decay of radionuclides obey a linear equdibrium isotherm. 

17 • Solute concenuation effects on fluid density are ignored. 

18 • There is local chemical equilibrium between die liquid and die solid. 

19 CAMCON Enhancement: Spatially Varying Material Properties. The HydroGeoLogic 

20 version of STAFF2D is limited to having distinct material regions over which physical properties 

21 do not vary. In the uansport case, these include porosity and tortuosity. In addition, the free-water 

22 molecular diffusion parameter is independent of species in Version 3.2. The CAMCON database 

23 contains spatially varying data for tortuosity and porosity and species-dependent molecular 

24 diffusion parameters. The CAMCON version of STAFF2D was modified to pennit input of diese 

25 data. 

26 
27 6.5.2.4 Numerical Approach 

28 As used in CAMCON, the fractured porous medium is represented by a "double-continuum" 

29 idealization, widi a two-dimensional continuum representing the domain of fractures and a one-

30 dimensional continuum representing the porous maUix (Figure 6-13). Transport is thus described 

31 by equations (6-6) and (6-10). These equations are solved using a finite-element technique, 

32 combining upsUeam weighting for the fracture domain and a Galerkin approximation for the 

33 porous medium. At each time level, ui-diagonal sets of algebraic equations for die matiix blocks 

34 are generated and solved using the standard Thomas algorithm to obtain die relation between die 

35 solute mass flux from the matiix and die nodal concenuations in the fractures. These flux terms 

6-50 



Transport Modeling (STAFF2D) 
Local Transport Modeling With STAFF2D 

One-Dimensional Diffusion 
Grid for Diffusion into Matrix 

Two-Dimensional Advective-
Dispersive Grid used for 
Transport in Fractures 

Note: No Transport Through Matrix 

TRI-6342-1375-0 

Figure 6-13. Schematic of Dual Porosity Double Continuum Idealization 
Used in STAFF2D 

6-51 



Chapter 6. Disturbed Groundwater Flow and Transport 

1 are Ueated implicitiy when die equations for die two-dimensional fracture domain are generated and 

2 solved. The nodal concenuations in die mauix blocks can then be updated by performing the back-

3 substitution step of die Thomas algorithm. The finite-element approximation technique applied to 

4 the convective-dispersive equation is an upsueam-weighted residual technique (Huyakom and 

5 Pinder, 1983) designed to overcome oscillations of the numerical solutions when the convective 

6 terms are dominant. 

7 

8 6.5.2.5 Benchmark Tests 

9 Several benchmark calculations have been perfonned to compare STAFF2D with analytical 

10 solutions. Generally, good agreement with the analytic solutions is claimed. For the case of 
11 • multiple decaying and interacting species uansport, analytic solutions are currendy confined to 
12 one-dimensional model problems. The following list of documented benchmark problems is 

13 discussed in Huyakom etal. (1991): 

14 • Longitudinal uansport in fractures and uansverse matrix diffusion 

15 • Longitudinal uansport in fractures and spherical mauix diffusion 

16 • One-dimensional uansport of a diree-member radioactive decay chain 

17 • Radial uansport in fractures and uansverse mauix diffusion 

18 • Two-well UarispOrt in a porous medium system 

19 
20 6.5.2.6 Space and Time Discretization 
21 The spatial grid used for the uansport modeling in die Culebra was identical to the local flow 

22 field discussed above and is shown overlayed on die regional grid in Figure 6-5. 

23 A time step of 1000 years was used in all simulations. The simulations were run from die 

24 time of inuusion (1000, 3000, 5000, 7000, 9000 yr) to 10,000 yr. 

25 
26 6.5.2.7 Boundary Conditions 
27 The four boundaries surrounding the grid permitted flow. The discharge was determined by die 

28 velocities at the boundary. Flow out of the grid results in loss of fluid and solute. Flow into die 

29 grid had a solute concenuation of zero. 

30 A single inUusion borehole was modeled as a time dependent flux boundary (or source term) at 

31 a single node at the center of the repository widi UTM coordinates of 613594 m east and 3581400 

32 m nordi. The flux boundary requires the input of both die fluid flux rate and the solute flux rate. 

33 The STAFF code integrates the flux rates to obtain a total mass injected over the time step and 

34 determines an average rate to preserve total mass. The fluid flux into the Culebra from die 

35 borehole was assumed to have negligible effect on die Culebra flow field and was therefore set to 

36 0. Solute mass flux history was supplied by the PANEL calculations. The simulations dierefore 
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1 modeled the direct dumping of nuclides into Culebra flow. Transport effects between the 

2 repository and the Culebra has been ignored. 

3 

4 6.5.2.8 Material Properties 

5 Up to diree sets of properties are required for STAFF2D simulations of Uansport depending on 

6 wether the single or dual porosity conceptual models are used. For the the single porosity 

7 simulations only the fracture properties and solute (nuclide) properties are used. For the dual 

8 porosity simulations fracture, matrix and nuclide properties are required. Property values can found 

9 in Vol III. Fracture uansport properties include porosity*, tortuosity, longitudinal dispersivity*, 

10 transverse dispersivity, retardations*, and effective diffusion coefficient. Mauix properties include 

11 porosity*, tortuosity, retardations*, fracture spacing*, and skin resistance effective diffusion 

12 coefficients. (Starred properties were sampled.) Nuclide properties include half life, specific 

13 acuvity, and chain description. 

14 

15 6.5.2.9 Nuclide Chains 

16 A total of seven species broken down into 4 chains were uansported. The chains are as 

17 follows: 

18 • PU240 

19 . AM241 -> NP237 -> U233 

20 • U234->TH230 

21 • PU239 

22 

23 6.5.2.10 R e s u l t s 

24 The primary results from the transport simulations is the integrated discharge across 

25 boundaries 3 and 5 km south of the repository. The 3 km boundary is actually located at the 

26 southem land withdrawal boundary. Each species flux is calculated from the y-component (south) 

27 of Darcy velocity, zone flux area (DX * diickness) and die species concenuations. The mass flux 

28 rate for each of the species is convened to activity rates across each boundary and stored for 

29 subsequent use in generating the CCDF curves. Results are tabulated for all scenarios and all 

30 vectors in Appendix B. 

31 A typical solute plume is shown in Figure 6-14 at times of 2000 and 10,000 years. The 

32 results are for vector 9 (dual-porosity scenario E1E2 with an inuusion time of 1000 years). The 

33 effects of artificial numerical dispersion can be seen at the northeast and southwest comers of the 

34 repository. The oscillations are minimal and decrease with time. The results are typical of 

35 numerical algorithms that generate numerical oscillation uansverse to the primary flow. The 

36 oscillations can be reduced by using more upwinding but only at the expense of increased 

37 dispersion throughout the entire problem. The current solution error is assumed to be more 
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1 localized near the source where concenuation gradients are largest. This particular vector had the 

2 largest normalized EPA'release (0.065) to the accessible environment, which was calculated as 

3 discharge across the 5-km boundary south of the repository. Normalized EPA release varied from 0 

4 to 0.065. For the E1E2 dual-porosity scenario with a time of inuusion of 1000 years, only 

5 10 vectors had EPA normalized releases greater than 10"̂ . For die E2 scenario there were only 

6 five. The number of vectors with releases greater than 10"̂  decreased with later times of inuusion. 

7 Fracture-only-uansport releases were generally 150 times larger. 
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1 7. CUTTINGS REMOVAL DURING DISTURBANCES—Jerry W. 
2 Berglund 

3 One of the more important considerations in assessing the long term behavior of the WIPP 

4 repository involves the Uansport of radionuclides from the WIPP repository as the result of 

5 peneuating a panel by an exploratory borehole. I f a borehole intrudes die repository, waste wil l be 

6 brought directly to the surface as particulates suspended in the circulating drilling fluid. This 

7 section addresses the assumptions, theory, and computational procedures goveming direct waste 

8 removal due to drilling and summarizes some of the results obtained for the 1991 comparison to 

9 40 CFR 191. 

10 • 

11 7.1 General Considerations 
12 In the human intrusion type scenario, a hydrocarbon exploration well is drilled through a 

13 WIPP repository panel and into the underlying pressurized brine Castile formation. I f rotary 

14 drilling is assumed, a volume of repository wastes is removed from the breached panel and is 

15 uansported to the surface as cuttings and cavings suspended in the drilling fluid. The minimum 

16 volume of repository material removed is equal to the cross-sectional area of die drill bit multiplied 

17 by the repository thickness (cuttings). This minimum volume must be increased by material 

18 eroded from die borehole wall (cavings) by the scouring action of die swirling drdling fluid. Both 

19 cuttings and cavings wil l be released to the accessible environment in a setding pit at the surface. 

20 In uaditional rotary drilling, a cutting bit attached to a series of hollow drill collars and pipes 

21 is rotated at a fixed angular velocity and is directed to cut downward dirough die underlying suata. 

22 To remove the drill cuttings a fluid is pumped down the drill pipe through and around the drill bit 

23 and up to the surface within the annulus formed by the drill pipe and die borehole wall (Figure 7-

24 1). In addition to the removal of cuttings, the drilling fluid (mud) serves to cool and clean the bit, 

25 reduce drilling friction, maintain borehole stability, prevent the inflow of unwanted fluids from 

26 permeable formations, and form a diin, low permeability filter cake on peneuated formations. 

27 The volume of repository wastes removed by the cutting action of the bit is simple to 

28 calculate and is equal to the cross-sectional area of the drill bit multiplied by die thickness of the 

29 compacted repository panel. Calculating the volume of eroded waste, however, requires a more 

30 complex model. In the oil and gas drilling industry, it has been suggested (Broc, 1982) that dril l 

31 hole wall erosion may be influenced by a number of factors: 

32 • die shear suesses of die drilling fluid against the hole wall during circulation 

33 • suction effect during pipe movement 

34 • eccenuicity of pipe with respect to the hole 

35 • impact of the solid particles in the mud on the walls 

36 • physical and chemical interaction between die mud and die exposed formation 
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1 • time of contact between the mud and the formation. 

2 A number of investigators maintain that die flow pattern has a major effect on the stability of 

3 the walls. Walker and Holman (1971) defined an index of erosion that is a function of the shear 

4 suess acting on the walls and the type of flow opposite the drill collars. They postulated that 

5 erosion occurs primarily opposite the drUl collars where the mud flow rates are greatest and is 

6 considerably more prevalent when the flow is turbulent rather dian laminar. Darley (1969), in a 

7 number of laboratory experiments also showed diat for aqueous dril l fluids, erosion was sensitive 

8 to flow rates. For certain types of shales Darley showed diat die material in the exposed borehole 

9 wall can undergo a swelling due to the decrease in the lateral effective suess and by undergoing 

10 surface hydration and osmotic action. In such cases the circulation of clear liquids caused severe 

11 erosion of the walls. Erosion was much less when colloidal suspensions were circulated partly 

12 because die formation of a filter cake inhibited the formation of a soft swollen zone. Britde shales 

13 also exhibited a weakening when peneuated by a drill hole due in part to the infiluation of drilling 

14 fluid into old fracture or cleavage planes. 

15 The mechanical and chemical properties of the compacted wastes in a WIPP panel sometime 

16 in die distant future wil l undoubtedly be quite different than any material encountered in today's oil 

17 and gas drilling industry. However, the behaviors that influence erosion are likely to be simUar. 

18 Although there are a number of factors that may influence borehole erosion, industry opinion 

19 appears to single out the effects of fluid shear suess acting on the borehole wall and the character 

20 of the fluid flow regime (laminar or turbulent). To consider these effects it is necessary to know 

21 the threshold fluid shear stress acting on the borehole wall that wi l l initiate erosion. This 

22 "effective" borehole shear suength for erosion must be determined by experiment and may be 

23 different for laminar and turbulent flow. In the following analysis it is assumed that borehole 

24 erosion is caused primarily by the magnitude of the fluid shear suess acting on the borehole wall. 

25 Caving or spalling effects diat may be caused by an encounter with gas-pressurized wastes are 

26 ignored. These effects wdl be addressed in a later study. 

27 

28 7.2 Analysis 
29 In the annulus formed by the collars or drill pipe and the borehole wall, the flow of the 

30 drilling fluid has both a vertical and rotational component. Widiin this helical flow pattern shear 

31 suesses are generated by the relative motion of adjacent fluid regions and also by die motion of the 

32 fluid direcdy adjacent to the borehole wall and the borehole wall itself. In this analysis it is 

33 assumed that i f die shear sUess at die wall exceeds the effective shear suength for erosion of the 

34 wall material (filter cake or compacted repository wastes) erosion of die wall material wi l l occur, 

35 increasing the diameter of the bored hole. The eroded material wil l be passed to the surface in the 

36 flowing drilling fluid. 
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1 Flow in die annulus between the drill pipe and borehole wall is usually laminar (Darley and 

2 Gray, 1988). Adjacent to the collar, however, the flow may be either laminar or turbulent as a 

3 consequence of the larger collar diameter and resulting higher mud velocities (Pace, 1990). For 

4 laminar flow, the analysis lends itself to classical solution methods. Turbulent flow requires a 

5 more approximate approach where the flow is assumed to be axial with no rotational component. 

6 Finally, the amount of radioactive material diat is exuacted from the repository depends on the 

7 extent of radioactive decay. A discussion on diese diree topics follows. 

8 

9 7.2.1 LAMINAR FLOW 

10 Below Reynolds numbers of about 2100 for newtonian fluids and 2400 for some non-

11 newtonian fluids (Walker, 1976), experiments have shown that die flow of a fluid in a circular pipe 

12 or annulus is well behaved and can be described using a well defined relationship between the 

13 velocity field and the fluid shear suess. This type of flow is called laminar. 

14 Some of the early work on laminar, helical flow of a non-newtonian fluid in an annulus was 

15 performed by Coleman and Noll (1959) and Fredrickson (1960). The laminar helical flow solution 

16 procedure outiined below is, for the most part, an adaptation of methods described in a paper by 

17 Savins and Wallick (1966). 

18 One of the principal difficulties in solving for the shear suesses within a helically flowing 

19 drilling fluid is die shear rate dependence of the fluid viscosity. This non-newtonian fluid behavior 

20 necessitates choosing a functional form for the variation of viscosity with shear rate for the fluid. 

21 There are several functional forms for the viscosity of drilling fluids that can be assumed. For 

22 example, in the oil and gas indusuy, the Bingham and power law models are often used to 

23 approximate the shear rate dependence of the fluid viscosity. A less common function is a form 

24 chosen by Oldroyd (1958) and used in the analyses by Savins and Wallick (1966). Oldroyd 

25 assumed that the viscosity varies according to the functional relation. 

26 T? = T;̂  
1 + ^2^^ 
l-HOir^ 

(7-1) 

27 where o\ and 02 are constants, TĴ  is the limiting viscosity at zero rate of shear, rjoo—defined as 

28 ^ o i ^ l l ^ l ) — t h e limiting viscosity at infinite rate of shear, and F is the shear rate. 

29 Viscous shear suess is described by 

30 T=7jr. (7-2) 

31 The above expression, developed using the Oldroyd viscosity equation (7-1), can be illusuated 

32 graphically as shown in Figure 7-2 This is a rate softening (pseudoplastic) model that has an 

33 initial slope of TĴ  and a limiting slope of r j ^ for large shear rates. 
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1 The Oldroyd model cannot account for drilUng fluids that exhibit a yield suess. However, 

2 above a shear rate of zero, parameters can be chosen so that the model approximates die 

3 pseudoplastic rate response of many drilling fluids (see Figure 7-2). 

4 Savins and Wallick (1966), expanding on the work of Coleman and Noll (1959) and 

5 Fredrickson (1960), showed that die solû tion for laminar helical flow of a non-newtonian fluid in 

6 an annulus could be written in terms of diree nonlinear integral equations 

l 2 ^ 

^ = 0 

P2=c] 
a 

_dp_ 
-A£2 = 0 

10 

11 

12 

13 

14 

^ nR^ K2 
- p 

2Yyi i2\ 
dp = 0 (7-3) 

where a is the ratio of the collar radius over die cutting radius (/?,//?) (Figure 7-3), AQ is the 

drill string angular velocity, Q is die drilUng fluid flow rate, r is the radial coordinate, and p is 

the non-dimensional radial coordinate representing the ratio r/R. The unknown parameters 

RJ/2 , and C are related to die fluid shear suesses through die relations 

're 
C_ 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

RJ_ 
2 

( 2 •)2\ 

(7A) 

where r, 8, and z represent radial, tangential, and vertical coordinates associated widi the cyUndrical 

geomeuy (Figure 7-3). 

The three nonlinear integral equations represented by (7-3) in general must be solved 

nunfierically. By expanding each of die integral equations into a Taylor series and retaining only 

the linear terms, a recursive solution procedure can be used (Newton-Raphson) to find the solution 

for die unknowns , 8{RJ/2), and SC. The three linear equations are 
dF) 

dF2 

dC 
dF) 

2 ) 
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1 

2 

3 

4 

5 

6 

7 

10 

11 

12 

13 

(7-5) 

The solution procedure consists of assuming initial values for X , RJ/2, and C and solving 

die diree linear equations in (7-5) for die corrections 8X.̂ , 5{RJ/2), and 6C. The unknowns }?, 

RJ/2, and C are then replaced by { R J / 2 ) + 5 { R J / 2 ) , and C + 5C. This recursive 

solution procedure is repeated until |8A.̂ |, \b{RJ/2)\, and |5C| are all less than some specified 

limit. The coefficients of die unknowns 57?, 5{RJ/2), and 5C in (7-5) are determined by 

differentiating die equations in (7-3): 

TIP 
dp 

dF,_ \ 1 (p^-^')an 
ac J TIP 

a 

^ = - C f 4 3 ^ p 
a 

Tl^P^ dX^ 

dF2 _ f 1 
ac J Tip3 Tl ac 

dF2 
RJ 

dp 

3TI 

n̂ p̂  a (f) 
dp 

1 2 p2 

TIP 
l - l -

ari 
Tl dX^ 

a 

ac 12 jJ TIP Tl ac 

9 ' ^ _ . 4 j ( ^ ( p ^ - x > - 4 r « ^ 
TIP J TIP Tl 

a - . i 2 y 

The viscosity is related to the the shear rate function y ( r ) by die equauon 

(7-6) 
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(7-7) 

2 where y = 2 r2 . (7-8) 

3 For the Oldroyd viscosity function (7-1) the unknown derivatives of the viscosity in (7-6) can 

4 be determined by using die chain rule of differentiation and (7-7): 

an 
a(Ti2y) 

dX^ dX^ a(Ti2y) p'-

ari 
a(Ti2y) 

an 
a(Ti2y) 

aTi 4c ari 
dC ac a(^2y) p4 5(^2y) 

ari a(.2.) 
aTi ^ ^ f R j fp^-x^y dr] 

(7-9) 

The derivative aTl^a|Ti2yj can be determined by combining (7-1) and (7-8) and dd'ferentiating 

8 to obtain 

10 

11 

12 

13 

14 

15 

16 

17 

18 

a(Ti2y) CT2 O l 
T1^+2(TI-T1O)TI] + (TI-T1O)TI 2 £ l . 

2 

(7-10) 

Based upon the preceding equations, a Fortran computer code was written to perform the necessary 

computations for a solution to die problem of laminar helical flow in an annulus. 

For the specific case of borehole erosion, once a solution to die diree integral equations in 

(7-3) is found, the shear sUess in the fluid at the wall can be calculated by setting p = 1 in the 

equations in (7-4). By changing the outer radius of the hole, the fluid shear suess can be forced to 

equal the repository effective shear suength for erosion. The required outer hole radius is 

determined by iteration as shown in Figure 7-4. The derivatives required for the iteration (dx/dR) 

are found numericaUy. 
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Viscous 
Stiear 

Stress T 

Fluid Yield Stress 

Slope = Tjoo 

Shear Rate F 

TRI-6342-1191-0 

Figure 7-2. Viscous Shear Stress for Oldroyd and Real Drilling Fluid 
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Drill Plpe^ 

Helical Flow 

R 

; Waste Repository! 

Drill Collar! 

Angular Velocity 

TRI-6342-1190-0 

Figure 7-3. Detail of Rotary Drill String Adjacent to Drill Bit 
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Outer Wall 
Shear Stress x 

Material Eroded 

Effective Shear Strength 
for Erosion 

of Repository Wastes 

Initial Drillhole 
Radius 

Final Eroded Hole 
Radius 

i i 
Outer Radius R 

TRI-6342-1189-0 

Figure 7-4. Iteration Procedure for Finding the Final Hole Radius 
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1 7.2.2 TURBULENT FLOW 

2 For fluids with Reynolds numbers greater than about 2100, flow in a circular pipe or annulus 

3 starts to become more or less random in character, which makes orderly mathematical analysis of 

4 the flow difficult if not impossible. With increasing Reynolds numbers this random behavior 

5 increases until at a Reynolds number of about 3000 die flow becomes fully turbulent. In fully 

6 turbulent flow, momentum effects dominate and the fluid viscosity is no longer important in 

7 characterizing pressure losses. 

8 The Reynolds number is defined as 

K e - ~ ^ (7-n, 

10 

11 where Dg is die equivalent hydraulic diameter, p is the drill fluid density, V is the average fluid 

12 velocity, and TI is die average fluid viscosity. 

13 For newtonian fluids the value to use for the viscosity is clear since the viscosity is constant 

14 for all rates of shear. Non-newtonian fluids, which exhibit a changing viscosity with shear rate, 

15 present a special problem in calculating Rg. 

16 For fluids diat exhibit a limiting viscosity at high rates of shear (such as the Bingham model 

17 and in our case die Oldroyd model) it has been suggested (Broc, 1982) that the limiting viscosity 

18 (T[ = Tloo) be used in calculating the Reynolds number. 

19 The Reynolds number for an Oldroyd fluid in an annulus can dien be written as (Broc, 1982) 

20 

o 0.8165 W p 
21 Re= = (7-12) 

22 

23 where die hydraulic diameter is expressed as Z) = 2(/? - ) (see Figure 7-3). 

24 The most important influence viscosity has on the calculation of pressure losses in fully 

25 turbulent flow of non-newtonian fluids appears to be in the calculation of the Reynolds number. 

26 A far more important parameter is the surface roughness past which the fluid must flow. The 

27 Reynolds number, however, does have a role in determining the onset of turbulence. For 

28 newtonian fluids diis number is about 2100. For non-newtonian, rate thinning fluids die critical 

29 value of Rg tends to be greater dian 2100 but less than 2400 (Walker, 1976). For our purposes a 

30 value of 2100 will be used to represent R^̂  (critical Reynolds number) for die Oldroyd fluid 

31 model. Since turbulent flow is more effective in generating fluid shear sUesses at the borehole 

32 wall, this assumption is conservative. 

33 There is a Uansition region beyond Rĝ  before die development of fully turbulent flow. In this 

34 regime the flow has the character of both laminar and turbulent flow. However, since pressure 
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1 losses increase rapidly in mrbulent flow and affect borehole shear suesses more severely it wiU be 

2 assumed diat beyond Rĝ  the flow is fully turbulent. 

3 To characterize die turbulent flow regime, the great bulk of analysis has concenUated on 

4 empirical procedures. 

5 For axial flow in an annulus, the pressure loss under turbulent conditions can be written as 

6 ' (Whittaker, 1985) 

7 ^ = (7-13) 
D 

8 

9 where / is the Fanning friction factor and L is the borehole length. 

10 If the shear sUess due to the flowing fluid is uniformly disuibuted on the inner and outer 

11 surfaces of the annulus, it can be easily shown using equation (7-13) that die shear suess acting on 

12 the borehole wall is related to die average velocity dirough the relation 

13 x = ̂  • (7-14) 
2 

14 ' 

15 The Fanning friction factor is empirically related to die Reynolds number and relative 

16 roughness for pipe flow by die equation (Whittaker, 1985) 

1 . e 1.255 

V7 ' ^ 4 ^ ' ^ . 
(7-15) 

18 
19 where z/D is the relative roughness. For pipes, D in diis equation represents die inside diameter 

20 and e is die absolute roughness or die average depth of pipe wall irtegularities. In die absence of a 

21 similar equation for flow in an annulus, it will be assumed that diis equation also applies here, 

22 where D is die hydrauUc diameter as defined earlier and e is die absolute roughness of the waste-

23 borehole interface. 

24 Based upon a calculated Reynolds number, a Fanning friction factor can be determined by 

25 numerically solving (7-15). The value of die shear suess acting on die borehole wall can dien be 

26 determined from (7-14). Using an iterative procedure similar to that for the laminar flow problem 

27 (Figure 74), die fluid shear suess can be forced to equal the repository effective shear suengdi for 

28 erosion to obtain the final eroded borehole radius. 

29 
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1 7.2.3 RADIOACTIVE DECAY 

2 The quantity of radioactive material deposited in the settling pit as the result of drilling must 

3 be modified by the growth and decay of component radionuchdes in the cuttings and cavings at the 

4 time of inuusion. The Bateman equations (Wehr et al , 1984) are used to calculate diis decay. 

5 For example, consider a chain of five radionuclides A, B, C, D, and E directly brought to the 

6 surface as die result of driUing. If , N^ , N^. , N^ , and Ng represent die number of atoms of 

7 each of the radionuchdes, then die differential equations diat govern die decay and growdi are (Wehr 

8 et al., 1984) 

9 ^ = -X^Na • ^ = -XaN,-XbN^ 
dt dt 

10 ^ = XbN^-XgN^ ^ = > ^ c N c - ^ d N d 
dt dt 

11 ^ = XdNa-XgNg (7-16) 
dt 

12 

13 If the initial number of atoms of radionuclide A is NaO , die initial number of daughter atoms 

14 are Nbo > ^cO . Nao . and NgQ, and die disintegration constants are Xa, Xb, Xc, Xj, and Xg, 

15 then the half-lives of the radionuclides are related to the disintegration constants through the 

16 relation half-life = In2/X. Solving die differenual equations in (7-16) sequentially yields. 

17 Na =NaO exp(-X,aO 

18 N^,=^^^exp{-Xat) + Ciexp{-Xbt) 
Xb-Xa 

,9 = M ^ £ ^ E ( l ^ ^ C i - ^ e x p ( - M + C2exp(-V) 
^b~"-a ~'^a f^c ~ ^b 

on K'^bKNgQ exp(-X^<) X^Xb e x p ( - V ) 

' ~ -K){K -K){'^d-K) ' [K-^b){y^d-H) ' {-^d-K) ' ^ 

21 -1-C3 exp(-A.rf/) 

22 arri 

23 ^ d K H K N g Q exp(-X^t) ^ XdX,Xb exp(-XfcO 

2^ ^ ̂  ^3 y^-^exp(-X,0 ^ C4 e.p[-Xgt) 
[ f ^ d ' ^c)\^e~ ^c) K'^e'^d] (7-17) 

25 

26 The constants of integration are 
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.Ci = 

.C2 = 

C3 = 

C4 = 

-Cl 

^flNaO 

^b~^a 
+ NbO 

{"^b - ^a){K -^a) "^c-^b 

. - C l - 'Xc'Xb 

XdXgXbXgNaQ ^_ 'Xd^c'^b 

•NdO 

(Xi -x^X^c - - ^ - >^a) \K -^b){^d -^b){K -^b) 

"XdXc 
-C3 7T-H-T + ̂ .0 

(^d-^c)(^e-^c) i'^e-'^d) (7-18) 

6 

7 Since the above equations are based upon the number of atoms of each radionuclide, initial 

8 quantities in terms of activities would have to be changed to use these equations. The relative 

9 number of radionuclide atoms of each constituent can be obtained from the activities by 

10 multiplying each daughter activity by die ratio of daughter half-life to the half-life of the oldest 

11 parent. After the above equations are solved in terms of the relative number of atoms, the 

12 activities can be retrieved by inverting die above procedure, i.e., by multiplying the relative 

13 number of atoms by die ratio of the half-life of the oldest parent to the half-life of the daughter 

14 product 

15 

16 7.3 Code Description 

17 The CUTTINGS code, developed specifically for the WIPP, calculates the quantity of 

18 radioactive material (in curies) brought to the surface as cuttings generated by an exploratory 

19 drilling operation that peneuates the repository during die human inuusion type scenario. The code 

20 determines the amount of cuttings removed by drilling and mud erosion, and accounts for 

21 radioactive decay that has occurred up to die inuusion time. 

22 It is assumed that die drilling operation uses techniques similar to the rotary drilUng methods 

23 in use today and that the waste can be characterized as having an effective shear suength for 

24 erosion. When the effective shear suength for erosion of the compacted waste is exceeded by the 

25 drilling fluid shear suess acting on die borehole wall, it is assumed that erosion of the wall (waste) 

26 occurs and continues until a state of equiUbrium exists between the effective shear suength for 

27 erosion and die appUed fluid shear suess. Primary erosion occurs adjacent to the largest diameter 

28 of the drill suing, namely die drill collar, which is assumed to be aligned concenuically with the 

29 hole. It is also assumed that erosion occurs during drilling operations when the drill bit Ues on die 
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1 hole bottom and drilling mud is flowing up the annulus. Drilling time is not a variable in the 

2 analysis. It is assumed that if conditions are conducive to causing erosion, sufficient time is 

3 avadable to complete the erosion process. 

4 The total volume of material removed by drilling is the sum of the eroded material and the 

5 material duecUy cut by the drill bit. Multiple borehole intrusions are permissible. The code is 

6 based on an exact analytical solution for laminar helical flow of a non-newtonian fluid in an 

7 annulus and on empirical equations for turbulent flow. Input for the code includes rotational speed 

8 of the drill string; drilling mud flow rate; cutting bit diameter; shear rate dependent viscosity 

9 parameters for the drilling mud; borehole roughness; compacted repository thickness and porosity; 

10 effective failure shear strength of the compacted repository material, radionuclide inventory, and die 

11 number of intrusions. If the Reynolds number is greater than 2100, the calculation is based on 

12 turbulent, axial, annular flow. If the Reynolds number is less than 2100, the calculation assumes 

13 that the flow is laminar and is governed by equations for the helical flow of a non-newtonian fluid. 

14 An Oldroyd type fluid is assumed. 

15 The volume of material removed as the result of each intrusion is used with the intrusion 

16 times and the repository radionuclide inventory to calculate the total amount (in curies) of decayed 

17 radionuchdes brought to the surface. The radioactive decay process is solved using die Bateman 

18 equations. 

19 

20 7.4 Drilling Parameters 
21 The direct removal of wastes to the accessible environment is based on the assumption that 

22 rotary drilling will be used. The parameters associated with drilling are dependent upon the well 

23 type, predicted depth, and materials through which the driU wUl peneUate. 

24 The ranges and distributions for the input variables used in generating the CCDF were chosen 

25 from data gathered from a number of sources: 

26 • For drilling operations through salt in the Delaware basin (WIPP site), the drilling mud 

27 most likely to be used is a brine (Pace, 1990), with the density cut somewhat with an 

28 emulsified oU. The density and viscosity related variables were chosen for die calculations 

29 based on the assumption of the use of such a brine-based drilling mud. 

30 • For drilling through salt, the drdling speeds can vary from 40 to 220 rpm (Austin, 1983; 

31 Pace, 1990), widi the most probable speed about 70 rpm (Pace, 1990). 

32 • Mud flow rates are usually selected to be from 30 to 50 gallons/minute per inch of drill 

33 diameter (Austin, 1983) and usuaUy result in flow velocities in the annulus between the 

34 drill coUars and the hole waU at or near die critical flow state (laminar-turbulent uansition) 

35 (Pace, 1990). 
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1 • The driU diameter is related to the total planned depdi of the hole to be drilled. For gas 

2 wells in die 4000- to 10000-foot range, it is Idcely that the drill used diat passes through 

3 the repository would have a diameter of 10.5 to 17.5 inches. The collar diameter is assumed 

4 , to be 2 inches less dian the drill diameter. 

5 • The amount of material eroded from die borehole wall is dependent upon die magnitude of 

6 the fluid-generated shear suess acting on the wall and the effective shear strength for erosion 

7 of the repository material. In the absence of experimental data, the effective shear suength 

8 . for erosion of the repository material is assumed to be simdar to that of a montmorillonite 

9 clay, widi an effective shear sttength for erosion of i Pa (Sargunam et al., 1973). 

10 • For turbulent flow, the shear stress acting on the borehole wall at the repository is 

11 dependent upon the absolute surface roughness. The value chosen for the calculations 

12 exceeds that of very rough concrete or riveted steel piping (Sueeter, 1958). 

13 • For most input parameters the median values were chosen. However, to maximize cuttings 

14 removal, a lower bound for the effective shear suength for erosion was chosen. The drill bit 

15 diameter was sampled over its range. The specific input values chosen for the cuttings 

16 calculations appear in Volume 3. 

17 

18 7.5 Results and Discussion 
19 Except for the five different times of intrusion and the sampling of the drill bit diameter, the 

20 input data used in the CUTTINGS code to characterize the drilling mud, drill suing, and waste 

21 properties was fixed for all cases (see Volume 3). As an example of the type of results obtained 

22 from the 600 CUTTINGS calculations required to calculate a CCDF, one specific calculation set 

23 for the five inuusion times is shown in Tables 7-1 and 7-2 for a drill bit diameter of 0.4445 m 

24 (17.5 inches). The calculations indicated that borehole erosion increased the diameter of the 

25 borehole from an initial value of 0.4445 m to a final diameter of 0.994 m. During the erosion 

26 process die flow between die drill collar and borehole waU remained tiubulent. The initial value of 

27 the Reynolds number was 7165, which decreased to 4319 when erosion ceased. Radionuclide 

28 release to the surface (in curies) from contact-handled (CH) and remote-handled (RH) waste for the 

29 five intrusion times are shown in Tables 7-1 and 7-2, respectively. The releases are ordered 

30 according to magnitude at the 1000-year inuusion. 

31 
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1 
2 

o 

Table 7-1. Radionuclide Release (Cl) From Contact-Handled (CH) 
Waste Based on Eroded Volume and Intrusion Time 

o 

4 1000 yrs 3000 yrs 5000 yrs 1000 yrs 9000 yrs 

5 PU239 0.5817x ioi 0.5492x101 0.5184Ex10l 0.4894X-ioi 0.4620X oi 

6 AM241 0.2571 X oi 0.1040x10° - 0.4209x10-2 0.1703X- 0-3 0.6888X 0-3 

7 PU240 0.6818x oO 0.5515x10° 0.4461x10° 0.3608X- 0° 0.2919x 0° 
8 PU238 0.2433X 0-1 0.3344x10-8 0.4596x10-15 0.6317x• 0-22 0.8682X 0-29 

9 U234 0.2348X 0-1 0.2336x10-1 0.2323x10-1 0.2310x• 0-1 0.2297X 0-1 

10 NP237 0.2070X 0-2 0.2567x10-2 0.2585x10-2 0.2584X' 0-2 0.2583X 0-2 

11 U233 0.7375X 0-3 0.7523x10-3 0.7682x10-3 0.7840X- 0-3 0.7997X- 0-3 

12 TH230 0.1842X 0-3 0.5989x10-3 0.1004x10-2 0.1399X- 0-2 0.1785X- 0-2 

13 TH229 0.6628X- 0-4 0.1831x10-3 0.2824x10-3 0.3674x1 0-3 0.4405X- 0-3 

14 RA226 0.3141X- 0-4 0.2577x10-3 0.5900x10-3 0.9612x1 0-3 0.1343x^ 0-2 

15 PB210 0.2934X- 0-4 0.2530x10-3 0.5842x10-3 0.9551x1 0-3 0.1337x1 0-2 

16 U236 0.2129x1 0-4 0.5766x10-4 0.8707x10-4 0.1109x1 0-3 0.1301x1 0-3 

17 PU242 0.1528x^ 0-4 0.1523x10-4 0.1517x10-4 0.1512x1 0-4 0.1506x1 0-4 

18 U235 0.6824x^ 0-5 0.1796x10-4 0.2847x10-4 0,3839x1 0-4 0.4776x1 0-4 

19 CM248 0.1014x1 0-5 0.1010x10-5 0.1006x10-5 0.1002x1 0-5 0.9974x1 0-6 

20 U238 0.2373x1 0-11 0.7106x10-11 0.1182x10-1° 0.1652x1 0-10 0.2120x1 0-10 

21 TH232 0.5344x1 0-12 0.4493x10-11 0.1168x10-1° 0.2149x1 0-10 0.3341x1 0-10 

22 CM244 0.3002x1 0-17 0.0000 0.0000 0.0000 0.0000 

23 PU241 0.4060x1 0-19 0.0000 0.0000 0.0000 0.0000 

24 CF252 0.0000 0.0000 0.0000 0.0000 0.0000 
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1 
2 
3 

Table 7-2. Radionuclide Release (Ci) From 
Waste Based on Eroded Volume 

Remote-Handled (RH) 
and Intrusion Time 

4 1000 yrs 3000 yrs 5000 yrs 1000 yrs 9000 yrs 

5 PU239 0.7065x1 0-1 0.6669x1 0-1 0.6296x1 0-1 0.5943x10-1 0.5611x1 0-1 

6 AM241 0.2145x1 0-1 0.8678x1 0-3 0.3511x1 0-4 0.1420x10-5 0.5746x1 0-7 

7 PU240 0.1547x1 0-1 0.1251x1 0-1 • 0.1012x1 0-1 0.8189x10-2 0.6624x1 0-2 

8 U233 0.1111x1 0-1 0.1101x1 0-1 0.1092x1 0-1 O.i 082x10-1 0.1073x1 0-1 

9 TH229 0.1003x1 0-2 0.2734x1 0-2 0.4150x1 0-2 0.5306x10-2 0.6247x1 0-2 

10 NP237 0.8828x1 0-4 0.9237x1 0-4 0.9248x1 0-4 0.9243x10-4 0.9237X- 0-4 

11 PU238 0.2730x1 0-4 0.3753x1 0-11 0.5158x1 0-18 0.7089x10-25 0.9743X- 0-32 

12 U234 0.2635X' 0-4 0.2622x1 0-4 0.2607x1 0-4 0.2592x10-4 0.2577X- 0-4 

13 U238 0.4824X- 0-5 0.4824x1 0-5- 0.4824x1 0-5 0.4824x10-5 0.4824X- 0-5 

14 U235 0.8403X" 0-6 0.9756x1 0-6 0.1103x1 0-5 0.1224x10-5 0.1337X- 0-5 

15 . U236 0.4826X- 0-6 0.1308x1 0-5 0.1975x1 0-5 0.2515x10-5 0.2952X- 0-5 

16 PU242 0.2251X- 0-6 0.2243x1 0-6 0.2235x1 0-6 0.2226x10-6 0.2218x- 0-6 

17 TH230 0.2067X- 0-6 0.6721x1 0-6 0.1127x1 0-5 0.1570x10-5 0.2003x• 0-5 

18 CM248 0.5384X- 0-7, 0.5362x1 0-7 0.5340x1 0-7 0.5319x10-7 0.5297X 0-7 

19 RA226 0.3525X 0-7 0.2892x1 0-6 0.6621x1 0-6 0.1079x10-5 0.1507X 0-5 

20 PB210 0.3293X 0-7 0.2839x1 0-6 0.6556x1 0-6 0.1072x10-5 0.1501X 0-5 

21 CS137 0.3348X 0-8 0.2858x1 0-28 0.0000 0.0000 0.0000 

22 SR90 0.1327X 0-8 0.2803x1 0-29 0.0000 0.0000 0.0000 

23 TH232 0.1210X 0-13 0.1019x^ 0-12 0.2650x10-12 0.4875x10-12 0.7580x10-12 

24 CM244 0.6113X 0-17 0.0000 0.0000 0.0000 0.0000 

25 PU241 0.9313x 0-21 0.0000 0.0000 0.0000 0.0000 

26 PM147 0.0000 0.0000 0.0000 0.0000 0.0000 

27 CF252 0.0000 0.0000 0.0000 0.0000 0.0000 

28 
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Multiphase Flow Through Porous Media 

1 A. MULTIPHASE FLOW THROUGH POROUS MEDIA—Palmer 
2 Vaughn 

3 Consequence modeling of WIPP for compliance assessment under both undisturbed and 

4 disturbed conditions involves quantification of the flow fields in and around the repository. Many 

5 of the models used by performance assessment (PA) rely on simulating the nature of the flow 

6 fields and are based on mathematical formulations diat describe flow through porous media. Two 

7 models, BOAST (for undisturbed conditions) and BRAGFLO (for undisturbed and disturbed 

8 conditions) describe the simultaneous flow of brine and gas through porous media. Table A-l 

9 provides list of terms commonly used when discussing multiphase flow through porous media. 

10 These PA models are based on the following general conceptualization of porous media flow. 

11 A description of multi-phase porous media flow is necessary to understand the assumptions 

12 involved in modeling multi-phase flow through porous media. Details of equations of motion for 

13 multi-phase flow describing assumptions, derivations, and implementation are wide-spread 

14 throughout the peuoleum and hydrology literature (Bear et al., 1968; Bear, 1975; Bear, 1979; 

15 Dake, 1978; Crichlow, 1977; Collins, 1961; Aziz, Settari, 1979; Peaceman, 1977; Crookston, 

16 Culhan, and Chen, 1979; Coats, 1980; Vaughn, 1986; Rubin, Vinsome, 1980; Scheideggar, 

17 1960). The interested reader is referted to this literature for this background information. The 

18 nomenclature, assumptions, and conceptualization used here are typical with those found in much 

19 of die multiphase reservoir modeling literature referenced above. 

20 BRAGFLO and BOAST are based on a description of porous media presented by Bear (1975) 

21 and Bear, Zaslavsky, and Irmay (1968). Bear (1975) points out that "no precise definition of 

22 porous media exists; however, the following characteristics, even though they are subjective, 

23 convey something about the nature of porous media:" 

24 1. A portion of the space is occupied by heterogeneous or multiphase matter, with at least 

25 one of the phases being fluid. 

26 2. The space within die porous media domain diat is not part of the solid mauix is referred 

27 to as void space or pore space. The openings comprising the void space are relatively 

28 narrow. Some of the pores comprising the void space are interconnected (effective pore 

29 space) while unconnected pores are considered part of die solid mauix. 

30 3. The solid phase is disuibuted throughout the porous media and solid must be present 

31 inside each representative elementary volume. 

32 4. The specific surface (surface area of the pores per unit bulk volume) is relatively high. 

33 5. "Any two points within die effective pore space may be connected by a curve that lies 

34 completely widiin it." 

A-l 



Appendix A 

1 6. Widi respect to fluid flow, die porous media resuicts die uansport of the fluid to well 

2 defined channels and die velocity of a fluid particle at a point in the void space is parallel 

3 to die walls. 

4 The term "disuibuted" in characteristic 3 above is somewhat general. PA adopts die Bear and 

5 Bachmat (1966 and 1967) visualization diat "die void space of a porous media is composed of a 

6 spatial network of interconnected random passages of varying lengdi, cross-section, orientation, 

7 and functions" (Bear, 1975, p. 93). Flow in die void space is laminar and each channel defines a 

8 sueam tube in which die pattern of sueamlines is fixed aldiough die direction of flow along diem 

9 may be reversed. The junctions where channels intersect occupy negligible pore space volume. 

10 The fluids (either individually or combined) all occupy the pore space and are viscous and 

11 Newtonian and may be compressible. The active forces on die fluids are those due to pressure, 

12 gravity, capillarity, and shear resulting from, the fluid's velocity. The fluid loses energy only 

13 during passage through die narrow channels and not dirough a junction. The network of channels 

14 connected to each other by junctions produces average gradients of pressure, density, and viscosity 

15 in any elementary volume that includes a sufficienUy large number of channels and junctions. 

16 These average gradients are practically independent of the geomeUic shape of a single channel 

17 widiin the elementary volume (Bear 1975, p. 93). 

18 BRAGFLO and BOAST simulate the flow of brine and gas through porous media. Two 

19 types of multi-phase flow are possible, miscible and immiscible. The PA conceptual models 

20 consider immiscible displacement only. In this case both fluids flow simultaneously through the 

21 porous network. The gas and brine phases are separated by an interface whose curvature and surface 

22 tension give rise to a capillary pressure difference across the interface (Brook, Corey, 1964; Corey, 

23 1986; Peaceman, 1977; Dake, 1978; Crichlow, 1977; Collins, 1961). The interface is assumed to 

24 be abrupt and any uansitions from one phase to another occur over a distance of negligible lengdi 

25 compared to the channel diameter (Bear, 1975). 

26 When brine and gas occupy void space, die concept of saturation is introduced. Saturation is 

27 defined as the volume fraction of void space occupied by a particular fluid. Interfacial tension 

28 exists where the two immiscible fluids contact each other. The shape of the resulting meniscus 

29 defines die wettabiUty of die system (Brook, Corey, 1964; Bear, 1975). For example, the convex 

30 side of die meniscus faces toward the weuing phase while die concave side faces toward die non-

31 wetting phase. The wetting phase for all the suata surrounding die WIPP is assumed to be brine. 

32 Interfacial tension and wettability may depend on the direction the interface is moving. This 

33 phenomenon is called hysteresis. Hysteresis is a secondary effect and is not currendy modeled 

34 (Brook, Corey, 1964). 

35 Three saturation regions are differentiated in the two-phase (brine and gas) system. Assuming 

36 a brine-wet reservoir, at low brine saturations water forms in isolated rings or exists as a thin fdm 
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1 of molecular thickness. As brine satiuation increases, a condition is reached where the brine forms 

2 a continuous phase that is capable of transmitting pressure. Above this critical saturation or 

3 "irreducible saturation," brine flow is possible. Potential flow of brine below the irreducible brine 

4 saturation will not occur. At high brine saturation brine isolates the gas and the gas no longer 

5 forms a continuous phase. This occurs at the irreducible gas saturation. 

6 In formulating the equations of motion for the simultaneous flow of two immiscible fluids 

7 through porous media, it is assumed that "each fluid establishes its own tortuous path, forming 

8 very stable channels, and that a unique set of channels cortesponds to each degree of saturation" 

9 (Bear, 1975). Bear's continuum approach is used when two immiscible fluids simultaneously flow 

10 through porous media. Under these conditions "each of the fluids is regarded as a continuum 

11 completely fiUing the flow domain (at a fluid content that is a function of space coordinates and of 

12 time). The various continua occupy the entire flow domain simultaneously" (Bear, 1975 p. 457). 

13 The equations of motion for multi-phase flow used here are based on heuristic extensions of 

14 Darcy's law (Hubbert, 1956; Bear, 1975; Bear, 1979; Dake, 1978; Crichlow, 1977; Collins, 1961; 

15 Dullien, 1979; Hiatt, 1968); deMarsily, 1986; DeWest, 1965; Aziz, Settari, 1979). 

16 The foUowing is a statement of Darcy's law in differential form: 

17 <7v=--[V/'-pg] (A-l) 
l i 

18 

19 where 'S the volumetric flow rate per unit cross sectional area, k is the absolute or inuinsic 

20 permeability of the porous media, p is the fluid viscosity, p is the fluid density, g is the 

21 gravitational constant, and 7" is the fluid pressure. 

22 Darcy's original Observations were made on the orie-dimensional vertical flow of water through 

23 a fully saturated porous media (Hubbert, 1956). Darcy postulated the law, which states that the 

24 flow of water under these conditions is proportional to the change in potential. Many 

25 generaUzations of Darcy's law can be found in the literature (Bear, 1975; Bear, 1979; Bear, 1968; 

26 Bear, 1966; Bear, 1967; Dake, 1978; Crichlow, 1977; CoUins, 1961; Dullien, 1979; Hiatt, 1968; 

27 deMarsily, 1986; DeWest, 1965; Aziz, Settari, 1979). These generalizations extend Darcy's 

28 observation to other fluids, to the simultaneous flow of immiscible fluids, to multiple 

29 dimensions, and to compressible fluids. These generalizations are used in obtaining the equations 

30 of motion goveming die two-phase flow assumed here and are discussed below. 

31 The first extension is a generalization from an isouopic to an anisouopic medium. This 

32 extension is developed heuristically as well as theoretically in Bear (1975). Implicit in this 

33 generalization is die extension to two and three dimensions. 
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1 The second extension is that of accounting for fluid compressibility effects. Hubbert (1940) 

2 shows that extensions of Darcy's law to compressible fluids such as gas are valid provided the 

3 density of the fluid is only a function of pressure and the flow is irrotational "Darcy's law in its 

4 differential form is the same for a gas as for a liquid, provided that die flow behavior of a gas in 

5 smaU pore spaces, other than expansion, is simdar to that of a liquid" (Hubbert, 1956). The two 

6 flows (of Uquid and gas) for a given potential are not similar. Klinkenberg (1941) has shown diat 

7 in general the permeability to gas (kg) based on die assumed validity of Darcy's law for gases is 

8 not the same as die permeabdity to liquid ( k i ) and is a function of pressure. This is a.result of 

9 boundary slip associated with gas and die lower frictional resistances to flow of gas compared to a 
10 liquid of die same viscosity and velocity. However, at pressures in excess of 30 atm, kg and ki 

11 differ by only 1%. This Klinkenberg effect is assumed to be negligible in the WIPP environment 

12 and the equations of motion that are developed in Sections 4.2.1.2 and 5.2.2 are assumed to hold' 

13 for compressible gas as well as the slighdy compressible brine. 

14 The third extension of Darcy's law accounts for the presence and flow of multiple immiscible 

15 phases. Once steady-state flow is achieved, Darcy's law may be extended to describe the separate 

16 flow of each phase (Bear, 1975). This extension inuoduces die concept of effective permeabUities, 

17 relative permeabilities, and capillary pressure. 

18 For each phase, the absolute permeability of (A - l ) is replaced by die effective phase 

19 permeability and the pressure of (A - l ) is replaced by the phase pressure. These effective 

20 permeabilities are empirically determined by pressure drop and flow measurements. Numerous 

21 experiments verify die validity of diis extension and suggest that die effective permeability depends 

22 on characteristics of the rock, the wettability characteristics, surface tension, the shape of the 

23 interface separating die phases, and on phase saturation. The effective permeabilities do not appear 

24 to depend on fluid viscosity or dieir specific discharges (Bear, 1975; Scheideggar, 1960). Instead of 

25 using effective permeabilities it is more convenient to refer to relative permeabilities, which are 

26 defined for each phase as the ratio of the effective phase permeability to the absolute or inuinsic 

27 permeability of the medium (measured when die medium is saturated widi a single fluid). 

28 As stated above, the relative permeabilities are empirical fits of pressure drop and flow data to 

29 extensions of Darcy's law. Measurements taken at different degrees of saturation result in differing 

30 relative permeabilities. The dependence on saturation results in the sum of the effective 

31 permeabilities being less than die absolute permeability at all values of saturation as long as more 

32 than one phase is present (Bear, 1975; Dake, 1978; Corey, 1986; Scheideggar, 1960). The typical 

33 dependence of relative permeability on saturation is shown in Figure A - l . For each phase its 

34 relative permeability increases with that phase's saturation. Below each phase's residual or 

35 irreducible saturation (5^0 for wetting and Snwo for non-wetting) the relative permeability is zero. 
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1 indicating flows due to potential gradients in that phase will not occur. The effective permeability 

2 and its saturation dependence is an empirical way of accounting for the interference that one fluid 

3 makes on the other as they simultaneously flow through the porous media. Some researchers 

4 suggest that there may be a Uansfer of viscous forces across diis interface and that a finite velocity 

5 exist at the interface (Russell and Charles, 1959; Yuster, 1953). This would result in effective 

6 permeabilities being dependent on the difference in the viscosities or viscosity ratio of the phases. 

7 Rose (1960) shows dieoretically that this effect is secondary and most experimental data fail to 

8 substantiate this dependence (Bear, 1975 p. 462). Therefore die relative permeabilities used here 

9 are assumed independent of the viscosity ratio of the brine and gas phases. The relative 

10 permeabilities are assumed to depend on saturation according to relationships presented by Brooks 

11 and Corey (1964). Volume 3 of diis report presents the Brooks and Corey parameters that define 

12 the relative permeabilities assumed for WIPP Brine and Gas. 
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1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

Table A-1. 
Media. 

permeabUity 

Definitions for Terms Used to Describe Flow Througti Porous 

Defined by Darcy's law as a conductivity of 1.0 darcy 

(9.87xl0-^^m2) jf a pressure difference of 1 attn produces a flow rate 

of 1 cm^/sec of a fluid with 1 cp viscosity through a cube having 

sides 1 cm in length (Dullen, 1979). It is determined under single 

phase saturated flow conditions and is independent of the fluid used. 

Also the absolute permeability or specific permeability of porous 

media. [L^ ], [m'^] 

effective permeabUity 

relative permeabiUty 

saturation 

porosity 

Irreducible Saturation 

Defined for each phase and determined experimentally and defined by 

extensions of Darcy's law to immiscible multiple phase flow. It is 

dependent on both fluid and rock properties as well as fluid saturation. 

Assumed to vary with saturation according to Brooks and Corey 

relationship Brook and Corey (1964). [L ],[m ] 

Defined for each phase as die ratio of effective permeability of a phase 

to die absolute permeability of die rock, [dimensionless] 

Defined for each phase as the ratio of die volume of a phase to the 

pore volume. The volume of a fluid in a reservoir is then die product 

of that fluid's saturation, rock porosity, and reservoir volume, 

[dimensionless] 

Volume fraction of the reservoir that is void (non-rock). The quantity 

1.0-porosity is the reservoir's rock volume, [dimensionless] 

Also the residual saturation and is defined for each phase as the 

saturation conesponding to die formation of a continuous flow padi 

of diat phase. Below irtcducible saturation diat phase will not flow 

under a potential gradient, [dimensionless] 
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100% 

100% 

TRI-8342-1094-0 

Figure A-l. Typical Relative Permeability Dependence on Saturation 
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B. LHS SAMPLES AND CALCULATED NORMALIZED R E L E A S E S 

This appendix contains the 60 sample elements for each of the 45 parameters varied and sampled by LHS and 

summaries of radionuclide release to the 5-km, accessible environment boundary south of the WIPP for die El and 

E1E2 scenarios widi inuusions at 1000, 3000, 5000, 7000, and 9000 yr. The simulations are run assuming a dual 

porosity model for uansport in the Culebra Dolomite Member of die Rustier Formation. 

This appendix also contains the summaries of release to the accessible environment from initially drilling into 

the repository and bringing up cuttings from one average activity of CH waste and one average activity of RH waste. 

(The CH waste activity is subsequently multiplied by a factor to account for the four CH activity levels. This 

modified activity along with the probability of actually hitting these various CH activity levels are used when 

consuucting the CCDF. 

Cuttings were calculated for die five different inuusion times but diere is no difference between die E1, E2 or 

E1E2 scenarios. The different scenarios are accounted for by the CCDFPERM program. The output tables were 

created by the CCDFCALC computer code after reading the output databases created by STAFF2D and CUTTINGS 

and are the input to the CCDFPERM program which calculates the final CCDF. 

Table B-l lists the 45 parameters sampled and the disuibution type used. 

Table B-1. Numerical ID and Distributions of 45 Sampled Parameters In December 
1991 WIPP PA Calculations 

Parameter Range 
Distribution 

Jm 
Unmodified Waste Form 

1. Initial waste saturation 

Gas Generation 

Corrosion 

2. Stoichiometry 

3. Relative humid rate 

4. Inundated rate, mol/m2/s* 

Microbiological 

5. Relative humid rate 

6. Inundated rate, mol/m2/s" 

9. Stoichiometry 

Volume Fractions of IDB Categories 

7. Metal/Glass 

8. Combustibles 

mole/m2 surface area steel/s 
mole/kg cellulosics/s 

0 

0 

0 

0 

0 

0 

2.76 X 10-1 

2.84 X 10-1 

2.76 X 10-1 

1 

5 X 10-1 

1.2 X 10-3 

2x 10-1 

1.6 X 10-3 

1.67 

4.76 X 10-1 

4.84 X 10-1 

Uniform 

Uniform 

Cumulative 

Cumulative 

Uniform 

Cumulative 

Uniform 

Normal 

Normal 
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Table B-1. Numerical ID and Distributions of 45 Sampled Parameters In December 
1991 WIPP PA Calculations (Continued) 

Parameter Range 
Distribution 

Type 

18. Relative areas in Eh-pH Space (index) 0 1.0 Uniform 

Dissolved Concentrations (Solubility) 

19. Am3+, Molar 5x10-14 1.4 Cumulative 

20. Np4+, Molar 3x10-16 2x10-5 Cumulative 

21. Np5+, Molar 3x10-11 1.2x10-2 Cumulative 

22. Pu4+, Molar 2.0 X 10-16 4x 10-6 Cumulative 

23. Pu5+, Molar 2.5x10-17 5.5x10-'* Cumulative 

24. Th4+, Molar 5.5x10-16 2.2x10-6 Cumulative 

25. U4+, Molar 1x10-15 5x10-2 Cumulative 

26. U6+, Molar IxlO-' ' 1 Cumulative 

Halite within Salado Formation 

10. Permeability (k), m2 8.6x10-22 5.4 X 10-20 Data 

Anhydrite Layers wrthih Salado Formation 

11. Pore pressure (p), Pa - 9.3x106 1.39 X 10^ Data 

12. Undisturtjed, Permeability (k), m2** 6.8 X 10-20 9.5 X 10-19 Data 

13. Undisturtjed Porosrty (<])) 1 X 10-3 3x 10-2 Cumulative 

45. Threshold displacement index (pt) 0 1 Normal 

Castile Formation Bnne Reservoir 

14. Initial pressure (p), Pa 1.1 x lO^ 2.1 X 10^ Cumulative 

15. Storativity, bulk (Sb), 2x 10-2 2 Lognormal 

16. Permeability (k), m2 / • v 1 X lO-l'* 1x10-11 Lognormal 

17. Diameter, m ( j 2.67 X 10-1 4.44 X 10-1 Uniform 

\ J 
Culebra Dolomite Member 

27. Transmissivity field 0 60 Uniform 

28. Climate index 0 1.0 Uniform 

29. Dispersivity, longitudinal (dL), m 5x 10l 3x 102 Cumulative 

30. Fracture porosity (lS)\) 1 X 10-'* 1 X 10-2 Lognormal 

Fracture Partition Coefficients, m-̂ /kg 

31. Americium 0.0 1 X 10^ Cumulative 

For the following elements - Np, Pu, and Th - only one species was used in each sample. The species were 
rank correlated at r = 0.99. 
Permeability of the halite and anhydrite were rank correlated wrth an r = 0.80. 
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Table B-1. Numerical ID and Distributions of 45 Sampled 
1991 WIPP PA Calculations (Concluded) 

Parameters in December 

Distribution 
Parameter Range Type 

32. Neptunium 0.0 1 X 103 Cumulative 

33. Plutonium 0.0 1 X 10^ Cumulative 

34. Thonum 0.0 1x10 l Cumulative 

35. Uranium 0.0 1 Cumulative 

36. Fracture spacing (28), m 6x 10-•2 8 Cumulative 

37. Matrix porosrty (^rn) 9.6x 10-2 2.08x 10-1 Spatial 

Matrix Partition Coefficients (m^/kg) 

40. Am 0.0 1 X 102 Cumulative 

41: Np 0.0 1 X 102 Cumulative 

42. Pu 0.0 1 X 102 Cumulative 

43. Th 0.0 1 Cumulative 

44. U 0.0 1 Cumulative 

Probabilrty Model for Scenarios 

38. Rate constant in Poisson drilling model, A(t), s-1 0 < 1. 04 X 10-11 Uniform 

39. Area of pressurized brine reservoir 2.5 X 10-1 5 52x 10-1 Cumulative 

Table B-2 lists die Latin Hypercube sampled (LHS)-values for each of the 45 parameters. 

Table B-2. Sixty Values Sampled By LHS For 45 Parameters which Were Varied in 
December 1991 WIPP PA Calculations 

Material WastRef - WastRef WastRef WastRef WastRef WastRef. 
Parameter Brine Sat CorRatFr • G RafCor H GRatCorl GRatMicH GRatMici 
RUN NO. X{1) X(2) X(3) X(4) X(5) X(6) 

1 0.854 0.315 3.454E-02 6.775E-09 0.122 4.706E-09 
2 0.810 0.459 0.436 7.461 E-09 0.165 9.441 E-10 
3 0.611 0.850 0.372 1.128E-10 0.152 2.845E-09 
4 0.139 0.254 0.194 4.313E-09 7.819E-02 3.106E-09 
5 0.123 0.383 0.359 8.924E-09 0.198 1.265E-68 
6 0.945 0.942 8.686E-02 2.106E-09 0.116 3.953E-10 
7 0.725 0.653 5.686E-02 9.723E-09 0.138 1.608E-09 
8 0.151 0.402 6.637E-02 1.164E-08 0.118 . 1.147E-09 
9 0.469 0.818 7.563E-02 3.244E-09 0.146 1.392E-08 

10 0.109 0.536 4.467E-02 1.073E-08 0.168 2.787E-10 
11 0.236 0.361 1.606E-02 5.732E-09 8.184E-02 1.166E-08 

' 12 4.723E-02 0.614 9.739E-02 7.308E-10 0.104 1.355E-08 
13 0.738 0.478 2.705E-03 1.286E-08 6.507E-02 2.939E-09 
14 0.259 0.892 1.952E-02 7.067E-09 8.896E-02 1.091E-08 
15 0.923 4.737E-02 9.478E-02 6.221 E-10 3.021 E-02 •1.019E-08 
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Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

Material WastRef WastRef WastRef WastRef WastRef WastRef 
Parameter Brine Sat CorRatFr GRadCorH GRatCorl GRatMicH GRatMici 
RUN NO. X(1) X(2) X(3) X(4) X(5) X(6) 

16 0.288 0.212 0.327 1.172E-08 5.353E-02 2.291 E-09 
17 0.532 - 0.233 0.475 2.921 E-09 4.978E-02 8.301E-10 
18 0.331 0.671 8.471 E-02 1.264E-08 0.173 5.550E-09 
19 0.390 5.652E-02 0.464 9.104E-09 6.868E-02 1.206E-08 
20 0.229 0.190 0.495 6.679E-09 1.346E-02 3.723E-09 
21 0.960 • 0.447 0.413 4.429E-09 0.177 1.736E-09 
22 0.355 0.523 0.157 7.330E-09 7.233E-02 2.464E-09 
23 8.905E-02 0.152 0.232 3.525E-09 5.874E-02 5.234E-09 
24 0.537 0.574 0.421 1.194E-08 0.162 2.172E-09 
25 0.650 0.905 ' 0.300 1.084E-08 3.453E-02 9.966E-10 
26 0.847 1.134E-02 9.080E-03 1.140E-08 9.785E-02 6.680E-09 
27 1.635E-02 0.563 8.296E-02 1.600E-09 0.189 3.508E-09 
28 0.446 0.732 6.049E-02 9.515E-09 4.091 E-03 1.586E-08 
29 0.278 0.285 0.271 3.914E-09 5.248E-02 2.067E-09 
30 0.817 0.789 0.325 4.136E-09 7.454E-02 2.424E-09 
31 0.967 0.685 9.240E-02 1.232E-08 0.148 1.474E-08 

• 32 0.404 0.427 5.519E-03 8.680E-09 9.438E-02 2.646E-09 
33 0.787 0.986 0.192 2.488E-09 4.027E-02 1.367E-09 
34 5.649E-02 0.933 0.142 5.351 E-09 3.841 E-02 5.767E-09 
35 2.096E-02 0.328 3.873E-02 1.140E-09 2.195E-02 5.228E-10 
36 0.773 8.698E-02 6.932E-02 9.337E-09 0.100 6.373E-10 
37 0.760 0.170 0.385 6.332E-09 0.193 1.515E-08 
38 0.496 0.588 2.427E-02 7.912E-09 9.186E-02 1.554E-10 
39 0.454 0.500 0.398 4.872E-09 1.698E-02 6.403E-09 
40 0.341 0.134 0.114 2.099E-09 0.142 1.184E-09 
41 0.554 0.781 0.249 8.331 E-09 6.304E-02 1.435E-09 
42 0.697 0.649 1.021 E-02 1.834E-09 2.670E-02 1.430E-08 
43 0.372 0.125 7.764E-02 5.941 E-09 0.130 1.599E-09 
44 0.575 0.766 0.127 3.583E-09 0.185 1.906E-09 
45 0.679 0.342 0.108 5.081 E-09 2.491 E-02 1.313E-08 
46 0.883 0.383 4.118E-02 2.651 E-09 0.110 7.384E-10 
47 0.642 0.868 2.058E-02 1.438E-09 0.156 2.737E-09 
48 0.707 0.742 0.288 7.857E-09 7.898E-03 1.076E-08 
49 0.624 0.486 2.742E-02 5.668E-09 0.195 9.775E-09 
50 0.432 0.862 7.281 E-02 9.637E-10 0.173 8.372E-09 
51 0.906 0.983 0.450 8.089E-09 0.111 7.530E-09 
52 0.209 0.816 0.353 1.112E-08 1.258E-02 1.254E-08 
53 0.182 0.627 0.217 1.237E-08 0.128 4.370E-09 
54 0.190 0.961 4.961 E-02 6.227E-09 0.159 7.458E-09 
55 0.890 0.104 3.077E-02 2.446E-10 4.374E-02 9.474E-09 
56 0.989 0.271 0.274 1.036E-08 8.555E-02 8.150E-09 
57 7.286E-02 0.243 0.172 1.020E-08 0.136 8.908E-09 
58 0.507 0.701 5.553E-02 9.999E-09 3.208E-03 1.051 E-10 
59 0.303 3.048E-02 5.130E-02 3.006E-09 0.124 1.937E-09 
60 0.586 7.983E-02 0.242 4.754E-09 0.182 3.053E-09 
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Table B-2. Sixty Values Sampled By LHS For 45 Parameters which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

Wast Ref Wast Ref Wast Ref Salado MB139 MB 139 
VolMetal Vol Wood SH2Mic Prm X U Pressure Prm X U 

RUN NO. X(7) X(8) X(9) X(10) X(11) X(12) 

1 0.358 0.316 0.595 1.027E-19 1.473E+07 1.077E-18 
2 0.350 0.301 1.48 3.989E-20 1.267E+07 1.530E-18 
3 0.385 0.284 1.11 2.341 E-21 8.502E+06 5.455E-20 
4 0.334 0.339 1.17 . 5.593E-21 1.280E+07 1.309E-19 
5 0.385 0.376 0.200 3.348E-22 1.277E+07 3.839E-20 
6 0.412 0.396 0.785 1.207E-19 8.415E+06 8.435E-19 
7 0.339 0.401 0.773 2.347E-20 1.208E+07 1.035E-18 

• 8 0.380 0.340 0.888 1.544E-21 1.308E+07 6.800E-20 
9 0.321 0.351 0.856 6.585E-21 1.425E+07 1.170E-18 
10 0.345 0.358 0.335 5.878E-21 1.280E+07 6.800E-20 
11 0.314 0.388 0.927 1.115E-19 9.027E+06 1.257E-18 
12 0.371 0.374 1.47 7.331 E-21 1.262E+07 7.853E-20 
13 0.361 0.370 1.03 5.402E-21 1.280E+07 6.800E-20 
14 0.318 0.395 1.66 1.337E-21 1.396E+07 7.291 E-20 
15 0.336 0.382 1.33 6.438E-21 9.176E+06 7.900E-20 
16 0.352 0.413 7.328E-02 7.433E-20 1.280E+07 1.319E-18 
17 0.432 0.378 1.58 1.120E-21 1.445E+07 2.595E-20 
18 0.368 0.305 0.331 5.046E-21 1.280E+07 4.760E-19 
19 0.392 0.384 0.650 1.416E-20 • 1.235E+07 6.631E-19 
20 0.344 0.404 0.464 5.972E-21 8.738E+06 8.099E-20 
21 0.399 0.409 1.23 1.429E-21 1.264E+07 7.665E-20 
22 0.404 0.329 0.153 3.508E-20 1.406E+07 1.395E-18 
23 0.326 0.414 1.00 5.577E-20 1.417E+07 7.307E-20 
24 0.382 0.434 1.50 1.334E-19 1.280E+07 1.659E-18 
25 0.424 0.446 1.27 9.770E-20 1.272E+07 1.798E-18 
26 0.398 0.360 0.479 7.504E-22 8.542E+06 6.949E-20 
27 0.427 0.409 0.817 3.469E-21 1.154E+07 8.143E-20 
28 0.378 0.439 1.07 6.086E-22 8.816E+06 4.557E-20 
29 0.293 0.387 1.13 4.162E-22 1.186E+07 7.475E-20 
30 0.330 0.424 3.803E-02 2.715E-21 1.286E+07 6.800E-20 
31 0.390 0.353 1.21 . 8.079E-21 1.082E+07 8.161E-20 
32 0.395 0.399 0.299 1.571E-20 1.012E+07 7.446E-19 
33 0.369 0.365 0.133 4.489E-22 1.358E+07 6.623E-20 
34 0.365 0.379 2.110E-02 8.179E-21 9.254E+06 7.930E-20 
35 0.356 0.334 0.432 4.234E-21 1.336E+07 7.568E-20 
36 0.413 0.453 1.28 3.414E-21 1.428E+07 7.031 E-20 
37 0.388 0.322 0.956 6.083E-21 1.280E+07 7.837E-20 
38 0.440 0.406 1.35 7.230E-22 8.220E+06 3.247E-20 
39 0.476 0.350 0.383 7.050E-21 9.657E+06 1.946E-19 
40 0.423 0.362 1.63 4.941 E-21 1.274E+07 7.742E-20 
41 0.283 0.443 1.60 4.762E-20 9.389E+06 2.843E-19 
42 0.465 0.356 1.43 2.632E-20 1.457E+07 8.934E-19 
43 0.365 0.455 0.726 5.509E-21 1.388E+07 5.972E-20 
44 0.379 0.428 9.182E-02 5.749E-21 1.269E+07 6.800E-20 
45 0.363 0.422 1.15 6.070E-21 1.467E+07 8.059E-20 
46 0.407 0.369 0.516 8.084E-20 1.297E+07 1.574E-18 
47 0.298 0.346 1.37 1.881 E-21 1.257E+07 6.800E-20 
48 0.453 0.371 0.614 3.919E-21 1.280E+07 3.026E-20 
49 0.374 0.466 0.671 1.258E-21 1.326E+07 6.834E-20 
50 0.402 0.484 0.407 9.420E-22 1.280E+07 8.007E-20 
51 0.347 0.384 0.572 1.702E-21 1.442E+07 6.800E-20 
52 0.393 0.416 0.705 7.265E-21 1.280E+07 5.837E-19 
53 0.442 0.398 1.42 2.025E-22 1.376E+07 1.397E-20 
54 0.417 0.392 0.995 6.918E-20 1.259E+07 6.800E-20 
55 0.373 0.430 0.269 1.929E-21 1.098E+07 6.800E-20 
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Appendix B 

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

Wast Ref WastRef Wast Ref Salado MB139 MB139 
VolMetal Vol Wood SH2Mil Prm X U Pressure Prm X U 

RUN NO. X(7) X(8) • X(9) X(10) X(11) X(12) 

56 0.341 0.345 - 0.538 5.744E-22 8.910E+06 1.867E-20 

57 0.420 • 0.366 1.55 4.587E-20 1.029E+07 7.999E-20 
58 0.354 0.331 . . 0.891 8.206E-22 1.318E+07 6.800E-20 
59 0.407 0.391 0.171 7.766E-21 1.280E+07 4.111E-19 
60 0.311 0.419 0.225 5.680E-21 1.348E+C)7 7.135E-20 

MB139 Castile_R Castile R Borehole Borehole Wast Ref 
Pore U Pressure StorBulk Prm X DiamMod RelAEhpH 

RUN NO. X(13) X(14) X(15) X(16) X(17) X(18) 

1 2.337E-02 1.232E+07 0.118 2.050E-14 0.410 0.276 

2 2.329E-02 1.202E+07 0.156 1.047E-12 0.294 0.160 
3 2.840E-02 1.426E+07 1.08 1.019E-13 0.377 0.841 
4 " 2.413E-02 1.940E+07 0.465 3.905E-14 0.424 0.666 
5 6.626E-03 1.174E+07 5.452E-02 2.271E-13 0.273 0.977 
6 3.835E-03 1.486E+07 0.212 4.515E-12 0.361 0.588 
7 1.423E-02 1.408E-I-07 0.143 6.181E-13 0.339 0.389 
8 4.976E-03 1.890E+07 0.808 7.856E-13 0.329 0.473 
9 2.194E-02 1.147E+07 8.365E-02 1.000E-11 0.333 0.576 
10 2.797E-02 1.544E+07 0.191 2.681 E-12 0.277 0.870 
11 2.062E-03 1.172E+07 0.566 4.298E-14 . 0.345 0.715 
12 1.298E-02 1.654E+07 9.906E-02 1.116E-13 0.307 0.209 
13 1.080E-02 1.242E+07 0.138 1.200E-12 0.420 0.381 
14 1.831 E-02 1.575E+07 0.373 2.276E-12 0.422 0.623 
15 7.069E-03 1.503E+07 0.269 1.578E-12 0.328 0.903 
16 9.040E-03 1.321E+07 0.541 3.537E-12 0.434 0.789 
17 8.390E-03 . 1.607E+07 0.113 1.462E-12 . 0.387 0.820 
18 1.706E-02 1.157E+07 0.655 5.053E-13 0.405 0.945 
19 1.487E-02 1.548E+07 0.411 2.393E-13 0.442 0.284 
20 6.341 E-03 1.117E+07 0.501 2.491E-13 0.318 9.611 E-02 
21 2.927E-02 1.271 E+07 0.157 4.819E-14 0.390 2.648E-02 
22 4.805E-03 1.833E+07 9.589E-02 1.309E-13 0.286 0.329 
23 1.893E-02 1.222E+07 0.177 3.888E-13 0.311 0.998 
24 8.745E-03 1.362E+07 3.996E-02 1.714E-12 0.427 0.695 
25 1.142E-02 1.167E+07 1.81 1.462E-13 0.283 0.648 
26 2.559E-02 1.243E+07 0.174 2.628E-13 0.349 0.429 
27 5.575E-03 1.154E+07 0.257 2.004E-13 0.398 0.510 
28 8.070E-03 1.993E+07 0.122 5.495E-12 0.363 0.526 

S 29 1.360E-02 1.124E+07 0.126 5.953E-13 0.337 0.342 
\ 30 2.517E-02 1.762E+07 0.228 4.873E-13 0.380 0.739 

) 31 1.423E-03 1.790E+07 0.295 1.366E-13 0.311 0.403 
J 32 9.893E-03 1.191 E+07 3.792E-02 7.621 E-14 0.365 0.923 
^ 33 7.770E-03 1.851 E+07 9.060E-02 7.112E-14 0.369 0.866 

34 2.105E-02 1.811 E+07 0.326 4.470E-13 0.299 5.813E-02 
35 1.131 E-03 1.129E+07 0.284 1.162E-13 0.439 0.230 
36 1.941 E-02 1.141 E+07 0.637 2.267E-14 0.270 0.893 
37 2.930E-03 1.258E+07 0.370 8.042E-13 0.375 4.848E-02 
38 2.650E-02 1.188E+07 0.224 9.055E-14 0.391 0.246 
39. 1.631 E-02 2.033E+07 6.140E-02 1.806E-13 0.415 0.759 
40 2.335E-03 1.911 E+07 0.134 3.546E-13 0.326 0.810 
41 9.117E-03 1.266E+07 2.229E-02 3.225E-14 0.352 0.546 
42 1.266E-02 1.227E+07 1.40 9.110E-13 0.305 0.683 
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LHS Samples and Calculated Normalized Releases 

Table B-2. Sixty Values Sampled By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

MB139 Castile_R Castile R Borehole Borehole Wast Ref 
Pore U Pressure StorBulk Prm X DiamMod RelAEhpH 

RUN NO. X(13) X(14) X(15) X(16) X(17) X(18) 

43 2.551 E-03 1.463E+07 0.973 9.961E-13 0.372 0.134 
44 4.061 E-03 1.685E+07 0.197 5.514E-13 0.384 0.185 
45 1.038E-02 1.686E+07 6.910E-02 1.622E-13 0.268 7.773E-02 
46 3.131 E-03 1.261 E+07 4.850E-02 6.654E-13 0.431 0.610 
47 5.274E-03 1.216E+07 7.638E-02 2.959E-13 0.355 0.307 
48 2.973E-02 1.122E+07 7.937E-02 2.038E-12 0.320 0.365 
49 1.539E-02 2.046E+07 0.315 9.869E-14 0.396 0.255 
50 4.433E-03 1.249E+07 0.761 • 1.770E-13 0.288 0.726 
51 5.830E-03 1.101E+07 0.411 4.306E-13 0.417 0.438 
52 6.889E-03 1.721 E+07 0.105 1.088E-14 0.401 0.780 
53 3.539E-03 1.136E+07 6.601 E-02 2.975E-13 0.407 0.178 
54 2.214E-02 1.185E+07 0.206 6.375E-14 0.315 0.127 
55 2.691 E-02 1.109E+07 0.169 7.211E-13 0.436 0.461 
56 1.662E-03 1.208E+07 0.343 5.933E-14 0.291 0.960 
57 1.752E-02 1.338E+07 0.255 3.631E-13 0.342 0.559 
58 7.443E-03 1.972E+07 0.438 3.211E-13 0.300 1.443E-02 
59 9.428E-03 1.205E+07 2.587E-02 1.289E-12 0.281 0.108 
60 2.006E-02 2.088E+07 0.245 2.084E-13 0.356 0.489 

Am+3 Np+5 Pu+4 Pu+5 Th+'* 
Solm SolM SolM SolM SolM SolM 

RUN NO. X(19) X(20) X(21) X(22) X(23) X(24) 

1 1.080E-10 1.850E-09 1.680E-07 1.909E-09 8.394E-10 9.272E-11 
2 0.203 2.844E-09 2.737E-07 4.096E-12 2.675E-13 8.644E-09 
3 6.019E-07 3.912E-11 1.812E-08 3.772E-07 • 5.302E-05 1.736E-06 
4 5.557E-04 2.247E-07 3.421 E-06 1.518E-12 1.207E-13 6.645E-11 
5 3.634E-10 3.763E-09 3.346E-07 1.071 E-08 1.656E-08 7.327E-09 
6 9.860E-10 5.273E-07 9.456E-06 4.490E-08 1.361 E-07 5.318E-09 
7 5.988E-11 3.122E-07 5.483E-06 1.185E-06 1.819E-04 1.681 E-11 " 
8 2.781E-10 2.321 E-09 •2.480E-07 3.083E-06 4.131 E-04 4.808E-13 
9 1.671 E-11 5.633E-09 5.552E-07 4.300E-08 1.491 E-07 2.787E-13 
10 8.132E-07 1.117E-06 4.670E-04 1.524E-08 4.692E-08 2.532E-11 
11 2.993E-11 1.024E-05 5.006E-03 1.176E-07 • 9.552E-06 9.457E-08 
12 9.701 E-07 1.441 E-05 8.102E-03 3.231 E-08 1.084E-07 8.285E-16 
13 2.183E-10 1.151E-11 3.920E-09 3.652E-10 3.954E-10 4.555E-09 
14 8.734E-10 4.735E-11 2.490E-08 2.283E-10 1.333E-10 7.170E-11 
15 4.189E-07 2.963E-11 1.570E-08 3.920E-06 5.035E-04 4.317E-11 
16 3.680E-07 5.202E-06 3.436E-03 3.186E-07 • 3.679E-05 6.307E-09 
17 3.626E-12 1.274E-06 6.182E-04 1.686E-08 6.375E-08 2.722E-09 

\ 7.520E-10 1.384E-05 8.770E-03 1.239E-11 3.273E-11 6.262E-07 
\ 19 1.798E-10 3.306E-06 2.750E-03 1.449E-10 2.012E-10 3.824E-13 

] 20 3.046E-04 1.716E-07 2.557E-06 8.286E-08 3.996E-06 9.174E-10 
/ 21 8.743E-11 7.438E-08 1.383E-06 5.463E-10 5.535E-10 5.955E-11 

y 22 7.906E-10 1.626E-09 1.827E-07 4.900E-08 . 1.664E-07 2.065E-06 
23 1.956E-07 3.346E-08 7.398E-07 1.628E-15 1.981E-16 2.966E-15 
24 4.831 E-08 3.268E-16 4.467E-11 2.953E-08 8.233E-08 1.470E-07 
25 3.420E-11 2.614E-10 4.306E-08 2.426E-12 1.677E-13 8.038E-11 
26 0.264 5.686E-07 8.172E-06 7.384E-16 7.319E-17 1.183E-07 
27 6.281 E-04 1.146E-07 2.131E-06 4.139E-10 4.138E-10 1.345E-06 
28 1.896E-10 5.198E-07 8.881 E-06 1.036E-13 1.769E-14 3.244E-07 
29 9.571 E-07 5.595E-09 5.869E-07 1.747E-06 2.312E-04 8.050E-13 
30 1.09 4.793E-07 8.085E-06 3.012E-10 3.010E-10 5.456E-08 
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Appendix B 

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WlPP PA Calculations (Continued) 

Am+3 Np+5 PU+'* Pu+5 Th+4 

SolM SolM SolM SolM SolM SolM 
RUN NO. X{19) X(20) X(21) X(22) X(23) X(24) 

31 1.174E-03 3.317E-07 6.160E-06 . 3.382E-07 4.807E-05 1.400E-15 

32 1.811 E-05 4.613E-09 4.694E-07 2.079E-08 6.791 E-08 3.560E-15 
33 8.906E-04 4.398E-09 4.301 E-07 4.995E-12 3.209E-13 5.334E-15 
34 4.235E-11 1.209E-15 1.473E-10 4.091E-16 5.546E-17 3.534E-11 
35 ' 9.258E-10 1.835E-11 7.314E-09 7.517E-09 3.293E-08 3.322E-09 
36 7.585E-11 1.508E-07 3.933E-06 4.428E-10 4.665E-10 9.268E-13 
37 1.517E-10 2.665E-09 3.169E-07 9.479E-13 4.702E-14 4.353E-15 
38 7.496E-07 1.881 E-06 1.083E-03 5.445E-08 1.890E-07 9.794E-14 
39 4.825E-10 5.145E-09 5.039E-07 5.188E-10 5.098E-10 5.993E-13 
40 5.348E-10 1.723E-06 9.840E-04 8.352E-16 1.028E-16 1.782E-07 
41 9.668E-04 5.750E-11 2.749E-08 2.695E-12 1.861E-13 7.915E-09 
42 1.25 2.348E-15 2.503E-10 5.757E-10 5.648E-10 6.032E-09 
43 0.729 2.517E-07 4.545E-06 3.763E-12 2.398E-13 4.818E-10 
44 4.592E-10 4.237E-07 7.075E-06 1.277E-15 1.722E-16 2.925E-11 
45 3.467E-04 1.931 E-05 1.113E-02 1.895E-10 1.724ET10 9.875E-07 
46 0.645 6.832E-07 . 1.195E-04 9.900E-11 8.268E-11 1.599E-13 
47 1.384E-11 1.394E-06 7.828E-04 3.232E-10 3.259E-10 6.413E-08 
48 6.415E-10 1.538E-06 8.646E-04 9.944E-07 6.953E-05 3.658E-09 
49 5.225E-07 9.042E-07 1.942E-04 2.764E-06 3.780E-04 1.073E-08 
50 1.268E-10 4.502E-11 2.249E-08 2.637E-08 9.569E-08 4.453E-12 
51 1.105E-O6 1.030E-06 3.380E-04 2.551 E-10 2.792E-10 1.213E-11 
52 6.115E-10 3.229E-09 3.990E-07 2.451 E-07 2.753E-05 1.594E-07 
53 1.160E-06 5.299E-12 2.819E-09 1.850E-07 2.362E-05 4.930E-11 
54 1.332E-03 3.842E-07 6.378E-06 3.963E-08 1.299E-07 1.994E-07 
55 1.494E-10 2.916E-15 2.994E-10 7.244E-11 5.394E-11 9.515E-11 
56 1.168E-07 2.439E-11 1.034E-08 1.827E-15 2.238E-16 8.833E-09 
57 6.740E-07 1.756E-15 1.884E-10 5.735E-12 3.906E-13 7.314E-13 
58 3.571E-10 7.851E-10 8.756E-08 5.673E-08 1.806E-07 7.562E-11 
59 7.249E-10 8.958E-10 1.155E-07 1.599E-07 1.526E-05 9.512E-09 
60 3.166E-07 9.088E-16 1.095E-10 2.707E-07 3.460E-05 1.940E-09 

y+4 y+6 Culebra Culebra Culebra Culebra 
SolM SolM Field Idx Climtldx Disp Ing FPore 

RUN NO. X(25) X(26) X(27) X(28) X(29) X(30) 

1 5.674E-03 3.843E-02 0.612 4.754E-02 59.3 3.373E-04 

2 1.097E-02 6.729E-02 0.842 0.153 72.2 6.051 E-03 
3 9.926E-07 2.984E-05 0.506 0.846 165. 7.606E-04 
4 6.936E-04 6.966E-03 0.597 0.464 282. 2.647E-03 
5 8.458E-05 1.690E-03 0.701 0.470 206. 1.304E-03 1 
6 2.561 E-03 2.338E-02 0.896 0.222 77.8 1.554E-03 
7 4.323E-09 5.469E-07 3.516E-03 0.969 272. 4.447E-03 
8 4.543E-03 4.310E-02 0.243 3.045E-02 208. 1.676E-04 
9 4.988E-02 0.914 4.062E-02 0.833 61.4 1.048E-03 
10 1.221 E-02 8.384E-02 0.285 0.125 131. 3.211 E-04 
11 3.876E-02 0.790 0.820 0.813 238. 1.487E-03 
12 6.470E-07 2.179E-05 0.216 5.657E-02 52.8 7.358E-03 
13 2.796E-04 3.463E-03 0.186 0.381 50.0 5.535E-04 
14 6.245E-04 6.241 E-03 0.973 0.789 241. 1.208E-03 
15 2.420E-02 0.361 0.344 0.605 232. 4.104E-04 
16 8.701 E-07 1.851 E-05 0.562 0.204 82.8 1.343E-03 
17 8.932E-09 9.753E-07 0.173 0.728 118. 9.504E-04 
18 1.215E-09 2.477E-07 0.687 0.587 74.5 1.760E-03 
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LHS Samples and Calculated Normalized Releases 

Table B-2. Sixty Values Sampled By LHS For 45 Parameters which Were Varied in 
December 1991 WIPP PA Calculations (Continued) 

U+4 U+6 Culebra Culebra Culebra Culebra 
SolM SolM Field Idx Climtldx Disp Ing FPore 

RUN NO. X(25) X(26) X(27) X(28) X(29) X(30) 

19 1.425E-02 0.173 0.964 0.940 89.4 1.868E-03 

20 2.912E-07 8.830E-06 0.374 0.660 54.7 2.624E-04 
21 4.443E-05 9.478E-04 0.464 0.716 159. 9.785E-04 
22 8.125E-03 5.940E-02 0.311 0.536 213. 1.000E-02 
23 4.534E-07 1.426E-05 0.815 0.739 153. 3.304E-03 
24 3.771 E-07 1.278E-05 0.399 0.233 276. 1.041 E-03 
25 3.158E-05 5.836E-04 0.662 0.417 90.1 5.374E-04 
26 8.859E-05 1.820E-03 0.490 0.755 188. 7.807E-04 
27 9.102E-04 9.377E-03 0.223 0.438 81.4 1.057E-04 
28 1.477E-03 1.812E-02 8.122E-02 0.674 63.5 2.506E-03 
29 4.153E-04 5.334E-03 0.914 0.626 126. 4.657E-04 
30 5.708E-05 1.120E-03 2.404E-02 0.334 86.4 1.099E-03 
31 6.229E-09 6.672E-07 0.351 0.502 184. 6.819E-04 
32 7.956E-09 8.273E-07 0.778 0.868 220. 4.368E-04 
33 1.298E-07 6.962E-06 0.628 0.523 57.3 4.906E-04 
34 4.829E-05 9.888E-04 0.861 0.485 292. 2.950E-04 
35 7.281 E-05 1.466E-03 0.166 0.366 265. 2.212E-03 
36 7.892E-04 8.364E-03 0.413 0.896 84.6 8.208E-04 
37 4.445E-06 1.240E-04 0.325 0.297 97.3 6.090E-04 
38 9.433E-04 9.696E-03 9.229E-02 9.709E-03 258. 4.138E-03 
39 3.127E-02 0.402 0.281 0.768 113. 2.490E-04 
40 7.894E-05 1.529E-03 0.647 0.695 75.4 3.947E-04 • 
41 7.015E-04 7.338E-03 0.528 0.389 61.9 8.872E-04 
42 7.791 E-07 2.551 E-05 0.785 0.327 95.0 2.086E-03 
43 2.738E-05 4.406E-04 0.436 0.416 67.9 6.894E-04 
44 8.777E-04 8.649E-03 0.872 0.191 99.3 2.870E-03 
45 2.079E-05 4.199E-04 0.149 0.146 296. 2.151E-04 
46 1.333E-02 9.681 E-02 0.728 0.932 167. 8.718E-04 
47 3.163E-09 2.668E-07 0.767 0.306 138. 1.604E-04 
48 3.208E-04 4.162E-03 0.984 7.205E-02 198. 6.467E-04 
49 9.799E-05 1.958E-03 0.945 0.559 68.9 7.244E-04 
50 3.567E-04 4.030E-03 0.549 0.167 87.1 1.968E-03 
51 3.656E-02 0.600 0.127 0.912 248. 5.944E-04 
52 6.680E-05 1.319E-03 0.431 0.106 70.4 1.647E-03 
53 4.857E-04 4.822E-03 0.919 0.647 141. 3.767E-03 
54 1.385E-04 2.415E-03 0.104 0.985 92.0 1.458E-03 . 
55 1.176E-07 1.638E-06 0.261 9.896E-02 178. 2.335E-03 

\ 56 8.334E-03 7.984E-02 0.469 0.278 105. 3.189E-03 
1 57 5.626E-04 6.579E-03 6.127E-02 0.264 , 79.2 3.790E-04 

' 58 3.794E-05 7.308E-04 0.742 0.959 66.3 1.234E-03 
59 1.077E-05 2.459E-04 0.583 0.854 56.2 1.807E-03 
60 1.715E-04 2.653E-03 0.675 0.578 93.7 1.138E-03 

Culebra Culebra Culebra Culebra Culebra Culebra 
FKd Am C FKd Np C FKd Pu C FKd Th C FKd U C FrctrSp 

RUN NO. X(31) X(32) X(33) X(34) - X(35) X(36) 

1 , 39.8 419. 494. 6.560E-02 5.791 E-04 7.31 
2 247. 690. 690. 2.64 0.992 0.329 
3 77.9 9.821 E-03 180. 1.240E-02 3.464E-03 . 0.546 
4 1.28 202. 1.97 7.925E-04 1.156E-02 7.12 
5 1.141 E-02 5.075E-03 728. 0.893 3.841 E-03 1.40 
6 577. 1.365E-02 69.0 1.704E-02 9.744E-03 5.59 
7 647. 201. 825. 1.52 7.360E-03 0.298 
8 1.10 • 991. 0.178 4.030E-02 6.461 E-03 0.273 
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Appendix B 

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

Culebra Culebra Culebra Culebra Culebra Culebra 
FKd Am C FKd Np C FKd Pu C FKd Th C FKd U C FrctrSp 

RUN NO. X(31) X(32) X(33) X(34) X(35) X(36) 

9 2.49 7.655E-04 541. 4.526E-02 1.095E-02 4.56 
10 733. 333. 145. 7.714E-02 1.183E-02 0.356 
11 1.06 27.4 910. 8.19 0.392 0.776 
12 412. 2.326E-03 306. 3.005E-02 1.300E-02 0.192 
13 525. 1.676E-03 4.27 2.122E-02 4.144E-03 0.283 
14 7.79 595. 565. 8.80 1.487E-02 3.75 
15 477. 6.809E-03 394. 5.028E-02 9.550E-03 0.165 
16 0.482 286. 5.18 2.501 E-02 0.885 0.115 
17 2.06 129. 351. 3.26 0.573 4.86 
18 824. 8.876E-02 576. 0.217 9.142E-04 0.248 
19 561. 343. 1.43 9.376E-02 2.982E-03 0.215 
20 697. 643. 230. 4.925E-02 5.271 E-03 6.80 
21 0.836 5.578E-03 2.94 2.18 8.966E-03 0.201 
22 0.878 558. 1.20 0.426 6.140E-03 0.238 
23 1.43 134. 0.480 0.837 2.968E-04 5.37 
24 379. 90.0 812. 2.723E-02 1.405E-03 0.393 
25 0.626 1.637E-03 0.591 6.779E-02 0.133 6.25 
26 193. 4.429E-03 0.370 0.151 0.801 6.18 
27 0.295 0.263 7.37 4.03 5.564E-03 8.236E-02 
28 2.24 833. 319. 1.623E-02 1.159E-03 0.352 
29 346. 64.4 459. 9.065E-02 2.117E-03 2.95 
30 16.5 8.359E-03 161. 9.02 1.035E-02 7.82 
31 0.424 8.528E-04 3.600E-03 6.79 2.373E-03 4.10 
32 856. 507. 262. 8.353E-02 0.643 0.287 
33 0.967 625. 943. 9.904E-02 0.307 8.809E-02 
34 302. 2.558E-03 890. 3.856E-02 6.744E-03 0.375 
35 772. 1.584E-04 7.73 0.956 1.277E-02 3.20 
36 5.33 395. 776. 9.255E-03 1.349E-02 0.138 
37 121. 733. 974. 6.023E-02 1.426E-02 2.53 
38 1.53 1.311 E-02 852. 0.530 1.985E-04 1.97 
39 6.53 7.243E-03 99.3 0.729 0.204 2.25 
40 990. 4.154E-03 431. 0.332 7.072E-04 0.336 
41 1.25 1.096E-02 1.79 0.273 5.420E-03 0.141 
42 9.23 7.525E-03 657. 0.377 4.273E-03 0.121 
43 0.181 1.468E-02 966. 0.520 5.984E-03 5.92 
44 507. 3.378E-03 0.733 4.61 7.163E-03 6.751 E-02 
45 617. 0.923 203. 5.644E-02 8.681 E-03 0.254 
46 1.39 937. 499. 7.216E-02 1.644E-03 6.62 
47 3.02 792. 2.644E-02 5.968E-02 1.055E-02 1.84 
48 3.89 0.445 374. 5.80 1.963E-03 1.09 
49 715. 6.182E-03 618. 8.906E-02 0.448 4.22 
50 924. 860. 4.605E-02 7.509E-02 4.654E-03 7.68 
51 956. 0.781 2.55 0.781 2.606E-03 0.103 / r 
52 888. 496. 743. 5.77 5.088E-02 1.50 \ 
53 218. 1.019E-02 5.78 5.650E-03 0.694 5.10 V » 
54 3.36 900. 11.5 3.466E-02 8.154E-03 2.76 ^ 
55 3.76 736. 2.38 0.637 1.232E-02 0.155 
56 332. 451. 632. 8.234E-02 7.691 E-03 0.378 
57 807. 883. 3.29 9.49 1.406E-02 0.311 
58 152. 264. 72.6 7.29 3.160E-03 0.227 
59 173. 1.171 E-02 9.15 3.82 4.964E-03 3.61 
60 436. 0.514 35.8 0.655 1.736E-03 0.176 
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LHS Samples and Calculated Normalized Releases 

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

Culebra Culebra Culebra Culebra Culebra Culebra 
Porosity Kd Am C Kd Np C Kd Pu C Kd Th C Kd U C 

IN NO. X(37) X(38) X(39) X(40) X(41) X{42) 

1 0.133 3.609E-02 3.549E-02 0.116 6.603E-02 3.237E-02 
2 0.185 0.333 91.2 0.938 7.053E-03 6.583E-04 
3 9.854E-02 8.183E-02 4.062E-03 40.0 1.304E-03 6.137E-04 
4 0.207 0.998 4.849E-04 92.7 8.686E-03 0.194 
5 0.178 0.169 • 0.121 7.642E-03 8.653E-03 9.397E-04 
6 0.163 0.136 9.27 0.694 0.438 2.061 E-04 
7 0.121 1.356E-02 5.16 2.551 E-02 5.029E-03 1.087E-02 
8 0.115 0.150 87.3 32.1 0.863 5.635E-04 
9 0.122 0.130 5.562E-02 0.381 5.662E-03 1.233E-04 
10 0.120 0.347 5.154E-05 4.398E-04 4.605E-03 9.050E-02 
11 0.118 53.7 4.957E-02 47.3 1.333E-02 0.462 
12 0.138 57.2 1.798E-04 6.307E-02 0.594 0.261 
13 0.172 26.7 1.92 0.133 5.899E-03 6.630E-02 
14 0.163 9.28 7.942E-04 4.185E-02 0.580 9.994E-02 
15 0.127 3.01 5.651 E-04 1.633E-03 2.108E-02 3.970E-02 
16 0.147 2.285E-02 6.25 7.772E-02 9.823E-03 0.868 
17 0.203 77.1 1.082E-03 1.887E-02 0.668 2.298E-04 
18 0.179 87.3 1.476E-03 0.186 2.294E-02 1.460E-03 
19 9.539E-02 4.874E-02 1.312E-03 3.274E-03 8.440E-02 5.483E-05 
20 0.154 39.7 1.195E-03 8.434E-02 6.482E-03 1.077E-03 
21 0.101 0.892 69.4 5.077E-03 0.803 0.672 
22 0.121 4.91 2.688E-04 0.488 4.851 E-03 4.451 E-02 
23 0.140 2.802E-02 51.1 0.210 7.909E-03 8.371 E-04 
24 0.106 0.182 1.426E-04 8.96 4.954E-02 9.392E-02 
25 0.180 0.105 1.085E-04 0.456 6.317E-02 2.458E-02 
26 8.716E-02 0.200 0.107 1.418E-02 4.187E-02 1.278E-03 
27 0.138 6.201 E-02 3.811 E-04 4.911 E-02 0.706 4.344E-04 
28 0.139 0.142 8.994E-02 61.5 9.644E-03 2.714E-03 
29 0.175 9.405E-02 0.184 0.963 3.327E-03 7.931 E-02 
30 7.623E-02 0.159 7.131 E-04 70.4 5.371 E-02 5.547E-02 
31 0.179 8.15 6.753E-02 0.332 4.306E-03 0.171 
32 0.131 6.41 1.410E-02 82.2 0.981 2.157E-05 
33 0.120 5.884E-02 0.136 0.531 7.392E-02 0.704 
34 0.164 0.393 20.1 6.405E-03 3.292E-02 0.125 
35 0.158 9.895E-02 0.195 0.269 0.181 3.412E-02 
36 0.123 12.4 1.115E-03 79.1 1.484E-03 5.997E-02 
37 0.116 6.892E-02 2.141 E-04 16.4 7.680E-02 1.560E-02 
38 0.199 0.148 2.704E-02 0.630 3.740E-02 8.225E-04 
39 0.211 0.752 • 28.6 0.767 2.164E-03 4.912E-02 
40 0.111 7.509E-02 11.3 0.797 9.168E-03 0.963 
41 0.120 0.115 7.210E-02 7.407E-02 9.183E-02 1.056E-03 
42 0.126 0.129 3.80 9.461 E-02 8.103E-03 4.007E-04 
43 0.130 72.3 59.2 0.217 2.844E-03 3.562E-04 
44 0.121 0.300 6.381 E-04 46.6 7.663E-05 1.614E-04 
45 0.166 8.802E-02 0.102 0.166 6.933E-03 4.879E-04 
46 0.145 6.56 6.736E-04 1.181 E-03 1.844E-03 7.486E-02 
47 0.143 0.536 8.125E-02 0.846 4.462E-04 1.173E-03 
48 0.119 0.247 9.876E-04 2.15 9.892E-02 0.183 
49 0.222 3.250E-03 4.349E-04 0.301 6.014E-03 1.340E-03 
50 0.119 0.645 0.709 8.558E-03 0.284 0.163 
51 0.204 1.59 8.578E-02 54.6 0.276 0.135 
52 0.124 30.7 7.87 2.796E-03 2.634E-03 2.579E-04 
53 0.100 0.122 4.651 E-02 0.239 3.503E-03 8.507E-02 
54 0.178 0.191 0.147 4.400E-03 0.157 0.111 
55 0:179 0.271 8.473E-04 3.573E-02 3.700E-03 0.152 
56 • 0.214 3.176E-02 3.086E-04 9.532E-03 0.922 2.324E-02 
57 0.179 4.474E-02 2.752E-02 26.0 8.412E-04 7.041 E-02 
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Appendix B 

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Continued) 

Culebra Culebra Culebra Culebra Culebra Culebra 
Porosity Kd Am C Kd Np C Kd Pu C Kd Th C Kd U C 

RUN NO. X(37) X(38) X(39) X(40) X(41) X(42) 

58 0.122 9.340E-02 4.317E-06 5.528E-02 7.517E-03 7.079E-04 
59 0.180 0.113 1.355E-03 99.9 0.350 0.474 
60 0.179 97.2 0.172 0.651 0.471 8.230E-03 

Global Castile_R MB139 
Lambda AreaFrc ThrsPldx 

RUN NO. X(43) X(44) X(45) 

1 9.787E-12 0.443 0.215 
2 8.358E-12 0.489 0.286 
3 6.893E-12 0.416 0.517 
4 4.289E-12 0.354 0.747 
5 5.988E-12 0.407 0.709 
6 5.181E-12 0.257 0.898 
7 5.544E-12 0.362 0.163 
8 2.465E-12 0.348 0.111 
9 9.137E-12 0.368 0.823 
10 1.795E-12 0.462 0.611 
11 8.574E-13 0.418 0.374 
12 9.401 E-12 0.361 0.236 
13 9.402E-13 0.342 0.589 
14 7.739E-12 0.352 0.594 

- 15 6.288E-12 0.483 0.434 
16 7.511E-12 0.439 0.813 
17 1.287E-12 0.345 0.258 
18 2.946E-12 0.429 0.190 
19 1.659E-12 0.372 0.488 
20 2.857E-12 0.432 0.783 
21 5.290E-12 0.470 0.961 
22 8.232E-12 0.306 0.642 
23 4.004E-12 0.382 0.580 
24 7.884E-12 0.423 0.385 
25 6.472E-12 0.456 0.308 
26 7.221E-12 0.340 0.331 
27 7.001 E-12 0.336 . 0.405 
28 8.930E-12 0.491 0.506 
29 5.471 E-12 0.318 8.115E-02 
30 1.118E-12 0.385 0.477 
31 7.402E-12 0.366 0.525 
32 1.017E-11 0.425 0.688 
33 3.789E-12 0.410 0.527 
34 1.917E-12 0.325. 0.418 
35 8.128E-12 0.514 0.632 
36 4.408E-12 0.392 0.650 
37 5.373E-13 0.377 0.537 
38 1.481E-12 0.412 0.761 
39 3.220E-12 0.464 -1.192E-07 
40 9.590E-12 0.331 0.566 
41 3.511E-13 0.402 0.297 
42 8.838E-14 0.445 0.561 
43 1.030E-11 0.358 0.358 
44 . 5.872E-12 0.476 0.271 
45 3.828E-12 0.420 0.616 -
46 2.675E-12 0.450 0.549 
47 2.141E-12 0.453 0.703 
48 9.991E-12 0.458 0.439 
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LHS Samples and Calculated Normalized Releases 

Table B-2. Sixty Values Samples By LHS For 45 Parameters Which Were Varied In 
December 1991 WIPP PA Calculations (Concluded) 

Global Castile_R MB 139 
Lambda Area Frc ThrsPldx 

RUN NO. X(43) X(44) X(45) 

49 3.318E-12 , 0.386 0.413 
50 3.483E-12 0.468 0.396 
51 4.560E-12 0.333 0.449 
52 4.821 E-12 0.324 0.728 
53 2.393E-12 0.394 0.499 
54 8.728E-12 0.435 0.354 
55 8.595E-12 0.311 0.339 
56 6.666E-12 0.397 0.465 
57 6.100E-12 0.374 0.877 
58 9.295E-12 0.399 0.678 
59 2.908E-13 0.390 0.464 
60 4.940E-12 0.441 0.659 
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Table B-3 Usts die ranks of samples. 

Table B-3. Ranks of Sixty Values Sampled 

Material WastRef WastRef WastRef WastRef WastRef WastRef Wast Ref Wast Ref 
'arameter Bnne Sat CorRatFr GRatCorH GRatCorl GRatMicH G Rat Mic 1 VolMetal VolWood 
RUN NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) 

1 52. 19. 11. 33. 37. 34. 21. 4. 
2 49. 28. 56. 36. 50. 9. 17. 2. 
3 37. 51. 51. 1. 46. 27. 36. 1. 
4 9. 16. 38. 21. 24. 30. 10. 9. 
5 8. 23. 50. 42. 60. 53. 35. 26. 
6 57. • 57. 27. 11. 35. 4. 48. 37. 
7 44. •̂  40. . 18. 46. 42. 16. 12. 40. 
8 10. 25. 20. 54. 36. 11. 33. 10. 
9 29; 50. 23. 16. 44. 56. 7. 14. 
10 7. 33. 14. 50. 51. 3. 15. 17. 
11 15. 22. 5. 28. 25. 50. 5. 33. 
12 3. 37. 30. 4. 32. 55. 28. 25. 
13 45. 29. 1. 60. 20. 28. 22. 23. 
14 16. 54. 6. 34. 27. 49. 6. 36. 
15 56. 3. 29. 3. 10. 47. 11. 29. 
16 18. 13. 48. 55. 17. 22. 18. 45. 
17 32. 14. 59. 14. 15.. 8. 55. 27. 
18 20. 41. 26. 59. 52. 36. 26. 3. 
19 24. 4. 58. 43. 21. 51. 39. 30. 
20. 14. 12. 60. 32. 5. 32. 14. 41. 
21 58. 27. 54. 22. 54. 17. 43. 44. 
22 22. 32. 35. 35. 22. • 24. 45. 6. 
23 6. 10. 40. 17. 18. 35. 8. 46. 
24 33. 35. 55. 56. 49. 21. 34. 53. 
25 40. 55. 46. 51. 11. 10. 53. 56. 
26 51. 1. 3. 53. 30. 39. 42. 18. 
27 1. 34. 25. 8. 57. 31. 54. 43. 
28 27. 44. 19. 45. 2. 60. 31. 54. 
29 17. 18. 43. 19. 16. 20. 2. 32. 
30 50. 48. 47. 20. 23. 23. 9. 50. 
31 59. . 42. 28. 57. 45. 58. 38. 15. 
32 25. 26. 2. 41. 29. 25. 41. 39. 
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LHS Samples and Calculated Normalized Releases 

Table B-3. Ranks of Sixty Values Sampled (Continued) 

Material WastRef WastRef WastRef WastRef WastRef WastRef Wast Ref Wast Ref 

arameter Bnne Sat CorRatFr GRatCorH GRatCorl GRatMicH GRatMici VolMetal VolWood 

RUN NO. X(1) X(2) X(3) X(4) X(5) X(6) X(7) X(8) 

33 48. 60. 37. 12. 13. 13. 27. 20. 

34 4. 56. 34. 26. 12. 37. 25. 28. 

35 2. 20. 12. 6. 7. 5. 20. 8. 

36 47. 6. 2 1 . 44. 3 1 . 6. 49. 57. 

37 46. 11 . 52. 3 1 . 58. 59. 37. 5. 

38 30. 36. 8. 38. 28. 2. 56. 42. 

39 28. 3 1 . 53. 24. 6. 38. 60. 13. 

40 2 1 . 9. 32. 10. 43. 12. 52. 19. 

41 34. 47. 42. 40. 19. 14. 1. 55. 

42 42. 39. 4. 9. 9. 57. 59. 16. 

43 23. 8. 24. 29. 40. . 15. 24. 58. 

44 35. 46. 33. 18. 56. 18. 32. 5 1 . 

45 4 1 . 2 1 . 3 1 . 25. 8. 54. 23. 49. 

46 53. 24. 13. 13. 33. 7. 46. 22. 

47 39. 53. 7. 7. 47. 26. 3. 12. 

48 43. 45. 45. 37. 3. 48. 58. 24. 

49 38. 30. 9. 27. 59. 46. 30. 59. 

50 26. 52. 22. 5. 53. 43. 44. 60. 

51 55. 59. 57. 39. 34. 4 1 . 16. 3 1 . 

52 13. 49. 49. 52. 4. 52. 40. 47. 

53 11 . 38. 39. 58. 39. 33. 57. 38. 

54 12. 58. 15. 30. 48. 40. 50. 35. 

55 54. 7. 10. 2. 14. 45. 29. 52. 

56 60. 17. 44. 49. 26. 42. 13. 11 . 

57 5. 15. 36. 48. 4 1 . 44. 5 1 . 2 1 . 

58 3 1 . 43. 17. 47. 1. 1. 19. 7. 

59 19. 2. 16. 15. 38. 19. 47. 34. 

60 36. 5. 4 1 . 23. 55. 29. 4. 48. 

Wast Ref Salado MB139 MB139 MB139 Castile_R Castile R Borehole 

SH2Mil Prm X U Pressure Prm X U Pore U Pressure StorBulk Prm X 

RUN NO. X(9) X(10) X(11) X(12) X(13) X(14) X(15) X(16) 

1 22. 57. 60. 52. 5 1 . 24. 18. 2. 

2 54. 49. 25. 57. 50. 18. 24. 48. 

3 40. 19. 3. 8. 58. 36. 58. 14. 

4 43. 29. 36. 4 1 . 52. 55. 49. 5. 

5 8. 2. 29. 6. 19. 14. 6. 25. 

6 29. 59. 2. 49. 10. 38. 32. 58. 

7 28. 46. 19. 5 1 . 37. 35. 23. 4 1 . 

8 32. 15. 43. 16. 14. 53. 56. 44. 

3 1 . 37. 54. 53. 48. 9. 12. 60. 

A \10 13. 32. 36 . . 16. 57. 40. 29. 56. 

A 11 34. 58. 8. 54. 4. 13. 52. 6. 

3» / 2 53. 40. 23. 32. 35. 44. 15. 15. 

y\2 38. 27. 36. 16. 32. 25. 22. 49. 

14 60. 13. 5 1 . 25. 43. 42. 45. 55. 

15 48. 36. 9. 33. 2 1 . 39. 38. 52. 

16 3. 54. 36. 55. 27. 32. 5 1 . 57. 

17 57. 11 . 57. 3. 25. •43. 17. 5 1 . 

18 12. 26. 36. 45. 4 1 . 11. 54. 38. 

19 24. 44. 20. 47. 38. 4 1 . 47. 26. 

20 17. 33. 5. 38. 18. 3. 50. 27. 

21 45. 14. 24. 29. 59. 3 1 . 25. 7. 

22 6. 48. 52. 56. 13. 5 1 . 14. 17. 
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Table B-3. Ranks of Sixty Values Sampled (Continued) 

Wast Ref Salado MB139 MB 139 MB139 Castile_R Castile R Borehole 
SH2Mil Prm X U Pressure Prm X U Pore U Pressure StorBulk Prm X 

RUN NO. X(9) X(10) X(11) X(12) X(13) X(14) X(15) X(16) 

23 37. 52. 53. 26. 44. 22. 28. 34. 
24 55. 60. 36. 59. 26. 34. 4. 53. 
25 46. 56. 27. 60. 33. 12. 60. 19. 
26 18. 8. 4. 22. 54. 26. 27. 28. 
27 30. 22. 17. 39. 16. 10. 37. 23. 
28 39. 6. 6. 7. 24. 57. 19. 59. 
29 4 1 . 3. 18. 27. 36. 5. 20. 40. 
30 2. 20. 4 1 . 16. 53. 48. 34. 37. 
31 44. 42. 15. 40. 2. 49. 40. 18. 
32 1 1 . 45. 13. 48. 30. 17. 3. 11 . 
33 5. 4. 48. 10. 23. 52. 13. 10. 
34 1. 43. 10. 34. 47. . 50. 42. 36 . . 
35 16. 24. 46. 28. 1. 6. 39. 16. 
36 47. 2 1 . 55. 23. 45. 8. 53. 3. 
37 35. 35. 36. 3 1 . 7. 28. 44. 45. 
38 49. 7. 1. 5. 55. 16. 33. 12. 
39 14. 38. 12. 42. 40. 58. 7. 22. 
40 59. 25. 28. 30. 5. 54. 2 1 . 32. 
41 58. 5 1 . 11 . 43. 28. 30. 1. 4. 
42 52. 47. 58. 50. 34. 23. 59. 46. 
43 27. 28. 50. 9. 6. 37. 57. 47. 
44 4. 3 1 . 26. 16. 11 . 45. 30. 39. 
45 42. 34. 59. ' 37. 3 1 . 46. 9: 20. 
46 19. 55. 42. 58. 8. 29. 5. 42. 
47 50. 17. 2 1 . 16. 15. 2 1 . 10. 29. 
48 .23. 23. 36. 4. 60. 4. 11. • 54. 
49 25. 12. 45. 2 1 . 39. 59. 4 1 . 13. 
50 15. 10. 36. 36. 12. 27. 55. 2 1 . 
51 2 1 . 16. 56. 16. 17. 1. 46. 35. 
52 26. 39. 30. 46. 20. 47. 16. 1. 
53 5 1 . 1. 49. 1. 9. 7. 8. 30. 
54 36. 53. 22. 16. 49. 15. 3 1 . 9. 
55 10. 18. 16. 16. 56. 2. 26. 43. 
56 20. 5. 7. 2. 3. 20. 43. 8. 
57 56. 50. 14. 35. 42. 33. 36. 33. 
58 33. 9. 44. 16. 22. 56. 48. 3 1 . 
59 7. 4 1 . 36. 44. 29. 19. 2. 50. 
60 9. 30. 47. 24. 46. 60. 35. 24. 

Borehole Wast Ref Amt+3 Np-*--* Np+5 Pu+4 Pu+5 Th+4 

DiamMod RelAEhpH SolM Sol M So lM SolM So lM So lM 
RUN NO. X(17) X(18) X(19) X(20) X(21) X(22) X(23) X(24) 

1 49. 17. 10. 20. 19. 3 1 . 3 1 . 29. 
2 10. 10. 55. 23. 22. 13. 13. 43. 
3 38. 5 1 . 38. 12. 12. 54. 54. 59. 
4 54. 40. 49. 36. 35. 9. 9. 25. 
5 3. 59. 19. 25. 24. 33. 32. 4 1 . 
6 32. 36. 30. 44. 45. 42. 4 1 . 38. 
7 25. 24. 7. 38. 38. 56. 56. 18. 
8 22. 29. 17. 2 1 . 2 1 . 59. 59. 11. 
9 23. 35. 3. 30. 29. 4 1 . 42. 9. 
10 4. 53. 4 1 . 49. 49. 34. 34. 19. 
11 27. 43. 4. 57. 57. 47. 47. 49. 
12 14. 13. 43. 59. 58. 39. 39. 1. 
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LHS Samples and Calculated Normalized Releases 

Table B-3. Ranks of Sixty Values Sampled (Continued) 

Borehole Wast Ref Amt+3 Np+4 Np+5 Pu-^ Pu+5 Th+4 
DiamMod RelAEhpH SolM SolM SolM SolM SolM SolM 

RUN NO. X(17) X(18) X(19) X(20) X(21) X(22) X(23) X(24) 

13 52. 23. 16. 8. 8. 25. 25. 37. 
14 53. 38. 28. 14. 14. 21. 19. 26. 
15 21. 55. 36. 11. 11. 60. 60. 22. 
16 57. 48. 35. 56. 56. 52. 52. 40. 
17 41. 50. 1. 50. 50. 35. 35. 34. 
18 47. 57. 26. 58. 59. 16. 16. 56. 
19 60. 18. 14. 55. 55. 19. 21. 10. 
20 18. 6. 47. 35. 34. 46. 46. 32. 
21 42. 2. 9. 32. 32. 29. 29. 24. 
22 7. 20. 27. ' 19. 20. 43. 43. 60. 
23 16. 60. 33. 31. 31. 5. 5. 3. 
24 55. 42. 31. 1. 1. 38. 37. 51. 
25 6. 39. 5. 16. 16. 10. 10. 28. 
26 28. 26. 56. 45. 43. 2. 2. 50. 
27 45. 31. 50. 33. 33. 26. 26. 58. 
28 33. 32. 15. 43. 44. 7. 7. 55. 
29 24. 21. 42. 29. 30. 57. 57. 14. 
30 39. 45. 59. 42. 42. 23. 23. 47. 
31 15. 25. 53. 39. 39. 53. 53. 2. 
32 34. 56. 46. 27. 27. 36. 36. 4. 
33 35. 52. 51. 26. 26. 14. 14. 6. 
34 11. 4. 6. 3. 3. 1. 1. 21. 
35 59. 14. 29. 9. 9. 32. 33. 35. 
36 2. 54. 8. 34. 36. 27. 27. 15. 
37 37. 3. 13. 22. 23. 8. 8. 5. 
38 43. 15. 40. 54. 54. 44. 45. 7. 
39 50. 46. 21. 28. 28. 28. 28. 12. 
40 20. 49. 22. 53. 53. 3. 3. 53. 
41 29. 33. 52. 15. 15. 11. 11. 42. 
42 13. 41. 60. 5. 5. 30. 30. 39. 
43 36. 9. 58. 37. 37. 12. 12. 31. 
44 40. 12. 20. 41. 41. 4. 4. 20. 
45 1. 5. 48. 60. 60. 20. 20. 57. 
46 56. 37. 57. 46. 46. 18. 18. 8. 
47 30. 19. 2. 51. 51. 24. 24. 48. 
48 19. 22. 24. 52. 52. 55. 55. 36. 
49 44. 16. 37. 47. 47. 58. 58. 46. 
50 8. 44. 11. 13. 13. 37. ' 38. 16. 
51 51. 27. 44. 48. 48. 22. 22. 17. 
52 46. 47. 23. 24. 25. 50. 50. 52. 
53 48. 11. 45. 7. 7. 49. 49. 23. 
54 17. 8. 54. 40. 40. 40. 40. 54. 
55 58. 28. 12. 6. 6. 17. 17. 30. 
56 9. 58. 32. 10. 10. 6. 6. 44. 
57 26. 34. 39. 4. 4. 15. 15. 13. 
58 12. 1. 18. 17. 17. 45. 44. 27. 
59 5. 7. 25. 18. 18. 48. 48. 45. 
60 31. 30. 34. 2. 2. 51. 51. 33. 
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Appendix B 

Table B-3. Ranks of Sixty Values Sampled (Continued) 

RUN NO. 

y+4 y+6 Culebra Culebra Culebra Culebra Culebra Culebra 
SolM SolM Field Idx Climt Idx Disp Ing FPore FKd_Am_C FKd_NpJ 
X(25) X(26) X(27) X(28) X(29) X(30) . X(31) X(32) 

49. 48. 37. 3. 6. 9. 29. 43. 

52. 51. 51. 10. 14. 58. 36. 51. 
15. 15. 31. 51. 40. 24. 30. 18. 
40. 40. 36. 28. 58. 51. 13. 37. 
28. 28. 43. 29. 46. 37. 1. 11. 
47. 47. 54. 14. 17. 41. 47. 23. 

3. 3. 1. 59. 56. 57. 49. 36. 
48. 49. 15. 2. 47. 3. 11. 60. 
60. 60. 3. 50. 7. 32. 19. 2. 
53. 53. 18. 8. 35. 8. 52. 40. 
59. 59. 50. 49. 51. 40. 10. 31. 
12. 13. 13. 4. 2. 59. 41. 6. 
33. 33. 12. 23. 1. 17. 45. 5. 
39. 38. 59. 48. 52. 35. 26. 48. 
56. 56. 21. 37. 50. 12. 43. 14. 
14. 12. 34. 13. 20. 38. 5. 39. 
6. 6. 11. 44. 33. 29. 17. 34. 
1. 1. 42. 36. 15. 43. 55. 25. 

55. 55. 58. 57. 24. 45. 46. 41. 
9. 9. 23. 40. 3. 6. 50. 50. 

22. 22. 28. 43. 39. 30. 7. 12. 
50. ' 50. 19. 33. 48. 60. 8. 47. 
11. 11. 49. 45. 38. 54. 15. 35. 
10. 10. 24. 15. 57. 31. 40. 33. 
20. 20. 40. 26. 25. 16. 6. 4. 
29. 29. 30. 46. 44. 25. 34. 10. 
44. 44. 14. 27. 19. 1. 3. 26. 
46. 46. 5. 41. 9. 50. 18. 55. 
36. 37. 55. 38. 34. 14. 39. 32. 
24. 24. 2. 21. 22. 33. 28. 17. 

4. 4. 22. 31. 43. 21. 4. 3. 
5. 5. 47. 53. 49. 13. 56. 46. 
8. 8. 38. 32. 5. 15. 9. 49. 

23. 23. 52. 30. 59. 7. 37. 7. 
26. 26. 10. 22. 55. 48. 53. 1. 
42. 42. 25. 54. 21. 26. 24. 42. 
16. 16. 20. 18. 29. 19. 31. 52. 
45. 45. 6. 1. 54. 56. 16. 22. 

- 57. 57. 17. 47. 32. 5. 25. 15. 
27. 27. 39. 42. 16. 11. 60. 9. 
41. 41. 32. 24. 8. 28. 12. 20. 
13. 14. 48. 20. 28. 47. 27. 16. 
19. 19. 27. 25. 11. 22. 2. 24. 
43. 43. 53. 12. 30. 52. 44. 8. 
18. 18. 9. 9. 60. 4. 48. 30. 
54. 54. 44. 56. 41. 27. 14. 59. 

2. 2. 46. 19. 36. 2. 20. 54. 
34. 35. 60. 5. 45. 20. 23. 27. 
30. 30. 57. 34. 12. 23. 51. 13. 
35. 34. 33. 11. 23. 46. 58. 56. 
58. 58. 8. 55. 53. 18. 59. 29. 
25. 25. 26. 7. 13. 42. 57. 45. 
37. 36. 56. 39. 37. 55. 35. 19. 
31. 31. 7. 60. 26. 39. 21. 58. 

7. 7. 16. 6. 42. 49. 22. 53. 
51. 52. 29. 17. 31. 53. 38. 44. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 . 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
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LHS Samples and Calculated Normalized Releases 

Table B-3. Ranks of Sixty Values Sampled (Continued) 

RUN NO. 

y+4 

So lM 
X(25) 

y+6 

So lM 
X(26) 

Culebra 
Field Idx 

X(27) 

Culebra 
Climt Idx 

X(28) 

Culebra 
Disp Ing 

X(29) 

Culebra 
FPore 
X(30) 

Culebra Culebra 
FKd Am C FKd Np C 

X(31) X(32) 

57 38. 39. 4. 16. 18. 10. 54. 57. 
58 2 1 . 2 1 . 45. 58. 10. 36. 32. 38. 
59 17. 17. 35. 52. 4. 44. 33. 2 1 . 
60 32. 32. 4 1 . 35. 27. 34. 42. 28. 

RANKS OF LATIN HYPERCUBE SAMPLE INPUT VECTORS 

RUN NO. 

Culebra 
FKd Pu C 

X(33) 

Culebra 
FKd Th C 

X(34) 

Culebra 
FKd U C 

X(35) 

Culebra 
FrctrSp 
X(36) 

Culebra 
Porosity 

X(37) 

Culebra 
Kd Am C 

X(38) 

Culebra 
Kd Np C 

X(39) 

Culebra 
Kd Pu C 

X(40) 

1 4 1 . 20. 3. 58. 28. 6. 29, 24. 
2 49. 48. 60. 24. 53. 36. 60. 44, 
3 30. 4. 16. 3 1 . 4 . 13. 25. 5 1 . 
4 12. 1. 40. 57. 57. 43. 11 . 59, 
5 50. 44. 17. 34. 45. 29. 40. 9. 
6 25. 6. 36. 5 1 . 39. 24. 52. 40. 
7 54. 46. 30. 22. 18. 2. 49. 14. 
8 4. 13. 27. 19. 9. 27. 59. 50. 
9 43. 14. 39. 47. 20. 23. 32. 34. 
10 28. 24. 4 1 . 27. 15. 37. 2. 1. 
11 57. 57. 53. 32. 11 . 55. 3 1 . 53. 
12 34. 10. 44. 12. 29. 56. 5. 19. 
13 17. 7. 18. 20. 42. 52. 47. 25. 
14 44. 58. 48. 44. 38. 50. 16. 16. 
15 38. 16. 35. 10. 25. 45. 12. 3. 
16 18. ^ 8. 59. 5. 35. 3. 50. 2 1 . 
17 36. 49. 55. 48. 55. 58. 19. 13. 
18 45. 32. 5. 17. 48. 59. 24. 27. 
19 • 10. 29. 14. 14. 3. 8. 22. 5. 
20 32. . 15. . 22. 56. 36. 54. 2 1 . 22. 
21 15. 47. 34. 13. 6. 42. 58. 7. 
22 9. 36. 26. 16. 17. 46. 7. 36. 
23 6. 43. 2. 50. 32. 4. 56. 28. 
24 53. 9. 7. 30. 7. 30. 4. 47. 
25 7. 2 1 . 50. 54. 52. 18. 3. • 35. 
26 5. 3 1 . 58. 53. 2. 32. 39. 12. 
27 20. 5 1 . 24. 2. 30. 10. 9. 17. 
28 35. 5. 6. 26. 3 1 . 25. 37. 55. 
29 40. 28. 11 . 4 1 . 43. 16. 44. 45. 
30 29. 59. 37. 60. 1. 28. 15. 56, 
31 1. 55. 12. 45. 48. 49. 33. 33, 
32 33. 26. 56. 2 1 . 27. 47. 26. . 58. 
33 58. 30. 52. 3. 14. 9. 4 1 . 37. 
34 56. 12. 28. 28. 40. 38. 54. 8. 
35 2 1 . 45. 43. 42. 37. 17. 45. 3 1 . 
36 52. 3. 45. 7. 22. 5 1 . 20. 57. 
37 60. 19. 47. 39. 10. 11 . 6. 48. 
38 55. 38. 1. 37. 54. 26. 27. 38. 
39 27. 4 1 . 5 1 . 38. 58. 4 1 . 55. 4 1 . 
40 39. 34. 4. 25. 8. 12. 53. 42. 
41 11 . 33. 23. 8. 16. 20. 34. 20. 
42 48. 35. 19. 6. 24. 22. 48. 23. 
43 59. 37. 25. 52. 26. 57. 57. 29. 
44 8. 52. 29. 1. 19. 35. 13. 52. 
45 3 1 . 17. 33. 18. 4 1 . 14. 38. 26. 
46 42. 22. 8. 55. 34. 48. 14. 2. 
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Appendix B 

Table B-3. Ranks of Sixty Values Sampled (Continued) 

Culebra Culebra Culebra Culebra Culebra Culebra Culebra Culebra 
FKd Pu C FKd Th C FKd U C FrctrSp Porosity Kd Am C Kd Np C Kd Pu C 

RUN NO. X(33) X(34) X(35) X(36) X(37) X{38) X(39) X(40) 

47 2. 18. 38. 36. 33. 39. 35. 43. 

48 37. 54. 10. 33. 12. 33. 18. 46. 
49 46. 27. 54. 46. 60. 1. 10. 32. 
50 3. 23. 20. 59. 13. 40. 46. 10. 
51 14. 42. 13. 4. 56. 44. 36. 54. 
52 51. 53. 49. 35. 23. 53. 51. 4. 
53 19. 2. 57. 49. 5. 21. 30. 30. 
54 23. 11. 32. 40. 44. 31. 42. 6. 
55 13. 39. 42. 9. 46. 34. 17. 15. 
56 47. 25. 31. 29. 59. 5. 8. 11. 
57 16. 60. 46. 23. 49. 7. 28. 49. 
58 26. 56. 15. 15. 21. 15. 1. 18, 
59 22. 50. 21. 43. 51. 19. 23. . 60. 
60 24. 40. 9. 11. 50. 60. 43. 39. 

Culebra Culebra Global Castile_R MB139 
Kd Th C Kd U C Lambda AreaFrc ThrsPldx 

RUN NO. X(41) X(42) X(43) X(44) X(45) 

1 40. 31. 57. 46. 6. 
2 22. 14. 49. 58. 10. 
3 4. 13. 40. 36. 32. 
4 27. 53. 25. 15. 53. 
5 .26. 18. 35. 33. 51. 
6 51. 5. 30. 1. 59. 
7 16. 27. 33. 18. 4. 
8 58. 12. 15. 13. 3. 
9 17. 3. 53. 20. 57. 
10 14. 43. 11. 52. 42. 
11 31. 55. 5. 37. 17. 
12 54. 54. 55. 17. 7. 
13 18. 38. 6. 11. 40. 
14 53. 45. 45. 14. 41. 
15 32. 33. 37. 57. 23. 
16 30. 59. 44. 44. 56. 
17 55. 6. 8. 12. 8. 
18 33. 24. 18. 41. 5. 
19 43. 2. 10. 21. 29. 
20 20. 20. 17. 42. 55. 
21 57. 57. 31. 55. 60. 
22 15. 34. 48. 2. 45. 
23 24. 17. 24. 24. 39. 
24 37. 44. 46. 39. 18. 
25 39. 30. 38. 50. 12. 
26 36. 22. 42. 10. 13. 
27 56. 10. 41. 9. 20. 
28 29. 25. 52. 59. 31. 
29 10. 41. 32. 4. 2. 
30 38. 36. 7. 25. 28. 
31 13. 51. 43. 19. 33. 
32 60. 1. 59. 40. 49. 
33 41. 58. 22. 34. 34. 
34 34. 47. 12. 6. 22. 
35 47. 32. 47. 60. 44. 
36 5. 37. 26. 28. 46. 
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LHS Samples and Calculated Normalized Releases 

Table B-3. Ranks of Sixty Values Sampled (Concluded) 

Culebra Culebra Global Castile_R MB 139 
Kd Th C Kd U C Lambda Area Frc ThrsPldx 

RUN NO. X(41) X(42) X(43) X(44) X(45) 

37 42. 28. 4. 23. 35. 
38 35. 16. 9. 35. 54. 
39 7. 35. 19. 53. 1. 
40 28. 60. 56. 7. 38. 
41 44. 19. 3. 32. 11. 
42 25. 9. 1. 47. 37. 
43 9. 8. 60. 16. 16. 
44 1. 4. 34. 56. 9. 
45 21. 11. 23. 38. 43. 
46 6. 40. 16. 48. 36. 
47 2. 21. 13. 49. 50. 
48 45. 52. 58. 51. 24. 
49 19. 23. 20. 26. 21. 
50 49. 50. 21. 54. 19. 
51 48. 48. 27. 8. 25. 
52 8. 7. 28. 5. 52. 
53 11. 42. 14. 29. 30. 
54 46. 46. 51. 43. 15. 
55 12. 49. 50. 3. 14. 
56 59. 29. 39. 30. 27. 
57 3. 39. 36. 22. 58. 
.58 23. 15. 54. 31. 48. 
59 50. 56. 2. 27. 26. 
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Appendix B 

Table B-4 lists the total and percentage release for die 3 radionuclides conuibuung the most for each vector 

showing integrated discharge to die accessible environment for the E2 scenario assuming the dual porosity 

conceptual model for contaminant ttansport in the Culebra Dolomite Member. Values are normalized by die EPA 

factor for each radionuclide. Vectors are ordered from most to least release. Vectors which have no release arc 

omitted. 

Table B-4. Vectors with Integrated Discharge through the Culebra Dolomite Member 
to the Accessible Environment for E2 Scenario and Assuming a Dual 
Porosity Conceptual Model. 

Comp, 
Seen 
ID Vector 

Total 
Integrated 

Top 3 Radionuclides Contribution to Integrated Discharge 

CO 

01 

02 

03 

04 

(Time of Intrusion, 1000 years) 

9 7,4111 E-03 U234 7.0062E-03 95% U233 3,6317E-04 5% 

46 9.9224E-06 TH230 9.9224E-06 100% NP237 1,5441E-29 0% 
23 1.0705E-06 U234 9.4263E-07 88% U233 1.1494E-07 11% 
6 4.8043E-07 U234 3.8823E-07 8 1 % U233 9.2155E-08 19% 

25 3.8288E-07 NP237 3.8286E-07 100% U233 2.3849E-11 0% 
19 1,0095E-08 U234 9.7562E-09 97% U233 3.3807E-10 3% 
32 2,2144E-09 U234 2,1328E-09 96% U233 8.1490E-11 4% 
5B 2,1210E-14 NP237 2,1210E-14 100% U233 3.2312E-19 0% 
44 2.6502E-17 U234 2,5213E-17 95% U233 8,7023E-19 3% 
42 9,1316E-22 • U234 8,7683E-22 96% U233 3,0992E-23 3% 
7 1.7848E-24 TH230 1.7848E-24 100%. U233 8,1346E-30 0% 

(Time of Intrusion, 3000 years) 

9 3,5231 E-03 U234 3.3285E-03 94% U233 1,7981 E-04 5% 

46. 2.5066E-06 TH230 2.5066E-06 100% NP237 1,7962E-29 0% 
23 2.7330E-07 U234 2.4171 E-07 88% U233 2.8615E^8 10% 
25 1,0827E-07 NP237 1,0827E-07 100% U233 4,6077E-12 0% 
6 6,3414E-08 U234 5,0573E-08 80% U233 1,2837E-08 20% 

19 8,0444E-10 U234 7.7627E-10 96% U233 2.8085E-11 3% 
32 4.6991 E-10 U234 4.5277E-10 96% U233 1.7118E-11 4% 
SB 5.4216E-15 NP237 5.4215E-15 100% U233 7.4345E-20 0% 
42 1.5283E-22 U234 1,4662E-22 96% U233 5,3403E-24 3% 
7 2,5804E-25 TH230 2,5804E-25 100% U233 8.4656E-31 0% 

(Time of Intrusion, 5000 years) 

9 1,7559E-03 U234 1,6583E-03 94% U233 9,2364E-05 5% 

46 3,6100E-07 TH230 3.6100E-07 100% NP2371 .2852E-29 0% 
23 3,7514E-08 U234 3.3300E-08 89% U2333, 9436E-09 11% 
25 3,3973E-08 NP237 3,3972E-08 100% U2331, 0815E-12 0% 
6 4,9214E-09 U234 3,8830E-09 79% U2331, 0382E-09 21% 

19 3,5557E-11 U234 3.4292E-11 96% U2331, 2618E-12 4% 
99 3,3202E-16 NP237 3.320 IE-16 100% U2334 .5529E-21 0% 
42 2,3845E-24 U234 2.2851E-24 96% U2338 .7434 E-26 4% 
7 3.0110E-26 TH230 3,0110E-26 100% 

(Time of Intrusion, 7000 years) 

9 9.1063E-05 U234 8,6037E-05 94% U233 4.7559E-06 5% 

46 7.7239E-08 TH230 7,7239E-08 100% NP23 74.2876E-30 0% 
23 4,6506E-09 U234 4.1516E-09 89% U233 4,6541E-10 10% 
25 1.7391 E-09 NP237 1.7391 E-09 100% U233 5,5235E-14 0% 
6 7.6023E-10 U234 6,0262E-10 79% U233 1,5757E-10 21% 

42 2.4243E-25 U234 2,3209E-25 96% U233 9,1288E-27 4% 
7 2,0199E-27 TH230 2,0199E-27 100% 

(Time of Intrusion, , 9000 years) 

No Release 

TH230 4,1754E-0 51% 

TH230 
TH230 

TH230 
TH230 

TH230 
TH230 

1,2899E-0 
4.6176E-1 

1.2177E-1 
7.6370E-1 

4,1842E-1 
5,3350E-2 

81% 
10% 

20% 
40% 

92% 
41% 

TH230 1.4770E-0 50% 

TH230 2,9758E-0 91% 

TH230 
TH230 
TH230 

4,7593E-1 
8.1208E-1 
,6213E-1 

20% 
40% 
40% 

TH230 8,7202E-2 51% 

TH230 5,2346E-06 

TH230 2,6985E-10 

TH230 
TH230 

2.4932E-13 
3.5873E-15 

TH230 1,2055E-26 1% 

TH230 2,7082E-07 0% 

TH230 3,3642E-11 1% 

TH230 
TH230 

3,7913E-14 0% 
1.2172E-27 1% 
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LHS Samples and Calculated Normalized Releases 

Table B-5 lists the total and percentage release for the 3 radionuclides condibuUng the most for each vector 

showing integrated discharge to the accessible environment for the E1E2 scenario assuming the dual porosity 

conceptual model for contaminant u-ansport in the Culebra Dolomite Member. Values are normalized by die EPA 

factor for each radionuclide. Vectors are ordered from most to least release. Vectors which have no release arc 

omitted. 

Table B-5. Vectors with Integrated Discharge through the Culebra Dolomite Member 
to the Accessible Environment for E1E2 Scenario and Assuming a Dual 
Porosity Conceptual Model. (Time of Intrusion, 1000 yr) 

Comp, Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

06 

(Time of Intrusion, 1000 years) 

9 6,5082E-02 U234 6,1583E-02 95% U233 2,7365E-03 4% TH230 7.6209E-04 1% 
43 1.2666E-03 U234 1.1239E-03 89% U233 9,9814E-05 8% TH230 4,2823E-05 3% 
30 1,7067E-04 NP237 1,7065E-04 100% U233 2,1216E-08 0% 
46 1,4798E-05 TH230 1.4798E-05 100% NP23 71,5120E-29 0% 
17 9.6709E-06 U234 8.6384E-06 89% U233 1.0299E-06 11% TH230 2.5980E-09 0% 
6 5.4014E-06 U234 4.4395E-06 82% U233 9.6131 E-07 18% TH230 6,2036E-10 0% 

23 1.6703E-06 U234 1,4698E-06 88% U233 1,7879E-07 11% TH230 2,1675E-08 1% 
19 1,5696E-06 U234 1,5197E-06 97% U233 4,9715E-08 3% TH230 2.2826E-10 0% 
25 3,5095E-07 NP237 3.5093E-07 100% U233 2.1724E-11 0% 
32 1.3396E-07 U234 1.2926E-07 96% U233 4.6924E-09 4% TH230 6,3923E-12 0% 
26 4,9229E-08 U234 4,5890E-08 93% U233 3,0312E-09 6% TH230 3,0864E-10 1% 
2D 4,5796E-08 U234 4,0527E-08 88% U233 3,9738E-09 9% TH230 1,2953E-09 3% 
49 3,6983E-08 NP237 3.6838E-08 100% U233 1.1942E-10 0% U234 2.3882E-11 0% 
39 1.0609E-08 TH230 1,0609E-08 100% 
47 4,1081E-10 TH230 4,1081E-10 100% U233 4,9310E-18 0% U234 1.1139E-18 0% 
44 4.7679E-11 U234 4,5269E-11 95% U233 1.3956E-12 3% TH230 1.0151E-12 2% 
99 6,6671 E-12 NP237 6,6669E-12 100% U233 1,6261E-16 0% 
3 2,1841E-13 U234 1,3545E-13 62% TH230 5.1161E-14 23% U233 3,1807E-14 15% 

12 1,4713E-13 NP237 1.4713E-13 100% U233 7.5906E-19 0% 
53 6,6924E-14 TH230 6,6924E-14 100% 
15 5,2519E-14 NP237 5.2514E-14 100% U233 5.2241 E-18 0% PU239 1.8186E-29 0% 
45 2.0295E-14 U234 1.9207E-14 95% U233 9.0038E-16 4% TH230 1,8702E-16 1% 
58 1.1489E-14 U234 1,0746E-14 94% U233 6.2401E-16 5% TH230 1,1905E-16 1% 
a 8,6867E-17 TH230 8.6867E-17 100% 
5 4.2155E-17 U233 2.8583E-17 68% U234 1.3338E-17 32% TH230 2,3335E-19 1% 

3 2.5094E-18 U233 1.8804E-18 75% U234 6.2730E-19 25% TH230 1,7421 E-21 0% 
4 7.9147E--19 TH230 7.9147E-19 100% NP237 9.5638E-31 0% 

27 3.6659E-19 U234 2.5720E-19 70% NP237 9.6979E-20 26% U233 1,2401 E-20 3% 
42 1.4259E-20 U234 1.3698E-20 96% U233 4,7139E-22 3% TH230 9.0300E-23 1% 
8 2.1725E-22 U234 2.0266E-22 93% U233 1,4567E-23 7% TH230 1.6082E-26 0% 
7 3.2895E-23 TH230 3,2895E-23 100% U233 1,6574E-28 0% U234 1,6483E-29 0% 

31 2,4636E-23 TH230 2,4636E-23 100% 
48 1.3068E-23 NP237 1,3067E-23 100% U233 6,2704E-28 0% 
3 5,4726E-26 U233 3,8690E-26 71% U234 1,4905E-26 27% TH230 1,1309E-27 2% 
93 1,5237E-26 PU239 1.5147E-26 99% PU240 8,9241E-29 1% 
37 4.6066E-30 U234 4.6066E-30 100% 
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Appendix B 

Table B-5. (Continued) 

Comp, 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

06 9 
43 
30 
46 
17 
6 
23 
19 
25 
32 
49 
28 
20 
39 
47 
44 
59 

3 
53 
12 
58 
45 
15 
29 
5 

27 
38 
4 

42 
8 
7 

31 
48 
28 
SD 
14 

2.6392E-02 
5.1662E-04 
5.1104E-05 
5.0816E-06 
2.4671 E-06 
9.7589E-07 
6.2387E-07 
3.0330E-07 
1.3413E-07 
2.4762E-08 
2.1552E-08 
1.3023 E-08 
8.7469E-09 
3,8495E-09 
1,9020E-10 
3.9860E-12 
2,5793E-12 
6,6863E-14 
1,5144E-14 
9,2273E-15 
2.3430E-15 
2.01 OOE-15 
7.2103E-16 
2.1674E-17 
4.7979E-18 
1.0718E-19 
9,2118E-20 
7,0047E-20 
6.8662E-22 
1,0383E-23 
5.5810E-24 
3.1870E-24 
1,2971E-24 
2,9754E-27 
1.4106E-27 
3,7900E-32 

U234 
U234 
NP237 
TH230 
U234 
U234 
U234 
U234 
NP237 
U234 
NP237 
U234 
U234 
TH230 
TH230 
U234 
NP237 
U234 
TH230 
NP237 
U234 
U234 
NP237 
TH230 
U233 
U234 
U233 
TH230 
U234 
U234 
TH230 
TH230 
NP237 
U233 
PU239 
NP237 

(Time 

2.4918E-02 
4.5947E-04 
5.1099E-05 
5.0816E-06 
2.1575E-06 
7.7604E-07 
5.5077E-07 
2.9333E-07 
1.3413E-07 
2.3841 E-08 
2.1472E-08 
1.2163E-08 
7,7873E-09 
3,8495E-09 
1.9020E-10 
3,7902E-12 
2,5793E-12 
3,9930E-14 
1.5144E-14 
9,2273E-15 
2,1859E-15 
1,8998E-15 
7.2097E-16 
2.1674E-17 
3,4424E-18 
7.5530E-20 
7.1491 E-20 
7.0047E-20 
6.5899E-22 
9,6239E-24 
5,5809E-24 
3.1870E-24 
1,2970E-24 
2,2082E-27 
1.4106E-27 
3,7900E-32 

of Intrusion, 3000 years) 

94% U233 1,2978E-03 5% TH230 1,7603E-04 1% 
89% U233 4,4436E-05 9% TH230 1,2714E-05 2% 

100% U233 5.1087E-09 0% 
100% NP237 2.3186E-29 0% 

87% U233 3.0909E-07 13% TH230 5,2258E-10 0% 
80% U233 1.9976E-07 20% TH230 8,1581E-11 0% 
88% U233 6.5860E-08 11% TH230 7.2476E-09 1% 
97% U233 9.9359E-09 3% TH230 3,9213E-11 0% 

100% U233 6.7511 E-12 0% 
96% U233 9.2059E-10 4% TH230 8.5369E-13 0% 

100% U233 6.6478E-11 0% U234 1.3549E-11 0% 
93% U233 7,8152E-10 6% TH230 7.8647E-11 1% 
89% U233 7.5096E-10 9% TH230 2,0867E-10 2% 

100% 
100% U233 1,6989E-18 0% U234 3.9167E-19 0% 

95% U233 1.2082E-13 3% TH230 7,4998E-14 2% 
100% U233 5,2276E-17 0% 

60% TH230 1,6579E-14 25% U233 1,0354E-14 15% 
100% 
100% U233 4,5082E-20 0% 
93% U233 1.3523E-16 6% TH230 2,1813E-17 1% 
95% U233 9,2425E-17 5% TH230 1,7740E-17 1% 

100% U233 6.1399E-20 0% PU239 1,7431E-29 0% 
100% 

72% U234 1.3376E-18 28% TH230 1,7910E-20 0% 
70% NP237 2.7985E-20 26% U233 3.6592E-21 3% 
78% U234 2.0578E-20 22% TH230 4.9476E-23 0% 

100% NP237 4.7296E-31 0% 
96% U233 2.3691E-23, 3% TH230 3,9367E-24 1% 
93% U233 7,5799E-25 7% TH230 6.3983E-28 0% 

100% U233 2.7528E-29 0% PU239 1,7850E-29 0% 
100% 
100% U233 5,0439E-29 0% 

74% U234 7.4297E-28 25% TH230 2,4159E-29 1% 
100% 
100% 
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Table B-5. (Continued) 

LHS Samples and Calculated Normalized Releases 

Comp, Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

07 

(Time of intrusion, 5000 years) 

9 3.6213E-02 U234 3.4237E-02 95% U233 1.7311 E-03 5% TH230 2.4524E-04 1% 
43 1.8519E-04 U234 1.6547E-04 89% U233 1.5778E-05 9% TH230 3.9396E-06 2% 
30 1.2139E-05 NP237 1.2138E-05 100% U233 1.0635E-09 0% 
46 1.3415E-06 TH230 1.3415E-06 100% NP237 2.2848E-29 0% 
17 8.1064E-07 U234 7.0772E-07 87% U233 1.0275E-07 13% TH230 1.6014E-10 0% 
6 7.6053E-07 U234 6.1091E-07 80% U233 1.4956E-07 20% TH230 6.2342E-11 0% 

23 7.2613E-08 U234 6.4280E-08 89% U233 7.8127E-09 11% TH230 5.2095E-10 1% 
25 3.8589E-08 NP237 3.8587E-08 100% U233 1.2360E-12 0% 
19 3.0801 E-08 U234 2.9760E-08 97% U233 1.0364E-09 3% TH230 3.6252E-12 0% 
32 7.4968E-09 U234 7.2230E-09 96% U233 2.7353E-10 4% TH230 2.5864E-13 0% 
49 4.2624E-09 NP237 4.2523E-09 100% U233 8.7013E-12 0% U234 1.4183E-12 0% 
20 1.9746E-09 U234 1.7719E-09 90% U233 1.6741E-10 8% TH230 3.5369E-11 2% 
26 1.1727E-09 U234 1.0977E-09 94% U233 6.9746E-11 6% TH230 5.2587E-12 0% 
38 8.2784E-10 TH230 8.2784E-10 100% 
47 2.4072E-11 TH230 2.4072E-11 100% U233 1,5621E-19 0% U234 2,6333E-20 0% 
99 8.4104E-13 NP237 8.4103E-13 100% U233 1,5783E-17 0% 
44 4,6382E-13 U234 4.4103E-13 95% U233 1.4391E-14 3% TH230 8.3947E-15 2% 
3 5,9903E-15 U234 3.2579E-15 54% TH230 1,7440E-15 29% U233 9,8838E-16 16% 

S3 1,1622E-15 TH230 1,1622E-15 100% 
12 1,9101E-16 NP237 1,9101E-16 100% U233 8.5407E-22 0% 
93 1,8512E-16 U234 1,7228E-16 93% U233 1,1252E-17 6% TH230 1,5877E-18 1% 
45 1.0401 E-16 U234 9.7996E-17 94% U233 5,2142E-18 5% TH230 8,0178E-19 1% 
15 9.3804E-17 NP237 9.3796E-17 100% U233 7.7804E-21 0% PU239 1,1183E-29 0% 
5 2.2931 E-18 U233 1.6703E-18 73% U234 6,1464E-19 27% TH230 8.1531 E-21 0% 

29 1.5233E-18 TH230 1.5233E-18 100% 
4 9.9425E-21 TH230 9.9425E-21 100% NP237 1.0015E-31 0% 

27 3,7151 E-21 U234 2.5701 E-21 69% NP237 1.0187E-21 27% U233 1.2617E-22 3% 
38 2,2066E-21 U233 1.7398E-21 79% U234 4.6573E-22 21% TH230 1.0354E-24 0% 
42 7,4086E-23 U234 7,1043E-23 96% U233 2.6250E-24 4% TH230 4,1849E-25 1% 
7 1,0809E-24 TH230 1,0809E-24 100% PU239 1.6208E-29 0% U233 7,3469E-30 0% 
8 3,9691 E-25 U234 3,6534E-25 92% U233 3.1568E-26 8% 

31 1.6184E-25 TH230 1,6184E-25 100% 
48 1.3572 E-25 NP237 1,3572E-25 100% U233 3.5373E-30 0% 
3 2.8333E-27 U233 2,1761E-27 77% U234 6.3627E-28 22% TH230 2,0733E-29 1% 
9D 2.4960 E-29 PU239 2,4960E-29 100% 
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Appendix B 

Table B-5. (Continued) 

Comp, 
Seen 
ID Vector 

Tota) 
Integrated 

Top 3 Radionuclides Contribution to Integrated Discharge 

08 

(Time of Intrusion, 7000 years) 

9 6,5008E-03 U234 6.1261E-03 94% U233 3.5508E-04 5% TH230 1.9603E-05 0% 
43 3,9312E-05 U234 3.5309E-05 90% U233 3,5109E-06 9% TH230 4.9273E-07 1% 
30 1,3132E-06 NP237 1.3131 E-06 100% U233 8,1087E-11 0% 
46 3.1618E-07 TH230 3,1618E-07 100% NP237 1,4399E-29 0% 
17 1.3816E-07 U234 1,1817E-07 86% U233 1.9966E-08 14% TH230 1,9207E-11 0% 
6 6.0202E-08 U234 4.7013E-08 78% U233 1,3186E-08 22% TH230 2,9586E-12 0% 

23 2.5024E-08 U234 2.2265E-08 89% U233 2.5786E-09 10% TH230 1,8042E-10 1% 
25 1.4402E-08 NP237 1.4401 E-08 100% U233 4.5752E-13 0% 
19 3.9838E-09 U234 3.8442E-09 96% U233 1.3919E-10 3% TH230 4,0215E-13 0% 
49 2.0283E-09 NP237 2.0234E-09 100% U233 4.1459E-12 0% U234 7,1708E-13 0% 
26 3.4243E-10 U234 3.2110E-10 94% U233 1.9792E-11 6% TH230 1,5382E-12 0% 
39 2.7854E-10 TH230 2.7854E-10 100% 
20 2,7115E-10 U234 2.4478E-10 90% U233 2.1486E-11 8% TH230 4,8862E-12 2% 
47 9,8228E-12 TH230 9.8228E-12 100% U233 4.8780E-20 0% U234 9,4011 E-21 0% 
59 1,5256E-13 NP237 1.5255E-13 100% U233 2,0920E-18 0% 
44 1.0365E-14 U234 9.8679E-15 95% U233 3,3335E-16 3% TH230 1.6389E-16 2% 
3 1.9539E-15 U234 9.7441 E-16 50% TH230 6,5519E-16 34% U233 3.2431 E-16 17% 

53 2.2807E-16 TH230 2.2807E-16 100% 
93 3,7253E-17 U234 3.4576E-17 93% U233 2.3892E-18 6% TH230 2.8786E-19 1% 
45 7,2069E-18 U234 6.7808E-18 94% U233 3,7069E-19 5% TH230 5.5477E-20 1% 
15 5.3191E-18 NP237 5,3187E-18 100% U233 3.6843E-22 0% 
12 3.7488 E-18 NP237 3,7488E-18 100% U233 1.6490E-23 0% 
29 4.0059E-19 TH230 4,0059E-19 100% 
27 9.8198E-22 U234 6.8113E-22 69% NP237 2.6707E-22 27% U233 3.3734E-23 3% 
5 2,4982E-22 U233 1.8242E-22 73% U234 6.6519E-23 27% TH230 8.8236E-25 0% 

42 2,3004E-24 U234 2.2035E-24 96% U233 8.5296E-26 4% TH230 1.1625E-26 1% 
7 1.4039E-25 TH230 1,4038E-25 100% PU239 8,8810E-30 0% 

31 1.6678E-26 TH230 1,6678E-26 100% 
48 4.6182E-27 NP237 4,6182E-27 100% 
8 4.0428E-27 U234 3,6903E-27 91% U233 3.5247E-28 9% 

28 7.6283E-29 U233 6.0913E-29 80% U234 1,5370E-29 20% 
10 1,3532E-29 NP237 1.3532E-29 100% 
14 1,9103E-31 NP237 1.9103E-31 100% 
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Table B-5. (Concluded) 

LHS Samples and Calculated Normalized Releases 

Comp, Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

09 

(Time of Intrusion, 9000 years) 

9 9.3121 E-03 U234 8.7988E-03 94% U233 4,8564E-04 5% TH230 2,7696E-05 0% 
43 9,4847E-06 U234 8.5607E-06 90% U233 8,0461 E-07 8% TH230 1,1932E-07 1% 
30 1,6783E-07 NP237 1.6782E-07 100% U233 1,0297E-11 0% 
46 5,0795E-08 TH230 5.0795E-08 100% NP237 3.3970E-30 0% 
6 4,3087E-08 U234 3,4178E-08 79% U233 8.9065E-09 21% TH230 2.1503E-12 0% 

17 3.6881 E-08 U234 3,1801 E-08 86% U233 5,0747E-09 14% TH230 5,1686E-12 0% 
19 1.9423E-10 U234 1,8731E-10 96% U233 6.8974E-12 .4% TH230 1,9595E-14 0% 
39 1,5154E-11 TH230 1.5154E-11 100% 
47 2,3617E-13 TH230 2.3617E-13 100% U233 9.4620E-22 0% U234 2,1175E-22 0% 
59 3,6621 E-14 NP237 3.6621E-14 100% U233 5.0218E-19 0% 
44 8,3026E-16 U234 7,8985E-16 95% U233 2.7302E-17 3% TH230 1,3108E-17 2% 
93 1,9070E-18 U234 1,7663E-18 93% U233 1.2592E-19 7% TH230 1,4705E-20 1% 
15 9,8113E-19 NP237 9.8106E-19 100% U233 6.7959E-23 0% 
42 2,1272E-25 U234 2,0359E-25 96% U233 8.0601 E-27 4% TH230 1,0677E-27 1% 
7 2,1828E-26 TH230 2,1824E-26 100% PU239 3.3538E-30 0% 

48 3.0377E-28 NP237 3,0377E-28 100% 
28 7.9241 E-29 U233 6,4883E-29 82% U234 1,4229E-29 18% NP237 1.2864E-31 0% 
8 4.5490E-29 U234 4,1792E-29 92% U233 3,6982E-30 8% 

10 7,6689E-30 NP237 7,6689E-30 100% 

CCDFCALC C-4,06W (09/23/91) 10/07/91 14:09:58 
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Appendix B 

Table B-6 lists total EPP summed normalized release and the percentages conuibudon for the 3 radionuclides 

contributing the most release for each vector when drilling into a CH waste drum widi an average activity level. 

Vectors are ordered from most to least release. All vectors have some release when inunding into the repository 

from drilUng. 

Table B-6. Integrated Discharge to the Accessible Environment by Bringing Average 
CH-Activity Cuttings to the Surface when Initially Drilling through the 
Repository. 

Comp. 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

00 

(Time of int rusion, 1000 years) 

19 7,6179E-03 PU239 4.8576E-03 64% AM241 2.1471 E-03 28% PU240 5.6927E-04 7% 
35 7,5567E-03 PU239 4.8185E-03 64% AM241 2.1299E-03 28% PU240 5,6470E-04 7% 
55 7,4956E-03 PU239 4.7796E-03 64% AM241 2.1127E-03 28% PU240 5.6013E-04 7% 
16 7.4550E-03 PU239 4.7537E-03 64% AM241 2.1012E-03 28% PU240 5.571 OE-04 7% 
46 7,3941 E-03 PU239 4.7149E-03 64% AM241 2.0841 E-03 28% PU240 5.5255E-04 7% 
21 7.3132E-03 PU239 4.6633E-03 64% AM241 2.0612E-03 28% PU240 5.4650E-04 7% 
4 7,2527E-03 PU239 4.6247E-03 64% AM241 2.0442E-03 28% PU240 5.4198E-04 7% 

14 7,2124 E-03 PU239 4.5990E-03 64% AM241 2.0328E-03 28% PU240 5.3897E-04 7% 
13 7.1722E-03 PU239 4.5734E-03 64% AM241 2.0215E-03 28% PU240 5,3596E-04 7% 
51 7,1120E-03 PU239 4.5350E-03 64% AM241 2.0045E-03 28% PU240 5,3147E-04 7% 
39 7.0719E-03 PU239 4.5094E-03 64% AM241 1.9932E-03 28% PU240 5,2847E-04 7% 

1 6,9720E-03 PU239 4.4457E-03 64% AM241 1.9651 E-03 28% PU240 5,2101 E-04 7% 
53 6,9123E-03 PU239 4.4076E-03 64% AM241 1.9482E-03 28% PU240 5.1654E-04 7% 
18 6,8725E-03 PU239 4.3823E-03 64% AM241 1.9370E-03 28% PU240 5.1357E-04 7% 
52 6,7932E-03 PU239 4.3317E-03 64% AM241 1.9147E-03 28% PU240 5.0764E-04 7% 
27 6,7338E-03 PU239 4.2939E-03 64% AM241 1.8980E-03 28% PU240 5.0321 E-04 7% 
49 6,6944E-03 PU239 4.2687E-03 64% AM241 1.8868E-03 28% PU240 5.0026E-04 7% 
38 6.5959E-03 PU239 4.2059E-03 64% AM241 1.8591 E-03 28% PU240 4,9290E-04 7% 
21 6.5763E-03 PU239 4.1934E-03 64% AM241 1.8535E-03 28% PU240 4.9143E-04 7% 
17 - 6.5174E-03 PU239 4.1559E-03 64% AM241 1.8370E-03 28% PU240 4.8704E-04 7% 
44 6.4587E-03 PU239 4.1184E-03 64% AM241 1.8204E-03 28% PU240 4.8265E-04 7% 
30 6.3807E-03 PU239 4.0687E-03 64% AM241 1.7984E-03 28% PU240 4.7682E-04 7% 
3 6.3223E-03 PU239 4.0314E-03 64% AM241 1.7820E-03 28% PU240 4.7246E-04 7% 

37 6.2835E-03 PU239 4.0067E-03 64% AM241 1.7710E-03 28% PU240 4.6955E-04 7% 
43 6.2253E-03 PU239 3.9696E-03 64% AM241 1,7546E-03 28% PU240 4.6521 E-04 
33 6.1673E-03 PU239 3,9326E-03 64% AM241 1.7383E-03 28% PU240 4.6087E-04 7% 
32 6,0902E-03 PU239 3,8834E-03 64% AM241 1,7165E-03 28% PU240 4,5511 E-04 7% 
28 6,0517E-03 PU239 3,8589E-03 64% AM241 1.7057E-03 28% PU240 4,5223E-04 7% 
6 6,0132E-03 PU239 3,8344E-03 64% AM241 1.6949E-03 28% PU240 4,4936E-04 7% 

60 . 5,9175E-03 PU239 3.7733E-03 64% AM241 1,6679E-03 28% PU240 4,4220E-04 7% 
47 5.8984 E-03 PU239 3,7611 E-03 64% AM241 1,6625E-03 28% PU240 4,4077E-04 7% 
41 5.8411 E-03 PU239 3.7246E-03 64% AM241 1,6463E-03 28% PU240 4.3650E-04 7% 
26 5.7840 E-03 PU239 3.6882E-03 64% AM241 1,6302E-03 28% PU240 4.3223E-04 7% 
11 5.7081 E-03 PU239 3.6398E-03 64% AM241 1,6088E-03 28% PU240 4.2655E-04 7% 
57 5.6513 E-03 PU239 3.6036E-03 64% AM241 1,5928E-03 28% PU240 4.2231 E-04 7% 
7 5.5946E-03 PU239 3.5674E-03 64% AM241 1,5769E-03 28% PU240 4.1808E-04 7% 

29 5.5569E-03 PU239 3.5434E-03 64% AM241 1,5662E-03 28% PU240 4.1526E-04 7% 
9 5,4817E-03 PU239 3.4954E-03 64% AM241 1,5450E-03 28% PU240 4,0964E-04 7% 
8 5,4068E-03 PU239 3.4476E-03 64% AM241 1,5239E-03 28% PU240 4.0404E-04 7% 

15 5.3881 E-03 PU239 3.4357E-03 64% AM241 1,5186E-03 28% PU240 4,0264E-04 7% 
40 5.3507E-03 PU239 3.4119E-03 64% AM241 1,5081 E-03 28% PU240 3,9985E-04 7% 
48 5.2390E-03 PU239 3.3406E-03 64% AM241 1,4766E-03 28% PU240 3,9150E-04 7% 
20 5.2019E-03 PU239 3.3170E-03 64% AM241 1.4662E-03 28% PU240 3,8873E-04 7% 
54 5.1463E-03 PU239 3.2815E-03 64% AM241 1,4505E-03 28% PU240 3,8457E-04 7% 
31 5,0724E-03 PU239 3.2344E-03 64% AM241 1,4297E-03 28% PU240 3,7905E-04 7% 
23 5,0724E-03 PU239 3.2344E-03 64% AM241 1,4297E-03 28% PU240 3,7905E-04 7% 
12 4,9988E-03 PU239 3.1875E-03 64% AM241 1,4089E-03 28% PU240 3,7355E-04 7% 
42 4,9621 E-03 PU239 3.1641 E-03 64% AM241 1,3986E-03 28% PU240 3,7081 E-04 7% 
98 4,8705E-03 PU239 3.1057E-03 64% AM241 1,3728E-03 28% PU240 3.6396E-04 7% 
34 4,8522E-03 PU239 3.0940E-03 64% AM241 1,3676E-03 28% PU240 3.6260E-04 7% 
2 4.7611 E-03 PU239 3.0359E-03 64% AM241 1,3419E-03 28% PU240 3.5579E-04 7% 

95 4,7066E-03 PU239 3.0012E-03 64% AM241 1,3266E-03 28% PU240 3.5172E-04 7% 
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Table B-6. (Continued) 

LHS Samples and Calculated Normalized Releases 

Comp, 
Seen 
ID Vector 

Total 
Integrated 

Top 3 Radionuclides Contribution to integrated Discharge 
(Time of Intrusion, 1000 years) 

93 4,6523E-03 PU239 2.9665E-03 64% AM241 1.3113E-03 28% PU240 3.4766E-04 7% 
22 4,6161 E-03 PU239 2.9435E-03 64% AM241 1.3011 E-03 28% PU240 3.4496E-04 7% 
25 4.5620E-03 PU239 2.9090E-03 64% AM241 1.2858E-03 28% PU240 3.4091 E-04 7% 
59 4.5260E-03 PU239 2.8860E-03 64% AM241 1.2757E-03 28% PU240 3.3822E-04 7% 
10 4.4542E-03 PU239 2.8402E-03 64% AM241 1.2554E-03 28% PU240 3.3285E-04 7% 
5 4.3826E-03 PU239 2.7946E-03 64% AM241 1.2352E-03 28% PU240 3.2750E-04 7% 

36 4.3290E-03 PU239 2.7604E-03 64% AM241 1.2201 E-03 28% PU240 3,2350E-04 7% 
45 4.2934E-03 PU239 2.7377E-03 64% AM241 1.2101E-03 28% PU240 3,2084E-04 7% 

Comp, 
Seen 
ID Vector 

Totai 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

01 

(Time of intrusion, 3000 years) 

19 5.1607E-03 PU239 4.5856E-03 89% PU240 4.6049E-04 9% AM241 8,6864E-05 2% 
35 5,1193E-03 PU239 4.5488E-03 89% PU240 4.5679E-04 9% AM241 8,6166E-05 2% 
55 5.0779E-03 PU239 4.5120E-03 89% PU240 4,531 OE-04 9% AM241 8,5470E-05 2% 
16 5.0504E-03 PU239 4,4876E-03 89% PU240 4,5064E-04 9% AM241 8,5006E-05 2% 
46 5.0091 E-03 PU239 4,4509E-03 89% PU240 4,4696E-04 9% AM241 8,4313E-05 2% 
24 4.9543E-03 PU239 4,4022E-03 89% PU240 4,4207E-04 9% AM241 8,3390E-05 2% 
4 4.9133E-03 PU239 4.3658E-03 89% PU240 4,3841 E-04 9% AM241 8,2700E-05 2% 

14 4.8860E-03 PU239 4.3416E-03 89% PU240 4,3598E-04 9% AM241 8,2241 E-05 2% 
13 4.8588E-03 PU239 4.3173E-03 89% PU240 4.3355E-04 9% AM241 8,1782E-05 2% 
51 4.8180E-03 PU239 4.2811 E-03 89% PU240 4,2991 E-04 9% AM241 8,1096E-05 2% 
39 4,7909E-03 PU239 4.2570E-03 89% PU240 4,2749E-04 9% AM241 8,0639E-05 2% 

1 4,7232E-03 PU239 4.1969E-03 89% PU240 4.2145E-04 9% AM241 7,9500E-05 2% 
S3 4,6827E-03 PU239 4.1609E-03 89% PU240 4,1784E-04 9% AM241 7,8818E-05 2% 
18 4,6558E-03 PU239 4.1370E-03 89% PU240 4.1543E-04 9% AM241 7,8365E-05 2% 
92 4,6020E-03 PU239 4.0892E-03 89% PU240 4.1064E-04 9% AM241 7.7461 E-05 2% 
27 4.5618E-03 PU239 4.0535E-03 89% PU240 4.0705E-04 9% AM241 7.6784E-05 2% 
49 4,5351 E-03 PU239 4.0297E-03 89% PU240 4.0466E-04 9% AM241 7.6334E-05 2% 
3 4.4684E-03 PU239 3.9705E-03 89% PU240 3.9871 E-04 9% AM241 7.5211 E-05 2% 
21 4.4551 E-03 PU239 3,9586E-03 89% PU240 3.9753E-04 9% AM241 7.4987E-05 2% 
17 4.4152E-03 PU239 3,9232E-03 89% PU240 3.9397E-04 9% AM241 7.4316E-05 2% 
44 4.3755E-03 PU239 3.8879E-03 89% PU240 3.9042E-04 9% AM241 7.3647E-05 2% 
30 4.3226E-03 PU239 3.8409E-03 89% PU240 3.8570E-04 9% AM241 7.2757E-05 2% 
3 4.2831 E-03 PU239 3.8058E-03 89% PU240 3.8217E-04 9% AM241 7.2091 E-05 2% 

37 4.2567E-03 PU239 3.7824E-03 89% PU240 3.7983E-04 9% AM241 7.1648E-05 2% 
43 4,2173E-03 PU239 3.7474E-03 89% PU240 3.7631 E-04 9% AM241 7,0985E-05 2% 
33 4,1780E-03 PU239 3.7124E-03 89% PU240 3.7280E-04 9% AM241 7,0324E-05 2% 
32 4.1258E-03 PU239 3.6660E-03 89% PU240 3.6814E-04 9% AM241 6,9444E-05 2% 
28 4,0997E-03 PU239 3.6428E-03 89% PU240 3.6581 E-04 9% AM241 6,9005E-05 2% 
6 4,0737E-03 PU239 3.6197E-03 89% PU240 3.6349E-04 9% AM241 6.8567E-05 2% 

60 4,0088E-03 PU239 3.5621 E-03 89% PU240 3.5770E-04 9% AM241 6.7475E-05 2% 
47 3.9958E-03 PU239 3.5506E-03 89% PU240 3,5655E-04 9% AM241 6.7257E-05 2% 
41 3.9571 E-03 PU239 3,5161E-03 89% PU240 3,5309E-04 9% AM241 6,6604E-05 2% 
26 3.9184 E-03 PU239 3,4817E-03 89% PU240 3,4963E-04 9% AM241 6,5953E-05 2% 
11 3.8669E-03 PU239 3,4360E-03 89% PU240 3,4504E-04 9% AM241 6,5087E-05 2% 
57 3.8285E-03 PU239 3.4018E-03 89% PU240 3,4161 E-04 9% AM241 6,4440E-05 2% 
7 3,7901 E-03 PU239 3.3677E-03 89% . PU240 3.3819E-04 9% AM241 6.3794E-05 2% 

29 3,7645E-03 PU239 3.3450E-03 89% PU240 3.3591 E-04 9% AM241 6,3364E-05 2% 
9 3,7136E-03 PU239 3.2998E-03 89% PU240 3.3136E-04 9% AM241 6.2506E-05 2% 
8 3,6628E-03 PU239 3.2546E-03 89% PU240 3.2683E-04 9% AM241 6.1652E-05 2% 

15 3,6501 E-03 PU239 3,2434E-03 89% PU240 3.2570E-04 9% AM241 6.1438E-05 2% 
40 3,6248E-03 PU239 3,2209E-03 89% PU240 3.2344E-04 9% AM241 6,1012E-05 2% 
48 3.5491 E-03 PU239 3,1536E-03 89% PU240 3.1669E-04 9% AM241 5,9738E-05 2% 
2D 3.5240E-03 PU239 3,1313E-03 89% PU240 3,1444E-04 9% AM241 5,9315E-05 2% 
54 3.4864E-03 PU239 3,0979E-03 89% PU240 3,1108E-04 9% AM241 5,8682E-05 2% 
31 3.4363E-03 PU239 3,0534E-03 89% PU240 3,0662E-04 9% AM241 5,7839E-05 2% 
23 3.4363E-03 PU239 3,0534E-03 89% PU240 3,0662E-04 9% AM241 5,7839E-05 2% 
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Appendix B 

Table B-6. (Continued) 

Comp, Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 3000 years) 

12 3.3864E-03 PU239 3.0091 E-03 89% PU240 3,0217E-04 9% AM241 5.6999E-05 2% 
42 3.3615E-03 PU239 2.9869E-03 89% PU240 2.9995E-04 9% AM241 5.6581 E-05 2% 
98 3.2995E-03 PU239 2.9318E-03 89% PU240 2.9441 E-04 9% AM241 5.5537E-05 2% 
34 3.2871 E-03 PU239 2.9208E-03 89% PU240 2.9331 E-04 9% AM241 5.5328E-05 2% 
2 3.2254E-03 PU239 2.8660E-03 89% PU240 2.8780E-04 9% AM241 5.4290E-05 2% 

96 3.1885E-03 PU239 2.8332E-03 89% PU240 2.8451 E-04 9% AM241 5,3668E-05 2% 
9D 3.1517E-03 PU239 2.8005E-03 89% PU240 2.8122E-04 9% AM241 5,3049E-05 2% 
22 3.1272E-03 PU239 2.7787E-03 89% PU240 2.7904E-04 9% AM241 5,2636E-05 2% 
25 3.0905E-03 PU239 2.7461 E-03 89% PU240 2.7577E-04 9% AM241 5,2019E-05 2% 
99 3.0661 E-03 PU239 2.7245E-03 89% PU240 2.7359E-04 9% AM241 5,1609E-05 2% 
10 3.0175E-03 PU239 2.6812E-03 . 89% PU240 2.6925E-04 9% AM241 5.0789E-05 2% 
5 2,9690E-03 PU239 2,6381 E-03 89% PU240 2.6492E-04 9% AM241 4.9973E-05 2% 

» 2,9327E-03 PU239 2.6059E-03 89% PU240 2.6168E-04 9% AM241 4.9363E-05 2% 
45 2,9086E-03 PU239 2,5844E-03 89% PU240 2.5953E-04 9% AM241 4.8956E-05 2% 

Comp. 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

02 

(Time of Intrusion, 5000 years) 

19 4.7364E-03 PU239 4.3289E-03 91% PU240 3.7249E-04 8% U234 1,9395E-05 0% 
35 4.6984E-03 PU239 4.2942E-03 91% PU240 3.6950E-04 8% U234 1.9239E-05 0% 
55 4.6604E-03 PU239 4.2595E-03 91% PU240 3.6651 E-04 8% U234 1.9084E-05 0% 
16 4,6351 E-03 PU239 4.2364E-03 91% PU240 3.6453E-04 8% U234 1.8980E-05 0% 
46 4,5973E-03 PU239 4.2018E-03 91% PU240 3.6155E-04 8% U234 1,8825E-05 0% 
21 4,5470E-03 PU239 4.1558E-03 91% PU240 3.5759E-04 8% U234 1,8619E-05 0% 
4 4,5093E-03 PU239 4.1214E-03 91% PU240 3.5464E-04 8% U234 1,8465E-05 0% 

14 4,4843E-03 PU239 4.0985E-03 9 1 % PU240 3.5267E-04 8% U234 1,8363E-05 0% 
13 4.4593E-03 PU239 4.0757E-03 91% PU240 3.5070E-04 8% U234 1,8260E-05 0% 
51 4.4219E-03 PU239 4.0415E-03 9 1 % PU240 3,4776E-04 8% U234 1,8107E-05 0% 
39 4.3970E-03 PU239 4.0187E-03 9 1 % PU240 3.4580E-04 8% U234 1,8005E-05 0% 

1 4.3349E-03 PU239 3.9619E-03 9 1 % PU240 3.4091 E-04 8% U234 1,7751 E-05 0% 
53 4.2977E-03 PU239 3.9280E-03 9 1 % PU240 3.3799E-04 8% U234 1,7598E-05 0% 
18 4.2730E-03 PU239 3.9054E-03 9 1 % PU240 3.3605E-04 8% U234 1.7497E-05 0% 
52 4.2237E-03 PU239 3.8603E-03 9 1 % PU240 3.3217E-04 8% U234 1,7295E-05 0% 
27 4.1868E-03 PU239 3.8266E-03 9 1 % PU240 3.2927E-04 8% U234 1,7144E-05 0% 
49 4.1622E-03 PU239 3.8041 E-03 9 1 % PU240 3.2734E-04 8% U234 1,7044E-05 0% 
3 4.1010E-03 PU239 3.7482E-03 91% PU240 3.2252E-04 8% U234 1,6793E-05 0% 
21 4.0888E-03 PU239 3.7370E-03 91% PU240 3.2156E-04 8% U234 1,6743E-05 0% 
17 4.0522E-03 PU239 3,7036E-03 91% PU240 3,1868E-04 8% U234 1,6593E-05 0% 
44 4.0157E-03 PU239 3,6703E-03 91% PU240 3,1581 E-04 8% U234 1,6444E-05 0% 
30 3,9672E-03 PU239 3,6259E-03 9 1 % PU240 3,1200E-04 8% U234 1,6245E-05 0% 
3 3,9309&03 PU239 3,5927E-03 9 1 % PU240 3,0914E-04 8% U234 1.6096E-05 0% 

37 3,9067E-03 PU239 3,5706E-03 91% PU240 3,0724E-04 8% U234 1.5997E-05 0% 
43 3,8706E-03 PU239 3.5376E-03 9 1 % PU240 3,0440E-04 8% U234 1.5849E-05 0% 
33 3,8345E-03 PU239 3,5046E-03 91% PU240 3,0156E-04 8% U234 1.5702E-05 0% 
32 3,7865E-03 PU239 3.4608E-03 9 1 % PU240 2,9779E-04 8% U234 1.5505E-05 0% 
28 3,7626E-03 PU239 3,4389E-03 91% PU240 2,9591 E-04 8% U234 1.5407E-05 0% 
6 3,7387E-03 PU239 3,4171 E-03 91% PU240 2,9403E-04 8% U234 1.5310E-05 0% 

60 3,6792E-03 PU239 3.3627E-03 91% PU240 2.8935E-04 8% U234 1.5066E-05 0% 
47 3,6673E-03 PU239 3.3518E-03 91% PU240 2,8841 E-04 8% U234 1.5017E-05 0% 
41 3,6317E-03 PU239 3.3193E-03 91% PU240 2.8561 E-04 8% U234 1,4871 E-05 0% 
26 3,5962E-03 PU239 3.2868E-03 91% PU240 2.8282E-04 8% U234 1,4726E-05 0% 
11 3,5490E-03 PU239 3.2437E-03 91% PU240 2.7911 E-04 8% U234 1,4533E-05 0% 
57 3,5137E-03 PU239 3.2114E-03 91% PU240 2.7633E-04 8% U234 1,4388E-05 0% 
7 3,4785E-03 PU239 3.1792E-03 91% PU240 2.7356E-04 8% U234 1,4244E-05 0% 

29 3,4550E-03 PU239 3.1578E-03 91% PU240 2.7172E-04 8% U234 1,4148E-05 0% 
9 3,4083E-03 PU239 3.1151E-03 91% PU240 2.6804E-04 8% U234 1,3956E-05 0% 
8 3,3617E-03 PU239 3.0725E-03 91% PU240 2.6438E-04 8% U234 1,3765E-05 0% 

15 3,3500E-03 PU239 3.0618E-03 91% PU240 2.6346E-04 8% U234 1,3718E-05 0% 
40 3.3268E-03 PU239 3.0406E-03 91% PU240 2.6163E-04 8% U234 1,3623E-05 0% 
48 3.2573 E-03 PU239 2.9771 E-03 91% PU240 2.5617E-04 8% U234 1,3338E-05 0% 
20 3.2343 E-03 PU239 2.9560E-03 91% PU240 2,5436E-04 8% U234 1,3244E-05 0% 
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Table B-6. (Continued) 

LHS Samples and Calculated Normalized Releases 

Comp. Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of Intrusion, 5000 years) 

54 3.1997E-03 PU239 2.9244E-03 9 1 % PU240 2.5164E-04 8% U234 1 3102E -05 0% 
31 3.1538E-03 PU239 2.8825E-03 9 1 % PU240 2.4803E-04 8% U234 1 2914E -05 0% 
23 3.1538E-03 PU239 2.8825E-03 9 1 % PU240 2.4803E-04 8% U234 1 2914E -05 0% 
12 3.1080E-03 PU239 2.8406E-03 9 1 % PU240 2.4443E-04 8% U234 1 2727E -05 0% 
42 3.0852E-03 PU239 2.8197E-03 9 1 % PU240 2.4263E-04 8% U234 1 2633E -05 0% 
93 3.0282E-03 PU239 2.7677E-03 9 1 % PU240 2.3815E-04 8% U234 1 2400E -05 0% 
34 3.0169E-03 PU239 2.7573E-03 9 1 % PU240 2.3726E-04 8% U234 1 2354E -05 0% 

2 2,9602E-03 PU239 2.7056E-03 9 1 % PU240 2.3281 E-04 8% U234 1 2122E -05 0% 
55 2,9263E-03 PU239 2.6746E-03 9 1 % PU240 2.3014E-04 8% U234 1 1983E -05 0% 
93 2,8926E-03 PU239 2,6437E-03 9 1 % PU240 2,2748E-04 8% U234 1 1845E -05 0% 
22 2,8701 E-03 PU239 2.6232E-03 9 1 % PU240 2,2572E-04 8% U234 1 1753E -05 0% 
25 2,8364E-03 PU239 2.5924E-03 9 1 % PU240 2,2307E-04 8% U234 1 1615E -05 0% 
99 2,8140E-03 PU239 2,5719E-03 9 1 % PU240 2,2131E-04 8% U234 1 1523E -05 0% 
10 2,7694E-03 PU239 2,5311 E-03 9 1 % PU240 2,1780E-04 8% U234 1 1340E -05 0% 
5 2,7249E-03 PU239 2,4904E-03 9 1 % PU240 2,1430E-04 8% U234 1 1158E -05 0% 

36 2,6916E-03 PU239 2,4600E-03 9 1 % PU240 2,1168E-04 8%, U234 1 1022E -05 0% 
45 2.6694 E-03 PU239 2.4398E-03 9 1 % PU240 2,0994 E-04 8% U234 1 093 IE -05 0% 

Comp. 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

08 

(Time of Intrusion, 7000 years) 

19 4.4232E-03 PU239 4,0866E-03 92% PU240 3,0131 E-04 7% U234 1.9285E-05 0% 
35 4.3876E-03 PU239 4.0538E-03 92% PU240 2,9889E-04 7% U234 1,9130E-05 0% 
55 4.3522E-03 PU239 4,021 OE-03 92% PU240 2.9648E-04 7% U234 1,8976E-05 0% 
16 4,3286E-03 PU239 3.9992E-03 92% PU240 2.9487E-04 7% U234 1,8873E-05 0% 
46 4,2933E-03 PU239 3,9666E-03 92% PU240 2,9246E-04 7% U234 1,8719E-05 0% 
21 4,2463E-03 PU239 3,9232E-03 92% PU240 2,8926E-04 7% U234 1,8514E-05 0% 
4 4.2111 E-03 PU239 3,8907E-03 92% PU240 2,8687E-04 7% U234 1,8361 E-05 0% 

14 4.1877E-03 PU239 3,8691 E-03 92% PU240 2,8527E-04 7% U234 1.8259E-05 0% 
13 4,1644E-03 PU239 3.8475E-03 92% PU240 2,8368E-04 7°/o U234 1.8157E-05 0% 
51 4.1294E-03 PU239 3.8152E-03 92% PU240 2,8130E-04 7% U234 1.8004E-05 0% 
39 4,1062E-03 PU239 3,7937E-03 92% PU240 2,7972E-04 7% U234 1,7903E-05 0% 

1 4,0482E-03 PU239 3,7401 E-03 92% PU240 2.7577E-04 7% U234 1,7650E-05 0% 
53 4,0135E-03 PU239 3,7081 E-03 92% PU240 2,7340E-04 7% U234 1,7499E-05 0% 
18 3,9904E-03 PU239 3,6868E-03 92% PU240 2,7183E-04 TYo U234 1,7398E-05 0% 
52 3,9443E-03 PU239 3,6442E-03 92% PU240 2,6869E-04 Tlo U234 1,7197E-05 0% 
27 3.9099E-03 PU239 3.6124E-03 92% PU240 2,6635E-04 7% U234 1,7047E-05 0% 
49 3.8870E-03 PU239 3.5912E-03 92% PU240 2,6478E-04 7% U234 1.6947E-05 0% 
38 3.8298E-03 PU239 3.5384E-03 92% PU240 2,6089E-04 U234 1,6698E-05 0% 
21 3.8184E-03 PU239 3.5278E-03 92% PU240 2,6011 E-04 7% U234 1.6648E-05 0% 
17 3,7842E-03 PU239 3,4963E-03 92% PU240 2.5779E-04 7% U234 1,6499E-05 0% 
44 3,7501 E-03 PU239 3,4648E-03 92% PU240 2.5546E-04 7% U234 1,6351 E-05 0% 
30 3,7048E-03 PU239 3,4229E-03 92% PU240 2.5238E-04 ?yo U234 1,6153E-05 0% 
3 3,6709E-03 PU239 3,3916E-03 92% PU240 2,5007E-04 U234 1,6005E-05 0% 

37 3,6484E-03 PU239 3,3708E-03 92% PU240 2,4853E-04 7% U234 1,5907E-05 0% 
43 3.6146E-03 PU239 3,3396E-03 92% PU240 2,4623E-04 7% U234 1.5760E-05 0% 
33 3,5809E-03 PU239 3,3084E-03 92% PU240 2,4394E-04 T/o U234 1,5613E-05 0% 
32 3.5361 E-03 PU239 3,2671 E-03 92% PU240 2.4089E-04 7% U234 1,5418E-05 0% 
28 3,5138E-03 PU239 3,2464E-03 92% PU240 2.3936E-04 T/^ U234 1,5320E-05 0% 
6 3,4915E-03 PU239 3,2258E-03 92% PU240 2,3784E-04 T/o U234 1,5223E-05 0% 

60 3,4359E-03 PU239 3,1744E-03 92% PU240 2.3406E-04 T/o U234 1.4980E-05 0% 
47 3,4248E-03 PU239 3,1642E-03 92% PU240 2,3330E-04 T̂ /o U234 1,4932E-05 0% 
41 3.3915E-03 PU239 3.1335E-03 92% PU240 2,3104E-04 7% U234 1.4787E-05 0% 

•& 
3.3584E-03 PU239 3,1028E-03 92% PU240 2,2878E-04 7% U234 1,4643E-05 0% 

11 3,3143E-03 PU239 3,0621 E-03 92% PU240 2,2577E-04 7% U234 1,4450E-05 0% 
57 3,2813E-03 PU239 3,0316E-03 92% PU240 2,2353E-04 7% U234 1,4307E-05 0% 

7 3,2484 E-03 PU239 3,0012E-03 92% PU240 2,2129E-04 7% U234 1.4163E-05 0% 
29 3.2265E-03 PU239 2,981 OE-03 92% PU240 2,1980E-04 7% U234 1.4068E-05 0% 
9 3,1829E-03 PU239 2,9407E-03 92% PU240 2.1682E-04 7% U234 1,3877E-05 0% 
8 3,1393E-03 PU239 2,9005E-03 92% PU240 2.1386E-04 7°/o U234 1,3688E-05 0% 

15 3,1285E-03 PU239 2,8904E-03 92% PU240 2.1312E-04 7% U234 1,3640E-05 0% 
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Appendix B 

Table B-6. (Continued) 

Comp. Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

• (Time of Intrusion , 7000 years) 

40 3.1068E-03 PU239 2.8704E-03 92% PU240 2,1164E-04 7% U234 1.3546E-05 0% 
48 3.0419 E-03 PU239 2.8105E-03 92% PU240 2.0722E-04 7% U234 1.3263E-05 0% 
2D 3,0204E-O3 PU239 2.7905E-03 92% PU240 2.0575E-04 7% U234 1,3169E-05 0% 
54 2.9881 E-03 PU239 2.7607E-03 92% PU240 2.0355E-04 7% U234 1,3028E-05 0% 
31 2.9452E-03 PU239 2.7211 E-03 92% PU240 2.0063E-04 7°/o U234 1;2841E-05 0% 
23 2,9452E-03 PU239 2.7211 E-03 92% PU240 2.0063E-04 7% U234 1,2841 E-05 0% 
12 2.9024E-03 PU239 2.6816E-03 92% PU240 1.9772E-04 7% •U234 1,2655E-05 0% 
42 2.8811 E-03 PU239 2.6619E-03 92% PU240 1.9627E-04 7% U234 1,2562E-05 0% 
58 2.8280E-03 PU239 2.6128E-03 92% PU240 1.9264E-04 7°/o U234 1.2330E-05 0% 
34 2.8174E-03 PU239 2.6030E-03 92% PU240 1.9192E-04 7% U234 1.2284E-05 0% 
2 2.7645E-03 PU239 2.5541 E-03 92% PU240 1.8832E-04 7% U234 1.2053E-05 0% 

95 2.7328E-03 PU239 2.5249E-03 92% PU240 1,8616E-04 7% U234 1.1915E-05 0% 
90 2.7013E-03 PU239 2.4957E-03 92% PU240 1,8401 E-04 7% U234 1.1778E-05 0% 
22 2.6803 E-03 PU239 2.4763E-03 92% PU240 1,8258E-04 7% U234 1.1686E-05 0% 
25 2.6488 E-03 PU239 2.4473E-03 92% PU240 1,8044E-04 7% U234 1,1549E-05 0% 
99 2.6279E-03 • PU239 2.4280E-03 92% PU240 1,7902E-04 7% U234 1,1458E-05 0% 
10 2.5862E-03 PU239 2.3894E-03 , 92% PU240 1,7618E-04 7% U234 1,1276E-05 0% 
5 2,5447E-03 PU239 2,351 OE-03 92% PU240 1.7335E-04 7% U234 1,1095E-05 0% 

35 2,5136E-03 PU239 2,3223E-03 92% PU240 1,7123E-04 7% U234 1,0959E-05 0% 
45 2,4929E-03 PU239 2,3032E-03 92% PU24Q 1.6932E-04 7% U234 1,0869E-05 0% 
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Table B-6. (Concluded) 

LHS Samples and Calculated Normalized Releases 

Comp. Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

01 

(Time of Intrusion, 9000 years) 

19 4.1403E-03 PU239 3,8579E-03 93% PU240 2.4373E-04 6% U234 1.9176E-05 0% 
35 4.1070E-03 PU239 3,8269E-03 93% PU240 2.4178E-04 6% U234 1.9022E-05 0% 
55 4.0738E-03 PU239 3,7959E-03 93% PU240 2.3982E-04 6% U234 1,8868E-05 0% 
16 4.0517E-03 PU239 3.7753E-03 93% PU240 2.3852E-04 6% U234 1,8766E-05 0% 
46 4.0186E-03 PU239 3,7445E-03 93% PU240 2.3657E-04 6% U234 1,8613E-05 0% 
2A 3.9747E-03 PU239 3.7036E-03 93% PU240 2,3399E-04 6% U234 1.8409E-05 0% 
4 3.9418E-03 PU239 3.6729E-03 93% PU240 2.3205E-04 6% U234 1,8257E-05 0% 

14 3.9199E-03 PU239 3.6525E-03 93% PU240 2.3076E-04 6% U234 1.8155E-05 0% 
13 3.8980E-03 PU239 3.6321 E-03 93% PU240 2.2947E-04 6% U234 1,8054E-05 0% 
51 3.8653E-03 PU239 3.6017E-03 93% PU240 2.2755E-04 6% U234 1,7903E-05 0% 
38 3.8435E-03 PU239 3.5814E-03 93% PU240 2,2627E-04 6% U234 1,7802E-05 0% 

1 3.7892E-03 PU239 3.5308E-03 93% PU240 2,2307E-04 6% U234 1.7550E-05 0% 
53 3.7568E-03 PU239 3.5005E-03 93% PU240 2,2116E-04 6% U234 1.7400E-05 0% 
18 3.7352E-03 PU239 3.4804E-03 93% PU240 2.1989E-04 6% U234 1.7300E-05 0% 
52 3.6920E-03 PU239 3.4402E-03 93% PU240 2.1735E-04 6% U234 1,7100E-05 0% 
27 3.6598E-03 PU239 3.4102E-03 93% PU240 2.1545E-04 6% U234 1,6951 E-05 0% 
49 3.6383E-03 PU239 3.3902E-03 93% PU240 2.1419E-04 6% U234 1,6851 E-05 0% 
38 3.5848E-03 PU239 3,3403E-03 93% PU240 2.1104E-04 6% U234 1,6604E-05 0% 
21 3.5742E-03 PU239 3,3304E-03 93% PU240 2.1041E-04 6% U234 1,6554E-05 0% 
17 3.5422E-03 PU239 3.3006E-03 93% PU240 2.0853E-04 6% U234 1,6406E-05 0% 
44 3.5103E-03 PU239 3.2708E-03 93% PU240 2.0665E-04 6% U234 1.6258E-05 0% 
30 3.4679E-03 PU239 3.2313E-03 93% PU240 2.0415E-04 6% U234 1.6062E-05 0% 
3 3.4361 E-03 PU239 3.2017E-03 93% PU240 2,0228E-04 6% U234 1.5915E-05 0% 

37 3.4150E-03 PU239 3.1821E-03 93% PU240 2,0104E-04 6% U234 1,5817E-05 0% 
43 3.3834E-03 PU239 3.1526E-03 93% PU240 1.9918E-04 6% U234 1.5671 E-05 0% 
33 3.3519E-03 PU239 3.1232E-03 93% PU240 1.9732E-04 6% U234 1.5525E-05 0% 
32 3,3100E-03 PU239 3.0842E-03 93% PU240 1.9485E-04 6% U234 1.5330E-0S 0% 
2B 3,2890E-03 PU239 3,0647E-03 93% PU240 1.9362E-04 6% U234 1.5234E-05 0% 
6 3,2682E-03 PU239 3,0452E-03 93% PU240 1,9239E-04 6% U234 1,5137E-05 0% 

60 3.2161 E-03 PU239 2,9967E-03 93% PU240 1,8933E-04 6% U234 1,4896E-05 0% 
47 3,2057E-03 PU239 2,9870E-03 93% PU240 1.8872E-04 6% U234 1,4848E-05 0% 
41 3.1746E-03 PU239 2,9581 E-03 93% PU240 1,8689E-04 6% U234 1,4704E-05 0% 
26 3.1436E-03 PU239 2,9291 E-03 93% PU240 1,8506E-04 6% U234 1,4560E-05 0% 
11 3.1023E-03 PU239 2.8907E-03 93% PU240 1,8263E-04 6% U234 1,4369E-05 0% 
57 3.0714E-03 PU239 2,8619E-03 93% PU240 1,8081 E-04 6% U234 1.4226E-05 0% 
7 3.0406E-03 PU239 2,8332E-03 93% PU240 1,7900E-04 6% U234 1,4083E-05 0% 

29 3.0202E-03 PU239 2,8141 E-03 93% PU240 1,7779E-04 6% U234 1,3988E-05 0% 
9 2.9793E-03 PU239 2.7761 E-03 93% PU240 1,7539E-04 6% U234 1,3799E-05 0% 
8 2.9385E-03 PU239 2.7381 E-03 93% PU240 1.7299E-04 6% U234 1.3610E-05 0% 

15 2,9284E-03 PU239 2.7286E-03 93% PU240 1.7239E-04 6% U234 1.3563E-05 0% 
40 2,9081 E-03 PU239 2.7097E-03 93% PU240 1.7120E-04 6% U234 1.3469E-05 0% 
48 2.8473E-03 PU239 2.6531 E-03 93% PU240 1.6762E-04 6% U234 1.3188E-05 0% 
20 2.8272E-03 PU239 2,6343E-03 93% PU240 1,6643E-04 6% U234 1,3094E-05 0% 
54 2.7970E-03 PU239 2,6062E-03 93% PU240 1,6466E-04 6% U234 1,2955E-05 0% 
31 2.7568E-03 PU239 2,5688E-03 93% PU240 1.6229E-04 6% U234 1,2769E-05 0% 
23 2.7568E-03 PU239 2.5688E-03 93% PU240 1,6229E-04 6% U234 1,2769E-05 0% 
12 2,7168E-03 PU239 2,5315E-03 93% PU240 1,5994E-04 6% U234 1,2583E-05 0% 
42 2,6968E-03 PU239 2,5129E-03 93% PU240 1,5876E-04 6% U234 1,2491 E-05 0% 
98 2.6471 E-03 PU239 2,4665E-03 93% PU240 1.5583E-04 6% U234 1,2260E-05 0% 
34 2.6371 E-03 PU239 2,4573E-03 93% PU240 1:5525E-04 6% U234 1,2214E-05 0% 
2 2.5876E-03 PU239 2,4111 E-03 93% PU240 1.5233E-04 6% U234 1,1985E-05 0% 

95 2.5580E-03 PU239 2,3835E-03 93% PU240 1.5059E-04 6% U234 1.1848E-05 0% 
90 2.5285E-03 PU239 2,3560E-03 93% PU240 1.4885E-04 6% U234 1,1711E-05 0% 
22 2.5088E-03 PU239 2.3377E-03 93% PU240 1.4769E-04 6% U234 1.1620E-05 0% 
25 2.4794 E-03 PU239 2,3103E-03 93% PU240 1.4596E-04 6% U234 1.1484 E-05 0% 
99 2.4598E-03 PU239 2.2921 E-03 93% PU240 1.4481 E-04 6% U234 1,1393E-05 0% 
10 2.4208E-03 PU239 2.2557E-03 93% PU240 1.4251 E-04 6% U234 1,1212E-05 0% 
5 2,3819E-03 PU239 2.2194E-03 93% PU240 1.4022E-04 6% U234 1,1032E-05 0% 

35 2,3528E-03 PU239 2,1923E-03 93% PU240 1.3851 E-04 6% U234 1,0897E-05 0% 
45 2,3334 E-03 PU239 2.1743E-03 93% PU240 1.3737E-04 6% U234 1,0808E-05 0% 
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Appendix B 

Table B-7 Usts total EPA summed normalized release and die percentage conuibution for die top 3 radionuclides 

for each vector when drilling into an RH waste cask widi an average acdvity level. Vectors are ordered from most to 

least release. All vectors have some small release when inu-uding into the repository from drilling. 

Table B-7. Integrated Discharge to the Accessible Environment by Bringing Average 
RH-Activity Cuttings to the Surface when Initially Drilling through the 
Repository. 

Comp. 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

00 19 
36 
55 
16 
46 
21 
4 

14 
13 
51 
39 

1 
53 
18 
52 
27 
49 
3 
21 
17 
44 
30 
3 

37 
43 
3 
32 
3 
6 

60 
47 
41 
3 
11 
57 
7 

29 
9 
8 

15 
40 
48 
20 
54 
31 
23 
12 
42 
3 
34 
2 

3 
93 
22 

1.0006E-04 
9.9256E-05 
9.8453E-05 
9,7919E-05 
9,7120E-05 
9.6057E-05 
9.5262E-05 
9.4733E-05 
9.4205E-05 
9.3414E-05 
9.2888E-05 
9.1576E-05 
9.0791 E-05 
9,0269E--05 
8.9227E-05 
8.8448E-05 
8.7929E-05 
8.6636E-05 
8.6378E-05 
8.5605E-05 
8.4834E-05 
8.3809E-05 
8,3042E-05 
8,2532E-05 
8,1768E-05 
8,1006E-05 
7,9993E-05 
7,9488E-05 
7,8983E-05 
7,7725E-05 
7.7474E-05 
7.6722E-05 
7.5972E-05 
7,4974E-05 
7,4229E-05 
7.3484E-05 
7.2989E-05 
7.2001 E-05 
7,1017E-05 
7,0771 E-05 
7,0280E-05 
6.8813E-05 
6.8325E-05 
6,7596E-05 
6,6625E-05 
6.6625E-05 
6,5658E-05 
6,5176E-05 
6,3973E-05 
6.3733E-05 
6,2536E-05 
6,1821 E-05 
6,1107E-05 
6,0632E-05 

PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 
PU239 

(Time 

5.8991 E-05 
5.8517E-05 
5.8044E-05 
5.7730E-05 
5.7259E-05 
5.6632E-05 
5,6163E-05 
5,5851 E-05 
5,5540E-05 
5,5074E-05 
5.4764E-05 
5.3990E-05 
5.3527E-05 
5.3219E-05 
5.2605E-05 
5,2146E-05 
5,1840E-05 
5.1078E-05 
5,0925E-05 
5,0470E-05 
5,0015E-05 
4,9411 E-05 
4.8959E-05 
4.8658E-05 
4.8208E-05 
4.7758E-05 
4.7161E-05 
4.6863E-05 
4.6565E-05 
4.5824E-05 
4.5676E-05 
4.5232E-05 
4,4790E-05 
4.4202E-05 
4,3762E-05 
4.3324E-05 
4.3032E-05 
4,2449E-05 
4,1869E-05 
4,1724E-05 
4.1435E-05 
4,0570E-05 
4,0282E-05 
3.9852E-05 
3,9280E-05 
3,9280E-05 
3.871 OE-05 
3.8425E-05 
3.7716E-05 
3,7575E-05 
3.6869E-05 
3.6447E-05 
3.6026E-05 
3.5746E-05 

of Intrusion, 1000 years) 

59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 
59% 

AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 
AM241 

1.7911 E-05 
1.7767E-05 
1.7624E-05 
1.7528E-05 
1,7385E-05 
1,7195E-05 
1.7053E-05 
1,6958E-05 
1.6863E-05 
1.6722E-05 
1.6628E-05 
1.6393E-05 
1.6252E-05 
1,6159E-05 
1,5972E-05 
1.5833E-05 
1,5740E-05 
1,5508E-05 
1,5462E-05 
1.5324E-05 
1.5186E-05 
1.5002E-05 
1,4865E-05 
1,4774E-05 
1,4637E-05 
1,4501 E-05 
1,4319E-05 
1,4229E-05 
1,4138E-05 
1.3913E-05 
1.3868E-05 
1.3734E-05 
1,3599E-05 
1,3421 E-05 
1.3287E-05 
1.3154E-05 
1.3066E-05 
1,2889E-05 
1,2712E-05 
1,2668E-05 
1,2581 E-05 
1.2318E-05 
1,2231 E-05 
1.2100E-05 
1.1926E-05 
1.1926E-05 
1.1753E-05 
1.1667E-05 
1.1452E-05 
1.1409E-05 
1,1194E-05 
1,1066E-05 
1,0939E-05 
1.0853E-05 

18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 
18% 

PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 
PU240 

1,2919E-05 
1,2815E-05 
1.2711 E-05 
1.2642E-05 
1.2539E-05 
1,2402E-05 
1.2299E-05 
1,2231 E-05 
1,2163E-05 
1,2061 E-05 
1.1993E-05 
1,1823E-05 
1.1722E-05 
1,1655E-05 
1.1520E-05 
1.1419E-05 
1.1352E-05 
1,1185E-05 
1.1152E-05 
1.1052E-05 
1.0953E-05 
1.0820E-05 
1,0721 E-05 
1,0656E-05 
1,0557E-05 
1,0459E-05 
1,0328E-05 
1.0263E-05 
1.0197E-05 
1.0035E-05 
1,0003E-05 
9.9054E-06 
9,8086E-06 
9.6798E-06 
9.5835E-06 
9,4874E-06 
9,4235E-06 
9.2960E-06 
9,1689E-06 
9,1371 E-06 
9,0738E-06 
8.8843E-06 
8,8214E-06 
8,7272E-06 
8.6019E-06 
8.6019E-06 
8,4770E-06 
8,4147E-06 
8,2594E-06 
8,2285E-06 
8,0740E-06 
7,9816E-06 
7,8894E-06 
7.8281 E-06 

13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13%" 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
13% 
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Table B-7. (Continued) 

LHS Samples and Calculated Normalized Releases 

Comp, 
Seen 
ID Vector 

Total 
Integrated 

Top 3 Radionuclides Contribution to Integrated Discharge 

CO 

(Time of In t rus ion , 1000 y e a r s ) 

25 5,9921 E'-05 PU239 3,5327E-05 59% AM241 1.0726E-05 18% PU240 7.7363E-06 13% 
99 5,9448E-05 PU239 3,5G48E-05 59% AM241 1,0642E-05 18% PU240 7.6752E-06 13% 
10 5.8505E-05 PU239 3,4492E-05 59% AM241 1,0473E-05 18% PU240 7,5534E-06 13% 
5 5,7564E-05 PU239 3,3938E-05 59% AM241 1,0304E-05 18% PU240 7,4320E-06 13% 

3 5.6861 E-05 PU239 3,3523E-05 59% AM241 1,0178E-05 18% PU240 7,3412E-06 13% 
45 5.6393E-05 PU239 3,3247E-05 59% AM241 1.0095E-05 18% PU240 7.2808E-06 13% 
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Appendix B 

Table B-7. (Continued) 

Comp. Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

01 

(Time of intrusion, 3000 years) 

19 7.8452E-05 PU239 5,5689E-05 71% PU240 1,0450E-05 13% U233 9,1950E-06 12% 
3 7.7822E-05 PU239 5.5242E-05 71% PU240 1,0366E-05 13% U233 9,1211 E-06 12% 
35 7.7193E-05 PU239 5.4795E-05 71% PU240 1.0282E-05 13% U233 9,0474E-06 12% 
16 7.6774E-05 PU239 5,4498E-05 71% PU240 1,0226E-05 13% U233 8,9983E-06 12% 
46 7.6148 E-05 PU239 5.4053E-05 71% PU240 1.0143E-05 13% U233 8.9249E-06 12% 
2* 7.5314E-05 PU239 5.3462E-05 71% PU240 1,0032E-05 13% 1 U233 8,8272E-06 12% 
4 7.4691 E-05 PU239 5.3019E-05 71% PU240 9.9489E-06 13% U233 8,7541 E-06 12% 

14- 7.4276E-05 PU239 5,2725E-05 71% PU240 9,8937E-06 13% U233 8,7055E-06 12% 
13 7.3862E-05 PU239 5,2431 E-05 71% PU240 9.8385E-06 13% U233 8.6570E-06 12% 
51 7.3242E-05 PU239 5.1991 E-05 71% PU240 9,7559E-06 13% U233 8.5843E-06 12% 
3 7.2830E-05 PU239 5,1698E-05 71% PU240 9,7009E-06 13% U233 8,5360E-06 12% 

1 7,1801 E-05 PU239 5,0968E-05 71% PU240 9,5639E-06 13% U233 8,4154E-06 12% 
3 7,1186E-05 PU239 5,0531 E-05 71% PU240 9,4820E-06 13% U233 8,3433E-06 12% 
18 7,0776E-05 PU239 5,0240E-05 71% PU240 9.4274E-06 13% U233 8,2953E-06 12% 
52 6,9959E-05 PU239 4,9660E-05 71% PU240 9.3186E-06 13% U233 8.1995E-06 12% 
27 6,9348E-05 PU239 4,9227E-05 71% PU240 9,2372E-06 13% U233 8,1279E-06 12% 
49 6,8941 E-05 PU239 4.8938E-05 71% PU240 9.1830E-06 13% U233 8.0803E-06 12% 
3 6.7928E-05 PU239 4.8218E-05 71% PU240 9,0480E-06 13% U233 7.9614E-06 12% 
21 6.7725 E-05 PU239 4.8075E-05 71% PU240 9,0211 E-06 13% U233 7.9377E-06 12% 
17 6.7119E-05 PU239 4.7645E-05 71% PU240 8,9404E-06 13% U233 7.8667E-06 12% 
44 6.6515E-05 PU239 4.7215E-05 71% PU240 8,8598E-06 13% U233 7,7959E-06 12% 
3 6.5711 E-05 PU239 4.6645E-05 71% PU240 , 8,7528E-06 13% U233 7,7016E-06 12% 
3 6.511 OE-05 PU239 4.6218E-05 71% PU240 8,6727E-06 13% U233 7,6312E-06 12% 

37 6,471 OE-05 PU239 4,5934E-05 71% PU240 8,6194E-06 13% U233 7,5843E-06 12% 
43 6,4111 E-05 PU239 4,5509E-05 71% PU240 8.5396E-06 13% U233 75141E-06 12% 
3 6.3514E-05 PU239 4,5085E-05 . 71% PU240 8.4600E-06 13% U233 74441 E-06 12% 
32 6.2719E-05 PU239 4,4521 E-05 71% PU240 8,3542E-06 13% U233 7.351 OE-06 12% 
2B. 6.2323E-05 PU239 4,4240E-05 71% PU240 8,3014E-06 13% U233 7.3045E-06 12% 
6 6.1927E-05 PU239 4,3959E-05 71% PU240 8,2487E-06 13% U233 7,2581 E-06 12% 

60 6,0941 E-05 PU239 4.3259E-05 71% PU240 8,1173E-06 13% U233 7,1425E-06 12% 
47 6,0744E-05 PU239 4.3119E-05 71% PU240 8,0911 E-06 13% U233 7,1194E-06 12% 
41 6,0154E-05 PU239 4.2700E-05 71% PU240 8.0126E-06 13% U233 7,0504E-06 12% 
3 5,9566E-05 PU239 4,2283E-05 71% PU240 7,9342E-06 13% U233 6,9814E-06 12% 
11 5,8784E-05 PU239 4,1728E-05 71% PU240 7,8301 E-06 13% U233 6,8898E-06 12% 
57 5,8199E-05 PU239 4,1313E-05 71% PU240 7,7522E-06 13% U233 6.8212E-06 12% 
7 5,7616E-05 PU239 4,0899E-05 71% PU240 7,6745E-06 13% U233 6,7528E-06 12% 

29 5.7228 E-05 PU239 4.0623E-05 71% PU240 7,6228E-06 13% U233 6,7073E-06 12% 
9 5.6453E-05 PU239 4,0073E-05 71% PU240 75196E-06 13% U233 6,6166E-06 12% 
8 5,5681 E-05 PU239 3,9525E-05 71% PU240 7.4168E-06 13% U233 6,5261 E-06 12% 

15 5.5489E-05 PU239 3,9388E-05 71% PU240 7,3911 E-06 13% U233 6,5035E-06 12% 
40 5.5104 E-05 PU239 3.9115E-05 71% PU240 7,3399E-06 13% U233 6,4584E-06 12% 
48 5.3953E-05 PU239 3.8299E-05 71% PU240 71866E-06 13% U233 6,3236E-06 12% 
20 5,3571 E-05 PU239 3.8027E-05 71% PU240 71357E-06 13% U233 6,2788E-06 12% 
54 5,2999E-05 PU239 3.7621 E-05 71% PU240 7,0595E-06 13% U233 6,2117E-06 12% 
31 5,2238E-05 PU239 3,7081 E-05 71% PU240 6,9581 E-06 13% U233 6,1225E-06 12% 
23 5,2238E-05 PU239 3,7081 E-05 71% PU240 6.9581 E-06 13% U233 6,1225E-06 12% 
12 5,1480E-05 PU239 3,6543E-05 71% PU240 6,8571 E-06 13% U233 6,0336E-06 12% 
42 5.1101 E-05 PU239 3.6274E-05 71% PU240 6,8067E-06 13% U233 5,9893E-06 12% 
3 5.0158E-05 PU239 3.5605E-05 71% PU240 6,6811 E-06 13% U233 5,8788E-06 12% 
34 4.9970E-05 PU239 3.5471 E-05 71% PU240 6,6561 E-06 13% U233 5,8567E-06 12% 
2 4.9032E-05 PU239 3.4805E-05 71% PU240 6,5311 E-06 13% U233 5,7468E-06 12% 

3 4.8471 E-05 PU239 3.4407E-05 71% PU240 6,4564E-06 13% U233 5,681 OE-06 12% 
3 4.7911 E-05 PU239 3,401 OE-05 71% PU240 6,3818E-06 13% U233 5,6154E-06 12% 
22 4,7539E-05 PU239 3,3745E-05 71% PU240 6,3322E-06 13% U233 5,5718E-06 12% 
25 4,6982E-05 PU239 3,3350E-05 71% PU240 6,2580E-06 13% U233 5,5064E-06 12% 
3 4,6611 E-05 PU239 3,3087E-05 71% PU240 6,2086E-06 13% U233 5,4630E-06 12% 
10 4,5871 E-05 PU239 3,2561 E-05 71% PU240 6,1100E-06 13% U233 5,3763E-06 12% 
5 • 4,5134E-05 PU239 .3,2038E-05 71% PU240 6,0118E-06 13% U233 5,2899E-06 12% 

3 4.4582E-05 PU239 3.1647E-05 71% PU240 5.9384E-06 13% U233 5,2252E-06 12% 
45 4,4215E-05 PU239 3.1386E-05 71% PU240 5,8895E-06 13% U233 5,1822E-06 12% 
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Table B-7. (Continued) 

LHS Samples and Calculated Normalized Releases 

Comp. Total 
Seen Integrated 
ID Vector Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

02 
(Time of Intrusion, 5000 years) 

19 7.3751 E-05 PU239 5.2572E-05 71% U233 9.1156E-06 12% PU240 8.4530E-06 11% 
3 7.3158E-05 PU239 5.2149E-05 71% U233 9.0423E-06 12% PU240 8,3851 E-06 11% 
3 7.2567E-05 PU239 5.1728E-05 71% U233 8.9692E-06 12% PU240 8.3173E-06 11% 
16 7.2173E-05 PU239 5.1447E-05 71% U233 8.9206E-06 12% PU240 8.2722E-06 11% 
46 7.1584E-05 PU239 5.1028E-05 71% U233 8.8478E-06 12% PU240 8,2047E-06 11% 
24 7.0801 E-05 PU239 5.0469E-05 71% U233 8,751 OE-06 12% PU240 8,1149E-06 11% 
4 7.0215E-05 PU239 5.0051 E-05 71% U233 8,6785E-06 12% PU240 8.0478E-06 11% 

14 6.9825E-05 PU239 4.9773E-05 71% U233 8.6303E-06 12% PU240 8.0031 E-06 11% 
13 6.9436E-05 PU239 4.9496E-05 71% U233 8.5822E-06 12% PU240 7.9584E-06 11% 
51 6.8853E-05 PU239 4.9080E-05 -71% U233 8.5102E-06 12% PU240 7.8916E-06 11% 
3 6.8465E-05 PU239 4.8804E-05 71% U233 8.4622E-06 12% PU240 7.8472E-06 11% 

1 6.7498E-05 PU239 4.8115E-05 71% U233 8.3427E-06 12% PU240 7,7363E-06 11% 
3 6.6919E-05 PU239 4.7702E-05 71% U233 8.2712E-06 12% PU240 7,6700E-06 11% 
18 6,6535E-05 PU239 4,7428E-05 71% U233 8,2237E-06 12% PU240 7.6259E-06 11% 
52 6,5767E-05 PU239 4,6880E-05 71% U233 8.1287E-06 12% PU240 7,5379E-06 11% 
27 6.5192E-05 PU239 4.6471 E-05 71% U233 8,0577E-06 12% PU240 7,4721 E-06 11% 
49 6,4810E-05 PU239 4,6198E-05 71% U233 8,0105E-06 12% PU240 7,4282E-06 11% 
3 6.3857E-05 PU239 4.5519E-05 71% U233 7,8927E-06 12% PU240 73190E-06 11% 
21 6.3667E-05 PU239 4.5384E-05 71% U233 7,8692E-06 12% PU240 7.2972E-06 11% 
17 6.3097E-05 PU239 4.4978E-05 71% U233 7.7988E-06 12% PU240 72319E-06 11% 
44 6.2529E-05 PU239 4.4572E-05 71% U233 7.7285E-06 12% PU240 7,1668E-06 11% 
3 6.1773E-05 PU239 4.4034E-05 71% U233 7,6351 E-06 12% PU240 7.0802E-06 11% 
3 6.1208E-05 PU239 4.3631 E-05 71% U233 7.5653E-06 12% PU240 70154E-06 11% 

37 6.0832E-05 PU239 4.3363E-05 71% U233 75188E-06 12% PU240 6,9723E-06 11% 
43 6.0269E-05 PU239 4.2961 E-05 71% U233 7.4492E-06 12% PU240 6,9078E-06 11% 
3 5.9707E-05 PU239 4,2561 E-05 71% U233 7.3798E-06 12% PU240 6,8434E-06 11% 
32 5.8960E-05 PU239 4.2029E-05 71% U233 7.2875E-06 12% PU240 6,7578E-06 11% 
3 5.8588E-05 PU239 4,1763E-05 71% U233 7.2414E-06 12% PU240 6.7151E-06 11% 
6 5.8216E-05 PU239 4.1498E-05 71% U233 7.1955E-06 12% PU240 6,6725E-06 11% 

3 5.7288E-05 PU239 4.0837E-05 71% U233 7,0808E-06 12% PU240 6.5662E-06 11% 
47 5.7103E-05 PU239 4,0705E-05 71% U233 7,0580E-06 12% PU240 6.5450E-06 11% 
41 5.6549E-05 PU239 4,0310E-05 71% U233 6,9895E-06 12% PU240 6,4815E-06 11% 
3 5,5996E-05 PU239 3.9916E-05 71% U233 6,9211 E-06 12% PU240 6,4181 E-06 11% 
11 5.5261 E-05 PU239 3,9392E-05 71% U233 6,8303E-06 12% PU240 6.3338E-06 11% 
57 5.4711 E-05 PU239 3.9000E-05 71% U233 6,7623E-06 12% PU240 6,2708E-06 11% 
7 5.4163E-05 PU239 3,8609E-05 71% U233 6.6945E-06 12% PU240 6,2079E-06 11% 

29 5.3798E-05 PU239 3,8349E-05 71% U233 6,6494E-06 12% PU240 6,1661 E-06 11% 
9 5.3070E-05 PU239 3,7830E-05 71% U233 6.5594E-06 12% PU240 6,0827E-06 11% 
8 5.2344E-05 PU239 3,7313E-05 71% U233 6.4697E-06 12% PU240 5,9995E-06 11% 

15 5.2163E-05 PU239 • 3,7184E-05 71% U233 6.4474E-06 12% PU240 5,9787E-06 11% 
40 5.1802E-05 PU239 3,6926E-05 71% U233 6.4026E-06 12% PU240 5.9373E-06 11% 
48 5,0720E-05 PU239 3.6155E-05 71% U233 6.2690E-06 12% PU240 5,8133E-06 11% 
20 5,0361 E-05 PU239 3.5899E-05 71% U233 6.2245E-06 12% PU240 5,7721 E-06 11% 
5i 4.9823E-05 PU239 3.5515E-05 71% U233 6.1581 E-06 12% PU240 5.7105E-06 11% 
31 4,9107E-05 PU239 3.5005E-05 71% U233 6.0697E-06 12% PU240 5,6285E-06 11% 
23 4.9107E-05 PU239 3.5005E-05 71% U233 6,0697E-06 12% PU240 5,6285E-06 11% 
12 4.8394E-05 PU239 3,4497E-05 71% U233 5,9815E-06 12% PU240 5,5468E-06 11% 
42 4,8039E-05 PU239 3.4244E-05 71% U233 5,9376E-06 12% PU240 5,5060E-06 11% 
3 '4.7152E-05 PU239 3,3612E-05 71% U233 5,8280E-06 12% PU240 5.4044E-06 11% 
34 4,6976E-05 PU239 3.3486E-05 71% U233 5,8062E-06 12% PU240 5,3842E-06 11% 
2 4.6094E-05 PU239 3.2857E-05 71% U233 5,6972E-06 12% PU240 5.2831 E-06 11% 

SS 4,5566E-05 PU239 3.2481 E-05 71% U233 5.6320E-06 12% PU240 5.2226E-06 11% 
SO 4,5040E-05 PU239 3.2106E-05 71% U233 5,5669E-06 12% PU240 5,1623E-06 11% 
22 4.4690E-05 PU239 3.1856E-05 71% U233 5,5237E-06 12% PU240 5.1222E-06 11% 
25 4.4166E-05 PU239 3.1483E-05 71% U233 5.4589E-06 12% PU240 5,0621 E-06 11% 
SB 4.3817E-05 PU239 3.1234E-05 71% U233 5,4158E-06 12% PU240 5.0222E-06 11% 
10 4,3122E-05 PU239 3.0739E-05 71% U233 5.3299E-06 12% PU240 4.9425E-06 11% 
5 4.2429E-05 PU239 3,0245E-05 71% U233 5.2442E-06 12% PU240 4,8630E-06 11% 

3 4,1910E-05 PU239 2.9875E-05 71% U233 5,1801 E-06 12% PU240 4.8036E-06 11 % 
45 4,1566E-05 PU239 2.9629E-05 71% U233 5.1375E-06 12% PU240 4.7641 E-06 11% 
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Appendix B 

Table B-7. (Continued) 

Comp. 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

CB 

(Time of intrusion, 7000 years) 

19 7.0056E-05 PU239 4.9629E-05 71% U233 9.0369E-06 13% PU240 6.8377E-06 10% 

3 6.9493E-05 PU239 4.9230E-05 71% U233 8.9642E-06 13% PU240 6.7828E-06 10% 
3 6.8931 E-05 PU239 4.8832E-05 71% U233 8.8918E-06 13% PU240 6.7279E-06 10% 
16 6.8557E-05 PU239 4.8567E-05 71% U233 8.8436E-06 13% PU240 6.6915E-06 10% 
46 6.7998E-05 PU239 4.8171E-05 71% U233 8.7714E-06 13% PU240 6.6369E-06 10% 
21 6.7254E-05 PU239 4.7644E-05 71% U233 8.6754E-06 13% PU240 6,5642E-06 10% 
4 6.6697E-05 PU239 4.7250E-05 71% U233 8.6036E-06 13% PU240 6,5099E-06 10% 

14 6.6327E-05 PU239 4.6987E-05 71% U233 8.5558E-06 13% PU240 6.4737E-06 10% 
13 6.5957E-05 'PU239 4.6725E-05 71% U233 8.5081 E-06 13% PU240 6.4377E-06 10% 
51 6.5403E-05 PU239 4.6333E-05 71% U233 8.4367E-06 13% PU240 6.3836E-06 10% 
3 6.5035E-05 PU239 4.6072E-05 71% U233 8.3892E-06 13% PU240 6.3477E-06 10% 

1 6.4116E-05 PU239 4.5421 E-05 71% U233 8.2707E-06 13% PU240 6.2580E-06 10% 
3 6,3567E-05 PU239 4.5032E-05 71% U233 8.1998E-06 13% PU240 6.2044E-06 10% 
18 6,3201 E-05 PU239 4,4773E-05 71% U233 8,1526E-06 13% PU240 6,1687E-06 10% 
52 6,2472E-05 PU239 4,4256E-05 71% U233 8,0585E-06 13% PU240 6,0975E-06 10% 
27 6.1926E-05 PU239 4,3870E-05 71% U233 7,9881 E-06 13% PU240 6,0442E-06 10% 
49 6.1563E-05 PU239 4,3612E-05 71% U233 7,9413E-06 13% PU240 6,0088E-06 10% 
3 6,0657E-05 PU239 4,2971 E-05 71% U233 7,8245E-06 13% PU240 5,9204E-06 10% 
21 6.0477E-05 PU239 4,2843E-05 71% U233 7,8012E-06 13% PU240 5,9028E-06 10% 
17 5.9936E-05 PU239 4.2460E-05 71% U233 7.7314E-06 13% PU240 5,8500E-06 10% 
44 5.9396E-05 PU239 4.2077E-05 71% U233 7.6618E-06 13% PU240 5.7973E-06 10% 
3 5.8678E-05 PU239 4,1569E-05 71% U233 7.5692E-06 13% PU240 5,7272E-06 10% 
3 5.8141 E-05 PU239 4.1188E-05 71% U233 7.5000E-06 13% PU240 5.6748E-06 10% 

37 5.7784E-05 PU239 4,0935E-05 71% U233 7.4539E-06 13% PU240 5,6400E-06 10% 
43 5.7249 E-05 PU239 4.0557E-05 71% U233 7.3849E-06 13% PU240 5,5878E-06 10% 
3 5,6716E-05 PU239 4,0179E-05 71% U233 7,3161 E-06 13% PU240 5,5357E-06 10% 
32 5,6006E-05 PU239 3,9676E-05 71% U233 7,2246E-06 13% PU240 5,4664E-06 10% 
2B 5,5652E-05 PU239 3,9425E-05 71% U233 71789E-06 13% PU240 5,4319E-06 10% 
6 5,5299E-05 PU239 3.9175E-05 71% U233 7,1333E-06 13% PU240 5,3974E-06 10% 

3 5,4418E-05 PU239 3,8551 E-05 71% U233 7.0197E-06 13% PU240 5.3114E-06 10% 
47 5,4242E-05 PU239 3.8427E-05 71% U233 6,9970E-06 13% PU240 5.2943E-06 10% 
41 5,3716E-05 PU239 3.8054E-05 71% U233 6.9291 E-06 13% PU240 5.2429E-06 10% 
3 5,3191 E-05 PU239 3.7682E-05 71% U233 6,8614E-06 13% PU240 5,1916E-06 10% 
11 5,2493E-05- PU239 3.7187E-05 71% U233 6,7713E-06 13% PU240 5,1235E-06 10% 
57 5.1970E-05 PU239 3.6817E-05 71% U233 6.7039E-06 13% PU240 5,0725E-06 10% 
7 5,1449 E-05 PU239 3.6448E-05 71% U233 6.6367E-06 13% PU240 5,0217E-06 10% 

29 5.1103 E-05 PU239 3.6202E-05 71% U233 6,5920E-06 13% PU240 4.9878E-06 10% 
9 5,0411 E-05 PU239 3.5712E-05 71% U233 6,5028E-06 13% PU240 4.9203E-06 10% 
8 4,9722E-05 PU239 3,5224E-05 71% U233 6.4139E-06 13% PU240 4,8530E-06 10% 

15 4.9550E-05 PU239 3,5102E-05 71% U233 6.3917E-06 13% PU240 4,8363E-06 10% 
40 4,9206E-05 PU239 3.4859E-05 71% U233 6.3474E-06 13% PU240 4.8027E-06 10% 
48 4,8179E-05 PU239 3,4131 E-05 71% U233 6,2148E-06 13% PU240 4.7024E-06 10% 
20 4,7837E-05 PU239 3,3889E-05 71% U233 6,1708E-06 13% PU240 4,6691 E-06 10% 
54 4,7326E-05 PU239 3,3527E-05 71% U233 6,1049E-06 13% PU240 4,6192E-06 10% 
31 4,6647E-05 PU239 3,3046E-05 71% U233 6,0172E-06 13% PU240 4,5529E-06 10% 
3 4.6647E-05 PU239 3,3046E-05 71% U233 6,0172E-06 13% PU240 4.5529E-06 10% 
12 4,5970E-05 PU239 3.2566E-05 71% U233 5,9299E-06 13% PU240 4,4868E-06 10% 
42 4,5632E-05 PU239 3,2327E-05 71% U233 5.8863E-06 13% PU240 4,4539E-06 10% 

3 4.4790E-05 PU239 3.1730E-05 71% U233 5,7777E-06 13% PU240 4.3717E-06 10% 
34 4,4622E-05 PU239 3.1611 E-05 71% U233 5,7560E-06 13% PU240 4,3553E-06 10% 
2 4,3784E-05 PU239 3,1018E-05 71% U233 5.6480E-06 13% PU240 4.2735E-06 10% 

3 4.3283E-05 PU239 3,0663E-05 71% U233 5,5833E-06 13% PU240 4.2246E-06 10% 
SD 4.2783E-05 PU239 3.0309E-05 71% U233 5,5189E-06 13% PU240 4.1758E-06 10% 
22 4,2451 E-05 PU239 3,0073E-05 71% U233 5.4760E-06 13% PU240 4,1434E-06 10% 
Z 4,1953E-05 PU239 2,9720E-05 71% U233 5,4118E-06 13% PU240 4,0948E-06 10% 
SB 4,1622E-05 PU239 2,9486E-05 71% U233 5.3690E-06 13% PU240 4.0625E-06 10% 
10 4.0961 E-05 PU239 2.9018E-05 71% U233 5,2838E-06 13% PU240 3,9980E-06 10% 
5 4.0303E-05 PU239 2,8551 E-05 71% U233 5,1989E-06 13% PU240 3,9337E-06 10% 

3 3,9811 E-05 PU239 2,8203E-05 71% U233 5,1354E-06 13% PU240 3,8857E-06 10% 
45 3,9483E-05 PU239 2,7971 E-05 71% U233 5,0931 E-06 13% PU240 3,8537E-06 10% 
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LHS Samples and Calculated Normalized Releases 

Table B-7. (Concluded) 

Comp, 
Seen 
ID Vector 

Total 
Integrated 
Discharge Top 3 Radionuclides Contribution to Integrated Discharge 

(Time of intrusion 1, 9000 years) 
04 19 6,6682E-05 PU239 4.6851 E-05 70% U233 8.9588E-06 13% PU240 5.5311 E-06 8% 

3 6.6146 E-05 PU239 4.6474E-05 70% U233 8,8868E-06 13% PU240 5,4866E-06 8% 
3 6.5611 E-05 PU239 4.6099E-05 70%, U233 8.8150E-06 13% PU240 5,4423E-06 8% 
16 6.5256E-05 PU239 4.5849E-05 70% U233 8,7672E-06 13% PU240 5,4128E-06 8% 
46 6.4723E-05 PU239 4.5475E-05 70% U233 8.6957E-06 13% PU240 5,3686E-06 8% 
24 6,4015E-05 PU239 4.4977E-05 70% U233 8.6005E-06 13% PU240 5,3099E-06 8% 
4 6.3485E-05 PU239 4.4605E-05 70% U233 8.5293E-06 13% PU240 5,2659E-06 8% 

14 6.3132E-05 PU239 4,4357E-05 70% U233 8.4820E-06 13% PU240 5.2367E-06 8% 
13 6,2780E-05 PU239 4,411 OE-05 70% U233 8.4347E-06 13% PU240 5,2075E-06 8% 
51 6.2253E-05 PU239 4,3739E-05 70% U233 8.3639E-06 13% PU240 5.1638E-06 8% 
3 6.1903E-05 PU239 4,3493E-05 70% U233 8.3168E-06 13% PU240 5,1347E-06 8% 

1 6,1028E-05 PU239 4.2879E-05 70% U233 8.1993E-06 13% PU240 5,0621 E-06 8% 
3 6.0505E-05 PU239 4,2511 E-05 70% U233 8.1290E-06 13% PU240 5,0188E-06 8% 
18 6,0157E-05 PU239 4.2267E-05 70% U233 8.0823E-06 13% PU240 4,9899E-06 8% 
52 5.9463E-05 PU239 4,1779E-05 70% U233 7.9890E-06 13% PU240 4.9323E-06 8% 
27 5.8944E-05 PU239 4,1414E-05 70% U233 7.9192E-06 13% PU240 4.8892E-06 8% 
49 5,8598E-05 PU239 4,1171E-05 70% U233 7,8727E-06 13% PU240 4,8605E-06 8% 
3 5.7736 E-05 PU239 4.0566E-05 70% U233 7,7570E-06 13% PU240 4.7891 E-06 8% 
21 5,7564E-05 PU239 4,0445E-05 70% U233 7,7339E-06 13% PU240 4,7748E-06 8% 
17 5,7049E-05 PU239 4.0083E-05 70% U233 7,6647E-06 13% PU240 4,7321 E-06 8% 
44 5.6535E-05 PU239 3,9722E-05 70% U233 7,5957E-06 13% PU240 4,6895E-06 8% 
3 5,5852E-05 PU239 3,9242E-05 70% U233 7.5039E-06 13% PU240 4.6328E-06 8% 
3 5.5341 E-05 PU239 3,8883E-05 70% U233 7,4352E-06 13% PU240 4,5904E-06 8% 

37 5.5001 E-05 PU239 3,8644E-05 70% U233 7,3895E-06 13% PU240 4.5622E-06 8% 
43 5.4492 E-05 PU239 3,8286E-05 70% U233 7,3211 E-06 13% PU240 4.5200E-06 8% 
3 5,3984E-05 PU239 3.7929E-05 70% U233 7,2529E-06 13% PU240 4,4779E-06 8% 
32 5,3309E-05 PU239 3,7455E-05 70% U233 7,1622E-06 13% PU240 4,4218E-06 8% 
3 5,2972E-05 PU239 3,7218E-05 70% U233 7.1169E-06 13% PU240 4.3939E-06 8% 
6 5,2636E-05 PU239 3,6982E-05 70% U233 7,0717E-06 13% PU240 4,3660E-06 8% 

eo 5.1797E-05 PU239 3.6393E-05 70% U233 6,9591 E-06 13% PU240 4.2965E-06 8% 
47 5,1630E-05 PU239 3,6275E-05 70% U233 6.9366E-06 13% PU240 4,2826E-06 8% 
41 5,1129E-05 PU239 3.5923E-05 70% U233 6,8693E-06 13% PU240 4,241 OE-06 8% 
2B 5,0629E-05 PU239 3,5572E-05 70% U233 6.8021 E-06 13% PU240 4,1996E-06 8% 
11 4,9965E-05 PU239 3,5105E-05 70% U233 6,7128E-06 13% PU240 4,1444E-06 8% 
57 4,9467E-05 PU239 3,4756E-05 70% U233 6,6461 E-06 13% PU240 4,1032E-06 8% 
7 4,8972E-05 PU239 3,4408E-05 70% U233 6,5794E-06 13% PU240 4,0621 E-06 8% 

29 4.8642E-05 PU239 3,4176E-05 70% U233 6,5351 E-06 13% PU240 4,0347E-06 8% 
9 4,7983E-05 PU239 3.3713E-05 70% U233 6.4467E-06 13% PU240 3,9801 E-06 8% 
8 4.7327E-05 PU239 3,3252E-05 70% U233 6.3585E-06 13% PU240 3,9257E-06 8% 

15 4,7163E-05 PU239 3,3137E-05 70% U233 6.3365E-06 13% PU240 3,9121 E-06 8% 
40 4,6836E-05 PU239, 3,2907E-05 70% U233 6,2926E-06 13% PU240 3,8850E-06 8% 
48 4,5858E-05 PU239 3,2220E-05 70% U233 6.1612E-06 13% PU240 3,8038E-06 8% 
20 4,5534E-05 PU239 3,1992E-05 70% U233 6,1175E-06 13% PU240 3,7769E-06 8% 
54 4.5047E-05 PU239 3,1650E-05 70% U233 6,0522E-06 13% PU240 3.7365E-06 8% 
31 4,4400E-05 PU239 3,1196E-05 70% U233 5,9653E-06 13% PU240 3,6829E-06 8% 
23 4.4400E-05 PU239 3,1196E-05 70% U233 5,9653E-06 13% PU240 3.6829E-06 8% 
12 4,3756E-05 PU239 3,0743E-05 70% U233 5,8787E-06 13% PU240 3,6294E-06 8% 

\ 42 4.3434 E-05 PU239 3,0517E-05 70% U233 5,8355E-06 13% PU240 3,6028E-06 8% 
' SB 4.2633E-05 PU239 2,9954E-05 70% U233 5,7278E-06 13% PU240 3,5363E-06 8% 

/ • 34 4.2473E-05 PU239 2.9842E-05 70% U233 5.7063E-06 13% PU240 3,5230E-06 8% 
2 4.1676E-05 PU239 2,9281 E-05 70% U233 5,5992E-06 13% PU240 3,4569E-06 8% 

3 4,1199E-05 PU239 2,8946E-05 70% U233 5.5351 E-06 13% PU240 3,4173E-06 8% 
3 4,0723E-05 PU239 2.8612E-05 70% U233 5.4712E-06 13% PU240 3,3779E-06 8% 
22 4,0406E-05 PU239 2.8390E-05 70% U233 5,4287E-06 13% PU240 3,3516E-06 8% 
25 3,9933E-05 PU239 2,8057E-05 70% U233 5,3650E-06 13% PU240 3,3123E-06 8% 
SB 3,9618E-05 PU239 2.7835E-05 70% U233 5.3227E-06 13% PU240 3,2862E-06 8% 
10 3,8989E-05 PU239 2,7394E-05 70% U233 5,2382E-06 13% PU240 3,2340E-06 8% 
5 3,8362E-05 PU239 2.6953E-05 70% U233 5.1540E-06 13% PU240 3,1820E-06 8% 

3 3,7893E-05 PU239 2,6624E-05 70% U233 5,091 OE-06 13% PU240. 3,1432E-06 8% 
45 3,7582E-05 PU239 2.6405E-05 70% U233 5.0492E-06 13% PU240 3,1173E-06 8% 
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