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Abstract' 

The conceptual and computational structure of a performance assessment (PA) for the Waste Isolation Pilot Plant 

(WIPP) is described. Important parts of this structure are (i) maintenance of a separation between stochastic (i.e., 

aleatory) and subjective epistemic) uncertainty, with stochastic uncertainty arising from the many possible 

disruptions that could occur over the 10,000 yr regulatory period that applies to the WIPP and subjective uncertainty 

arising fiom the imprecision with which many of the quantities required in the kalysis are known, (ii) use of Latin 

hypercube sampling to incorporate the effects of subjective uncertainty, (iii) use of Monte Carlo (is., random) 
sampling to incorporate the effects of stochastic uncertainty, and (iv) efficient use of the necessarily limited number 

of mechanistic calculations that can be performed to support the analysis. The WIPP is under development by the 

U.S. Department of Energy (DOE) for the geologic (kt deep underground) disposal of transuranic waste, 

with the indicated PA supporting a,Compliance Certification Application (CCA) by the DOE to the U.S. 
Environmental Protection Agency (EPA) in October 1996, for the necessary certifications for the WTPP to begin 
operation. If certified, the WlPP will be the first operational facility in the United States for the geologic disposal of 

radioactive waste. 

Key Words: Aleatory unce.rtainty, compliance certification application, epistemic uncertainty, Latin hypercube 
sampling, performance assessment, radioactive waste, stochastic uncertainty, subjective uncertainty, transuranic 

waste, Waste Isolation Pilot Plant, 40 CFR 191.40 CFR 194. 
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1. Introduction 

The Waste Isolation Pilot Plant (WIPP) is under development by the U.S. Department of Energy (DOE) for the 

geologic disposal of transuranic CTIRu) waste that has been generated at government defense installations in the 

United States.'.' The WIPP is located in -southeastern New Mexico in an area of low population density . 
approximately 42 km (26 mi) east of Carlsbad. Waste disposal will take place in excavated 'chambers (i.e., waste 

disposal panels) in a bedded salt formation, the Salado Formation (Fm), approximately 655 m (2150 ft) below the 

land surface (Fig. 1). The SaIado Fm is contained in the Delaware Basin, which is a large sedimentary basin located 

in southeastern New Mexico and western Texas (Sect 15.3, Vol. 3, Ref. 3; Chapt. 2, Ref. 5). 

The sequence of events that led to the development of the WlPP by the DOE for the disposal of TRU waste in 

bedded salt began in 1955 when the Atopic Energy Cosnmission (AEC), part of which later became the DOE, asked 

the National Academy of Science WAS) to examine disposal options for radioactive waste (Sect 1.5.1, Ref. 6; see 

Tables 1.5-1 and 1.5-2 of Ref. 6 for more derails on the historical development of the WIPP than can be presented 

here). In response, the NAS reported in 1957 that, while various options and disposal sites were feasible, disposal in 
bedded salt was the most promising disposal method? From that point through the early 1970s. Oak Ridge National 

Laboratory conducted radioactive-waste disposal experiments, most notably Project 'Salt Vault in 'an abandoned salt 

mine near Lyons, Kansas? Although the AEC considered using the mine as a repository, the discovery of boreholes 

in the nearby area prompted &e AEC to search for more suitable sites? 

At the invitation of New Mexico's governor, the AEC investigated the Delaware Basin in the Carlsbad area of 

New Mexico. M e r  an initial examination, a potential site was identified in the 1970s. The site was named the 

Waste Isolation Pilot Plant (WIPP) in January 1976.1O The regional site-characterization phase of this potential 

waste disposal site" ended with the preparauon of an Environmental Impact Statement @IS) in 1980,' as required 

by the National Environmental P o k y  Act of I969 (NEPA).I2 In response to the EIS, the DOE decided to proceed 

c : 

with a preIiminary design phase at this site. 

During the 1970s, the mission of the W P ,  and thus the design,I3 varied between including and not including 

defense high-level waste (HLW) in addition to TRU waste. However, with passage of the National Security and 

MiZiraq AppIications of Nuclear Energy Authorization Act of 1980,l4 Congress defined the W P  as a research and 

development facility for the storage and disposal of TRU waste, and exempted the WIPP from regulation by the U.S. 

Nuclear ReguIatory Commission. 

In 1981. the "Stipulated Agreement" and Tonsultation and Cooperation Agreement" defined the WIPP's 

relationship with the State of New Mexico and stipulated specific geotechnical experiments required by the ~tate .1~ 
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After much planning, construction of the WIPP began in 1983.16J7 Experiments to characterize the local disposal 

system followed.18-20 In preparation for the WIPP's opening, a Supplemental EIS was published in 1990.' 

In he  Waste Isolation Pilot Plant Land U'irhdrawal Act of 1992 (LWA)," Congress defined the process by 

which WEpp's compliance with applicable regulations would have to be evaluated and transferred ownership of the 

WIPP site to the DOE. This act officially mark& the transition from the construction and disposal-system- 

characterization phase to the compliance and testing phases, although these phases had begun unofficially in 1985 

when the EPA issued 40 C& 19lZ &d in 1989 when Sandia National Laboratories (SNL) first began to assess 

performance of the WIPP using the EPA Additional performance assessments (PAS) were c&ed out 
for the W P  in 1990, 1991 and 1992,3.4.26 with summaries of the 1991 and 1992 PAS available in the journal 

~iterature."JO 

The efforts to produce a PA for the WIPP to satisfy the requirements in 40 CFR 191 began in 1992, when 

Congress passed the LWA in which it established several mandates. First, Congress required that the DOE 

demonstrate compliance to the final disposal standards codified in 40 CFR Part 191, Subparts B and C, prior to 

opening the WIPP for the disposal of TRU Second, Congress mandated that the DOE submit an 

application to the EPA seeking certification of the DOE's compliance demonstration. Third, Congress mandated that 

the EPA issue certification criteria to judge the adequacy of the DOE's application. The EPA met this obligation in 

February 1996 with the issuance of 40 CFR Part 194?%33 

This presentation describes a PA carried out at SNL to support the Compliance Certification Application (CCA) 

made by the DOE to &e EPA in October 1996 for the certification of the WIPP'for the disposal of TRU waste as 

mandated in the LWA? This PA will be referred to as the 1996 WIPP PA, with some documents also referring to it 
as the 1996 CCA PA or the 1996 WIPPTCA PA. This presentation is based in part on a prelimin& description of 
the 1996 WIPP PA that was written in the summer of 1996 while the analysis was ~$11 in pr~gress?~  When 

appropriate, changes to this preliminary description are made to better indicate what was done in the final analysis 

and also to provide more detail on what was done. In addition, the presentation of results from the analysis is now 

possible, which could not be done in the summer of 1996 as such results were not yet available. The intent is to give 
a high-level overview of the conceptual and computational structure of the 1996 WIPP PA with approximately equal 

coverage given to the individual parts of this large analysis. Further, references to additional and more detailed 

sources of information are given. 

2. Regulatory Requirements 

The conceptual structure of the 1996 WIPP PA ultimately derives from the regulatory requirements imposed on 
this f a ~ i l i t y ? ~ * ~ ~  The primary regulation determining this srructure is the U.S. EPA's standard for the geologic 

disposal of radioactive waste (40 CFR 191)?L3l which is divided into three parts. Subpart A applies to a disposal 
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facility prior to decommissioning and limits annual radiation doses 10 members of the public from w m c  managcnicnt 

and storage operations. Subpart B applies after decommissionin. and sets probabilistic limits on cumulativc rclcascs 

of radionuclides to the accessible environment for 10.000 yr (40 CFR 19 1.13) and assurance rcquiremcnts io provide 

confidence that 40 CFR 191.13 will be met (40 CFR 191.14). Subpart B also sets limits on radiatiqn doses to 

members of the public in the accessible environment for 10.000 )TS of undisturbed performance (40 CFR 191.15). 

Subpan C limits radioactive contamination of certain sources of groundwater for 10.0oO yr after disposal (40 CFi 
19 1.24). The DOE must provide a reasonable expectation that the WIPP will comply with the requirements of 

Subparts B and C of 40 C m  191. 

The followine is the central requirement in 40 CFR 191, Subpart B, and the primary determinant of the 

conceptual structure of the 1996 WIPP PA (p. 38086, Ref. 22): 

$ 191J3 Containment requirements: 

(a) Disposal systems for spent nuclear fuel or high-level or transuranic radioactive wastes shall be 
designed to provide a reasonable expectation, based upon performance assessments, that cumulative 
releases of radionuclides to the accessibIe environment for 10,000 years after disposal from all significant 
processes and events that may affect the disposal system shall: (1) Have a likelihood of less than one 
chance in 10 of exceeding the quantities calculated according to Table 1 (Appendix A); and (2) Have a 
likelihood of less than one chance in 1,000 of exceeding ten times the quantities calculated according to 
Table I (Appendix A). 

- 

(b) Performance assessments need not provide complete assurance that the requirements of 
191.13(a) will be met. Because of the long time period involved and the nature of the evens and processes . 
of interest. there will inevitably be substantial uncertainties in projecting disposal system performance. - 
Proof of the future performance of a disposal system is not to be had in the ordinary sense of the word in 
situations that deal with much shorter ume frames. Instead, what is required is a reasonable expectation. on 
rh: basis of the record before the implementing agency, that compliance with 191.13(a) will be achieved. 

Containment Requirement 191.13pa) refers to “quantities calculated according to Table 1 (App. A),” which 

means a normalized radionuclide release to the accessible environment based on the type of waste being disposed of, 
the initial waste inventory, and the release that takes place (App. A, Ref. 22). Table 1 (App. A) specifies allowable 

releases (Le., release limits) for individual radionuclides and is reproduced as Table I of this presentation. The 

WIPP is intended for TRU waste, which is defined to be “waste containing more than 100 nanocuries of alpha- 

emitting transuranic isotopes, with half-lives greater than twenty years, per gram of waste” (p. 38084, Ref. 22). The 

normalized release R for transuranic waste is defined by 

where Qi is the cumulative release of radionuclide i to the kcessible environment during the 10,000-yr period 

following closure of the repository ( a ) ,  L; is the release limit for radionuclide i given in Table I (Ci) and C is the 
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amount of transuranic wastc emplaccd in the repository (ci). In the 1996 \{'IPP PA. C = 3-44 x 106 Ci..'7 Further. 

accessible environment means (i) the atmospherc. (ii) land surfaces. (iii) surface waters. (iv) oceans. and (v) all of the 

lithosphere that is beyond the controlled area: and controlled area means ( i )  a surface location. to bc identified hv 

passive institutional controls. that encompasses no more. than 100 square kilometers and extends horizontally no 

more than five kilometers in any direction from the outer boundq'of  the original location of the radioactive wa.qcs 

in a disposal system and (ii) the subsurface underlying such a surface location. 
- 

As required by the LWA, the EPA also promulgated 40 CFR 194?' where the following elaboration on the 

intent of 40 CFR 191.13 is given (pp. 5242-5243, Ref. 32): 

0 194.34 Results of performance assessments. 

(a) The results of performance assessments shall be assembled into "complementary, cumulative 
distribution functions" (CCDFs) that represent the probability of exceeding various levels of cumulative 
release caused by all signficant processes and events. (b) Probability distributions for uncertain disposal 
system parameter values used in performance assessments shall be developed and documented in any 
compliance application. (c) Computational techniques, which draw random samples from across the entire 
range of the probability distributions developed pursuht to para,pph (b) of this section, shall be used in 
senerating CCDFs and shall be documented in any compliance application. (d) The number of CCDFs 
generated shall be large enough such that, at cumulative releases of 1 and 10. the maximum CCDF 
generated exceeds the 99th percentile of the population of CCDFs with at least a 0.95 probability. (e) Any 
compliance application shall display the full range of CCDFs generated. (0 Any compliance application 
shall provide information which demonstrates that there is at least a 95 percent level of statistical 
confidence that the mean of the population of CCDFs meets the containment requirements of 5 191.13 of 
this chapter. 

" In addition to the requirements in 40 CFR 191.13 and 40 CFR 191.34just quoied, 40 CFR 191 and 30 CFR 193 

contain many additional requirements for the certification of the WIF'P for the disposal of TRU waste. However. it is 

the indicated requirements that determine the overall suljcture of the 1996 WIPP PA and are the primary focus of 

this presentation. A complete description of the requirements that are placed on the WIPP and how these 

requirements are addressed is available in the CCA (pp. XWALK-1 to XWALK-36, Ref. 5). 

C 

The results required in 191.13 and 194.34 determine the conceptual and computational structure of the 1996 

WIPP PA and lead to an analysis based on three distinct entities (ENl, EN2, EN3): ENl, a probabilistic 

characterization of the likelihood of different futures occumng at the WIPP site over the next 10,000 yr, EN2. a 

procedure for estimating the radionuclide releases to the accessible environment associated with each of the possible 

futures that could occur at the WIPP site over the next 10,000 yr: and EN3. a probabilistic characterization of the 

uncertainty in the parameters used in the definitions of EN1 and EN2. Together, EN1 and EN2 give rise IO the 

CCDF specified in 191.13(a) (Fig. 2), and EN3 corresponds to the distributions indicated in 194.34(b). 

. .  
'. 

The preceding entities arise from an attempt to answer three questions (Ql, 42, 43) about the WIPP: Q1. 
"What occurrences could take place at the WIPP site over the next 10,000 yr?"; 42, "How likely are the different 
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occurrences that could rake place at the WIPP site ovcr thc ncxt 10.000 y?': 43.  "What arc thc conscqucnccs of thc 

different occurrences that could take place at the WIPP site over the next 10.000 yr?": and onc question (Q3) about 

the  WIPP PA: Q3. "How much confidence should be placed in answers to thc first threc qucstions?". In thc WIPP 

PA.-EN1 provides answers to QI and 42: EN2 provides an answer to Q3: and EN3 provides an answer to Q-1. 

3. Screening of Features, Events and Processes 

As just indicated, the 1996 WIPP PA is based on three distinct entities. Careful definitions of how these entities 

are specified for the 1996 WIPP PA are given in Sects. 4 - 6. and are necessary for the computational 

implementation of the analysis. However, the start of a PA for a complex system goes through a preliminaq. and 
often rather ill-defined. phase in which it must be decided what is to be. and hence what is not to be. included in the 

analysis. It is from this work that the formal definitions of these entities ultimately emerge. 

In a very real sense, this work has been going on for the WPP since its development was initiated in the 1970s. 

and indeed, eoes back to the besnning of the consideration of geologic disposal for radioactive wastes in the 1950s. 

This development work and the early PAS canied out for the WIPP certainly led to general ideas about what would 

be important with respect to the performance of a waste repository in bedded salt. However, a PA that is to be used 

in a regulatory context requires a formal development and documentation of what is to be included in, and excluded 

from. the analysis. For the 1996 WIPP PA, this initial and fundamental work was carried out in an activity referred 

to as the identification and screening of features. events and processes (FEPs) (Sect. 6.2. Ref. 5). 

The regulatory requirements for an analysis of FEPs potentially important with respect to the WIPP derives from 

the following statement in 40 CFR 194 (p. 5242, Ref. 32): 

5 194.32 Scope of performance asstssments. 

. . . (e) Any compliance appIication(s) shall include information which: (I) identifies all potential 
processes, events or sequences and combinations of processes and events that may occur during the 
regulatory time frame and may affect the disposal system; (2) Identifies the processes, events or sequences 
and combinations of processes and events included in performance assessments: and (3) Documents why 
any processes, events or sequences and combinations of processes and events identified pursuant to 
paragraph (e)(]) of this section were not included in performance assessment results provided in any ' 

compliance application. 

To meet the preceding requirements, a formal FEPs screening was carried out as part of the 1996 WIPP PA. 
'. 

AS a startingpoint, a list of potentially relevant E P s  was assembled from a compilation developed for the 

Swedish Nuclear Power Inspectorate (SKI)39 The SKI list is based on several FEP lists developed for other waste 

disposal pro,orams and constituted the best documented and most comprehensive starting point for the WIPP PA. 

WIPP-specific FEPs were added to the SKI list and the combined list was edited to remove redundancy and 

. .  
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ambiguity, resulting in a FEPs list (Attachment 1, App. SCR. Ref. 5 )  that was appropriate for the WIPP (Sect. 6.2.1, 

Ref. 5). 

This list was then carefully analyzed to identify the FEPs that should be incorporated into the computational 

structure of the 1996 WIPP PA and also the FEPs that did not require incorporation into this structure. Decisions to 

remove (i.e., screen out) FEPs from the computational structure used for the 1996 WIPP PA were based on &e 

following criteria: regulatory exclusion (SO-R), low probability (SO-P), and low consequence (SO-C). The three 
screening criteria derive from specific regulatory requirements (Sect. 6.2.2.1, Ref. 5). In particular, the screening 

criterion SO-R arises because certain types of FEPs are specifically excluded from consideration in PAS to assess the 

compliance of the WIPP with 40 CFR 191 (e.g., the statement “Inadvertent and intermittent intrusion by drilling for 

resources (other than those resources provided by the waste in the disposal system or engineered barriers designed to 

isolate such waste) is the most severe human intrusion scenario” in 40 CFR 194.33 (p. 5242, Ref. 32) excludes many 

potential human disruptions of the WIPP from consideration); the screening criterion SO-P arises because low 

probability FEPs are specifically excluded from consideration in PAS to assess the compliance of the WIPP with 40 

I 

CFR 191 (i,e., the statement “Performance assessments need not consider processes and events that have less than 
one chance in 10,000 of occumng over 10,000 years” appears in 40 CFR 194.34 (p.5242, Ref. 32)); and the 

screening criterion SO-C arises because the occurrence of many FEPs has no effect on the location of the CCDF 

used to assess compliance with 40 CFR 191.13 (Le., the statement “The results of performance assessments shall be 

assembled into “complementary cumulative distribution functions” (CCDFs) that represent the probability of 
exceeding various levels of cumulative release caused by d l  significant processes and events” appears in 40 C m  
194.34 (p. 5242, Ref. 32) and implies that it is acceptable to omit FEPs from the PA calculations when there is a 

reasonable expectation that the resultant CCDF for cumulative release would not be significantly changed by such . 
omissions). c 

The FEPs not screened out were retained for inclusion in the PA and were classified as undisturbed performance 

(UP) OF disturbed performance (DP) FEPs. As an example, a summary of the screening process for natural FEPs is 

given in Table II; in addition, waste- and repository-induced FEPs (Table 6 4 ,  Ref. 5) and human-initiated events 

and processes (EPs) (Table 6-5, Ref. 5) were also considered. A detailed description of the screening process is 
available in App. SCR of Ref. 5. 

4. EN1 : Probabilistic Characterization of Different Futures , 

The entity EN1 is the formal outcome of the FEPs process for determining what could happen at the WIPP. 

Specifically, EN1 provides a probabilistic characterization of the likelihood of different futures that could occur at 
the WIPP site over the 10,000 yr period specified in 40 CFR 191. The entity EN1 is defined by a probability space 

(S,, QI. pst), with the sample space & given by 
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S,, = { x-~,: x,, is a possible 10,OOO yr sequence of occurrences at the WIPP). 

The subscript st refers to stochastic (Le., aIeatory) uncertainty and is used because (S',, 4,. pi,) is providing a 

probabilistic characterization of occurrences that may take place in the f i ~ t u r e ? ~ . ~ ~  ... 

The introduction of the idea of a probability space may seem overly formal. However, this introduction 

provides a way to distinguish between the use of probability in the definition of EN1 (Le., in the characterization of 

stochastic uncertainty) and the use of probability in the definition of EN3 (i.e., in the characterization of subjective 

uncertainty; see Sect 6). AS a reminder, a probability space (6 4 p )  consists of three components: a set S that 
contains eve j f ing  that could occur for the particular "universe" under consideration, a suitably restricted set of 

subsets of S, and a function p defined for elements of d that actually defines probability?' In the terminology of 

probability theory, Sis the sample space; the elements of 8 are elementary events: the subsets of s contained in d 
are events; and p is a probability mekure. 

The FEPs development process for the WIPP identified drilling for hanual resources as the only disruption with 

sufficient likelihood and consequence for incIusion in the definition of EN1 (App. SCR, Ref. 5). In addition, 40 

CFR 194 specifies that the occurrence of mining within the land withdrawal boundary must be included in the 

analysis. The preceding considerations led to the elements x,, of 8, being vectors of the form 

in the 1996 WIPP PA, where n is the number of drilling intrusions, ti is the time (yr) of the I* intrusion, fi designates 

the location of the ith intrusion, ei designates the penetration of an excavated or nonexcavated area by the 3 h  

intrbsion, bi designates whether or not &e z* intrusion penetrates pressurized brine in the Castile Fm (see Sect. 2.2, 

Vol. 2, Ref. 4, for detailed stratigraphy), pi designates the plugging procedure used with the ith intrusion, ai 
designates the type of waste penetrated by the ith intrusion, and t h n  is the t i i e  at which potash &ning occurs within 

the land withdrawal boundary (Table m). 

With respect to the questions indicated in Sect 2, 4, provides an answer to Q1, while and psr provide'an 

answer to Q2. In practice, 42 is answered by the distributions specified for n, ti, l i s  ej, bi, pi, ai and tmin (Table ID), 
which in concept Iead to definitions for 4, and psp The CCDF specified in 40 CFR 191 is obtained by evaluating an 

integral involving (8,. Jsr, psi) (Fig. 2), with' the probabilities associated with 4 and pst being replaced 

symbolically by the corresponding density function dsp The functionfin Fig. 2 represents the environmental release 

associated with x,,, corresponds to the second entity (Le., EN2) in the 1996 WlPP PA, and is discussed in the next 

section. 
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5. EN2: Estimation of Releases 

The entity EN2 is thc formal outcome of the FEPs process for determining what physical processes should be 

modeled at the WIPP, although most of the devclopment of the mathematical representations for these physical 

processes took place outside of the FEPs process. Specifically, EN2 provides a way to estimate radionuclide 

releases to the accessible environment for the different futures (Le., elements Xs, of &,) that could occur at the WIPP., 
In concept, estimation of environmental releases corresponds to evaluation of the function f i n  Fig. 2: in practice. 

estimation of environmental releases and other system properties of interest involves evaluation of the models 

indicated in Fig. 3 and briefly described in Table IV. 

]{%en expressed in terms of the models indicated in Fig. 3 and Table IV, the functionfin Fig. 2 is given by 

where xsr - particular future under consideration, Xsr.o - future involving no drilling intrusions but a mining event at 

the Slime time rd,, as in xJr, f+,) - cuttings and cavings release to accessible environment for Xsr calculated with 

CUTfISGS-S. f~(x,) - results calculated for Xsr with BRAGFLO (in practice,fB(xsr) is a vector containin,o a 

large :mount of information), fSp[Xsf, fB(&)] - spallings release to accessible environment for xs, calculated with 
the spLllings model contained in CUTTINGSS (this calculation requires BMGFLO results (i.e.,f,(xsr)) as input). 

f D B R ( x , , f s p [ x , , f B ( x , ) ]  , f ~ ( x ~ ~ ) )  t direct brine releaS'e to accessible environment for Xsr calculated with a 

modificd version of BRAGFLO designated BRAGFLO-DBR (this calculation requires spallings results obtained 

from CvnWGs-S &e., fsp[XJl, f~ <XsJl> and BWGFLO results &e., fB(xg)) as input), fMB[x,,, fB(x,,)] - 
release through anhydrite marker beds to accessible environment for 'x,, calculated with NUTS (this calculation 
requires BRAGFLO results (i.e.,fB(xsr)) as input), ~DL[x ,~ .  f~(X, , ) l  - release through Dewey Lake Red Beds to 

accessible environment for xsr calculated with NUTS (this calculation requires BRAGFLO results (Le., fB(x,f)) as 

input), fs[xsf,  fB(xsr)) - release to land surface due to brine flow up a plugged borehole for x,, calculated with 

NUTS cr PANEL as appropriate (this calculation requires BRAGFLO resulrs (i.e.,fB(xsr)) as input), ~S-F(X,I,~) - 
flow field calculated for Xsr.o with SECOFL2D. f'-p[~sr,f~(~s,)] - release to Culebra for Xsf calculated with 

NUTS or PANEL as appropriate (this calculation requires BRAGFLO results (ie., f~(x~,)) as input), 

f s - ~ ( x , . ~ ,  fs-~(xsr.o), fN-p[x , ,  fB(xsr))}  - groundwater transport release through Culebra to accessible 

environment calculated with SECOTP2D (this calculation requires SECOFL2D results (Le., fs-dxsf,o)) and NUTS' 
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or P . W L  results (i.e-.f~-p[x,,,~~(x,,)1) as input; X,,o is used as an argument Iofs-~ because drillins intrusions are 

assumed to cause no perturbations 10 the flow field in the Culebra). 

The models in Fig. 3 and Table IV are too complex to permit a closed-form evaluation of the integral in FiS. 2 

that defines the CCDF specified in 40 C& 191. Instead. a Monte Carlo procedure was used in the 1996 WIPP 

PA.59 With this approach, elements 

.. 

were randomly sampled from 8 ,  in consistency with the definition of (s’,, 4,. ps,). Then, the integral in Fig. 3. and 

hence the associated CCDF, was approximated by - 

where 2iRmxSf)J = 1 if&) > R and 0 ifffx,,) I R. The Monte Carlo CCDF consrmcuon procedure indicated in Eq. 
(6) and implemented by CCDFGF program60*61 used a sample of size 16 = 10,000 in the 1996 WIPP PA. The 

individual p r o e m s  in Fig. 3 do not run fast enough to allow this number of evaluations off. As a result, it was 

necessary to evaluate the progams in Fig. 3 for a limited number of futures and then to use this limited number of 

evaluations to consmct the releases for the large number of futures that must be considered in Eq. (6) (see Sect. 7). 

With respect to the questions indicated in Sect. 2, the models in Fig. 3 and Table IV are providing an answer to 

. Q3. 

6. EN3: Probabilistic Charicterization of Parameter Uncertainty 

- The entity EN3 is the formal outcome of the data development effort for the WIPP. Specifically, EN3 provides 

a probabilistic characterization of the uncertainty in the parameters that underlie the WIPP PA. The entity EN3 is 

defined by a probability space (&, &, p,,), with the sample space SSu given by 

S,, = { xsu: x,, is possibly the correct vector of parameter values to use in the WIPP PA models). (7) 

The subscript SK refers to subjective &e., epistemic) uncertainty and is used because (&,. As,, psu) is providing a 

probabilistic characterization of where the appropriate inputs to use in the W P  PA are believed to be 10cated?~*~1 

The vectors x,, in S,, are of the form 



where each element xj of X,, is an uncertain input to the 1996 WIPP PA and nV is the number of such inpuB 

(Table V). 

The uncertainty in x,, is characterized by specifying a distribution 

Di, j =  1.2, ..., nV, (9) ' 

for each element xi of x,, (Fig. 4). Correlations and other restrictions involving the elements of x,, are also possible. 

In the 1996 WIpP PA, rank correlations63*& were imposed on three pairs of variables (Fig. 5). The distributions Dj, 

j =  1.2, ..., n.V, and any associated conditions then give rise to the probability space (S,,, 4,. p,,). 

In concept, individual elements of X,, can affect either the definition of (&,, &, PSI) or the definition and/or 

evaluation off. For example, the drilling rate or probability of penetrating pressurized brine in the Castile Fm could 

be neat& as being uncertain, which would affect the definition of (&I, .ds, p J .  Similarly, whether to use the 

Brooh-Corey or van Genuchten-Parker model for relative permeability or the appropriate value of a spatially- 

averaged distribution coefficient (Le., kd vdue) could be ueated as being uncertain, with the former affecting the 
definition offand the latter defining a specific input parameter to$ All elements of X,, relate to the models in Fig. 2 

in the 1996 WlpP PA. However, this does not have to be the case, and the probability of penetrating pressurized 

brine (i.e., pB1  in Table III) was treated as being uncertain in a verification analysis associated with the 1996 WIPp 

PA carried out by SNL for the EPA.65 

If x,, was known exactly, then the CCDF in Fig. 2 could be determined with certainty and an unambigous 

comparison made with the boundary line specified in 40 CFR 191. However, given the complex physical processes 

that could take place at the WIPP site and the 10,000 yr time period under consideration, x,, can never be known 

with certainty. Instead, uncertainty in X,, as characterized by (s,, d,,, p,,) will lead to a distribution of possible 

CCDFs (Fig. 6). with a different CCDF resulting for each value that X,, can take on. As indicated in Fig. 6, f is now 

being viewed as a function of both XSf and X,,, with (s,, dr, PSI) giving rise to a different CCDF for each value that 

x,, can take turn. In turn, (&, A,,>,,) gives rise to a distribution of CCDFs. The proximity of this distribution to 

the boundary line in Fig. 2 provides an indication of the confidence with which 40 CFR 191 will be met. 

C 

The distribution of CCDFs in Fig. 6 can be summarized by distributions of exceedance probabilities conditional 

on individual release values (Fig. 7). For a given release value R, this distribution is defined by a double integral 

over ssSu and &"p41966 In practice, this integral is too complex to permit a closed-form evaluation. Instead, the 1996 , 
WTPP PA used Latin hypercube sampling62 to evaluate the inteeoral over s', and, as indicated in Eq. (6). simple 

random sampling to evaluate the integral over ssp With this approach, a Latin hypercube sample (LHS) x,,~, k = 1, 

2, ..., n M S ,  is generated from s,, in consistency with the defiGtion of (s,, &, p,,), and a random sample x,,,;, i = 

. .  
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I I ,  2. ..., nS, is generated from s,, in consistency \vith the definition of (s't, dcr, psr). The perccntile values in Fig. 7 

are then approximated by solving 

for p with prob(p I PIR) = 0.1. 0 5  9 d  0.9, respectively, and the definition of 6,. and hence the corresponding 

definition of Sp, given in conjunction with Eq. (6). Similarly, the mean exceedance probability p is approximated 

bY 

The results of the preceding caIcuIations are typically displayed by plotting percentile values (e.g., Po.,, Po5, Poe9 in 

Fig. 7) and also mean values for exceedance probabilities (Le., in Fig. 7) above the corresponding release values 

(i.e., R) and then connecting these points to form continuous curves (Fig. 8). The proximity of these curves to the 

indicated boundary h e  provides an indication of the confidence with which 40 CFR 191 will be met. 

With respect to the questions indicated in Sect. 2, (6',,, .&, psu) and results derived from (S',,, .&, ps,) (e.g., 

the distributions in Figs. 6-8) are providing an answer to 44. 

7. Computational Details of 1996 WiPP PA 

The requirements in 194.34(c), (d) &d (f) relate to the procedures used for a Monte Carlo integration over ( S',, 
4,. psu). The accuracy requirements in 194.34(d) can be satisfied with a simple random sample from S, of size 

300 (i.e., 1 - 0.99" > 0.95 yields n = 298). However, the 1996 WIPP PA decided to use Latin hypercube sampling62 

rather than simple random sampling for the required Monte Carlo-integration on (s',, &, ps,) due to the efficient 

stratification properties of Latin hypercube s a m p k 1 g . 6 ~ ~ ~  ' 

By using an LHS .of size 300, the requirements in 194.34(c) and (d) can be met Further, the confidence 

intervals required in 194.340 can be determined by generating the LHS with a replicated sampling procedure 

proposed by EL. Iman?O In this procedure, the LHS Xsu,b  k = 1, 2, ..., nLHS, used in Eqs. (10) and (11) is 

repeatedly generated with different random seeds. These samples lead to a sequence F ( R ) ,  r = 1, 2, ..., nR, of 

estimated mean exceedance probabilities, where F ( R )  defines the mean CCDF obtained for sample r (i.e., E ( R )  is 

the mean probability that a normalized release of size R will be exceeded) and nR is the number of independent 

LHSs generated with different random seeds. Then, 



I 

I 

nR - 
P ( R )  = e ( R )  I nR 

r=l 

[ F ( R )  - F(R)]2 / nR(nR- 1) (13)' 

provide an additional estimate of the mean CCDF and an estimate of the standard error associated with the mean 

exceedance probabilities. The rdistribution with nR-1 degrees of freedom can be used to place confidence intervals 

around the mean exceedance probabilities for individual R values (Le., around F(R)). Specifically, the 1% 

confidence interval is given by F(R) t t14 SE(R), where f l 4  is the 1 - a Q  quantile of the t-distribution with 

nR-1 degrees of fieedom (e.g., rl- = 4.303 for a = 0.05 and nR = 3). 

To implement the preceding procedure, the 1996 WLPP PA used nR = 3 replicated LHSs of size nLHS = 100 
each. This produced a total of 300 observations, which is approximately the same as the sample size of 298 indicated 

above. Each sample has the form 

and was generated with the restricted pairing technique developed by Iman and Conovefi3 to induce specified rank 

correlations between correlated variables and also to assure that uncorrelated variables have correlations cldse io  
zero. 

The calculations performed with $e models in Fig. 3 and Table IV for the LHS elements in Eq. (14) had to be 
chosen very carefully. Otherwise, the total computational cost would have been prohibitive. In particular, a full set 

of model calculations to determinefiXsr,i) in Eq. (6) could not be performed for each randomly-sampled future x,, i. 
Rather, calculations were performed for a selected group of futures for each LHS element (TableVI), and then 

various interpolations and algebraic procedures were used to extend the results obtained with these futures to the 

large number of randomly-sampled futures used in Eq. (6) (Chapts. 9-13, Ref. 44). As an example, the procedures 

used to construct the spallings release (i.e.,fsp(XJsi) in Eq. (4)) will be described in Sect. 9; in addition, Sect 6.6 of 

Ref. 44 provides a detailed description of the procedure used to sample the individual futures. Once values for 

 AX^^,^) were determined, which correspond to the normalized release R in Eq. (1). the CCDF specified in 191.13(a) 

was readily constructed. Similarly, fc,fsp, f&, fMB, fOr, fs andfs-T in Eq. (4) were used to estimate CCDFs for 

individual release modes. 
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Repetition of the prcceding proccdure for each LHS element yielded a distribuion of CCDFs of the form in 

Fig. S for each of the nR = 3 replicates as requested in 194.3W. Further, the replicated samples and the procedure 

in Eqs. (12) and (13) provided a basis for the estimation of confidence intervals as requested in 1&.34(f). 
.. 

8. Intermediate Results 

As indicated in Table VI, a large number of mechanistic calculations were performed as part of the 1996 WIpp 

PA. In turn, the outcomG of these calculations served as input to other mechanistic calculations or to algebraic 

procedures used in CCDF construction. The outcomes of a small number of these calculations are now presented, 

with more detailed presentations available in the original documentation for the 1996 WIPP PA (Refs. 44. 47, 48, 

51,53,54,58). , 

The first result required in the evaluation off(x,,) in a. (4) is the cuttings and cavings release (i.e.,fc). The 

volume of waste removed by cuttings and cavings was calculated by CUTIWGS-S (Fig. 9). As indicated in 

conjunction with ai in Table III, this volume. was then multiplied by an appropriate radionuclide concentration to 

obtain the actual radionuclide release to the surface. The sampling of the waste type (see ai in Table 111) and the 

indi\-idual waste streams if CH waste is penetrated is carried out within the Monte Carlo construction of individual 

CCDFs indicated in Eq- (6), with the cuttings and cavings release being dominated by intrusions through CH waste. 

In panicular, the average concentration of CH waste is higher than that of RH waste (Fig. lo), and a drilling 

intrusion is more likely to penetrate CH waste than RH waste (se pCH and pRH in entry for ai in Table 111). Further, 
the variation in the radionuclide concentrations in the 569 waste streams for CH waste causes a wide ranze in the 

size of the releases associated with individual drilling intrusions through CH waste (Fig. 11). 

The BRAGFLO model (i.e.,fs incEq. (4)) produced results used by CUTl3NGS-S. BRAGFLO-DBR, NUTS 

and P.4NEL to estimate releases from the repository. An important result supplied by BRAGFLO and used by 

CUTI'INGS-S and BeGFLO-DBR to estimate spallings and direct brine releases, respectively, is repository 

pressure-(Fig. 12). The pressure results in Fig. 12 are for replicate R1 and BRAGFLO calculations for two cases: 

(i) undisturbed (Le., EO) conditions and (ii) a drilling intrusion at lo00 yr that penetrates pressurized brine in the 

Castile Fm (i.e., an E1 intrusion at 1000 yr). Each frame in Fig. 12 contains 100 individual pressure curves, with 

each curve calculated for one of the 100 LHS elements associated with replicate R1 (see Eq. (14)). Thus, Fig. 12 

displays results (i-e., pressure curves) obtained in 200 of the 1800 calculations performed with BRAGFLO 

(Table VI). 
< 

The pressure in the repository under undisturbed conditions tends to increase monotonically toward an 

asymptote (Fig. 12a). In contrast, pressure tends to drop rapidly subsequent to a drilling intrusion due to gas flow up 
the borehole Fig. 12b). Due to the relatively high permeability of the repository and the surrounding disturbed rock 
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zone (DRZ), pressure gradients within the repository are small and pressure is almost constant throughout thc 

repository 2.t any given time. 

Spallin;s resuIts (i.e.,fp in Eq. (4)) were calculated for both drilling intrusions into an undisturbed repositow 

(i.e., EO conditions) and drilling intrusions subsequent to an El or E2 intrusion (Table VI), with intrusions under 

undisturbed (Fig. 13) and disturbed (Fig. 14) repository conditions using pressure results of the form shown in Figs. 

12a and 12b, respectively. Repository pressure at the time of the intrusion is used in the calculation of spdlings 

releases with C v n W G S S .  The calculations with CUTTINGS-S produced volumes of material released due to 

spallings (Figs. 13a, 14a), with these volumes then multiplied by the concentration of radionuclides in waste (EPA 

units/m3 as d,:fined in Eq. (1)) (Fig. 10) to produce radionuclide releases to the surface (Figs. 13b, 14b). Second and 

subsequent dilling intrusions often produce no spallings release (Fig. 14) due to low pressure in the repository 

(Fig. 1%). In particular, a column of drilling fluid at the depth of the repository exerts a pressure of approximately 8 

m a ,  and SO both spallings releases and direct brine releases were assumed to have the potential to take place only 

when the pres iure in the repository was above 8 MPa4* 

Direct brine releases (i.e., ~ D B R  in Eq. (4)) were calculated for the same cases as spallings releases (Table VI). 

Similarly to the spallings calculation with CUTTINGS-S, a brine release was initially calculated by 

BRAGFLO-DBR (Fig. 15a), which was then multiplied by a radionuclide concentration (Fig. 16) to produce a direct 

brine release io the surface (Fig. 15b). . Time-dependent radionuclide concentrations for Salado-dominated brine 

(Fig. 16a) and Castile dominated brine (Fig. 16b) were used in the analysis because the chemistry of the brine and 

hence radionuclide solubilities are believed to be a function of brine source. The distributions of concentration 

curves in Fig. 16 result from uncertain variables contained in X,, and sampled in the LHS in Eq. (14). The 

calculations for direct brine releases subsequent to an. initial drilling intrusion have the same case structure as for 

spallings releases (Table VI), with these releases often being zero due to either low pressure or low brine saturation 

in the repository (Figs. 10.1.6, 10.1.7, Ref. 44). 

c 

Another important result calculated by BRAGFLO is brine flow away fiom the repository, with such flows then 

used as input to NUTS and PANEL to determine radionuclide transport away from the repository by flowing brine. 

In terms of the representation forflXs,) in Eq. (4), these flows are used in the determination offMB,fDL, f' and fN+ 

The releases repesented byfMD,fDL andfs were determined by calculations performed with NUTS and were found 

to be zero for each of the 1500 BRAGFLO calculations used to supply input for NUTS calculations (Table VI) due 

to limited or nonexistent brine flow from the repository to the marker beds, the Dewey Lake Red Beds and the land 

surface. The only potentially significant brine flows away from therepository calculated by BRAGFLO were up an 

intruding borehole from the repository to the Culebra Dolomite (%g. 17), with these flows used in the determination 

offN-p with NUTS or PANEL as appropriate (Table VX). However, most of these potentially important flows were 

also zero or very close to zero (Fig. 17). 

* .  

'. 
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The NUTS program was used to deterrninef$p for cases in\*olving a single drilling intrusion (i.c.. an El O r  E:! 

intrusion). and the PAhTEL program was used to de~erminef~e-p for cases involving both an E2 and an E l  intrusion 

into the same waste panel (Le.. an E2E1 intrusion). AS an example, Fig. 18 shows releases of individual 

radionuclides for an E l  intrusion at 1000 yr (Fig. 1Sa) and total normalized releases for El intrusions at diffcrent 

times (Fig. 18b). The large number of zero releases are resulting from a failure of the repository IO fill with brine. 

with the result that there is no brine flow from the repository to the Culebra. The results in Fig. 18 are curnularive 

(i.e.. integrated) releases. As an example, the time-dependent cumulative releases for an El intrusion at 1000 yr are 

shown in Fig. 19, with the cumulative releases at 10,000 yr corresponding io the total normalized releases for 

replicate R1 and an intrusion at 1000 yr in Figs. 18a and 18b. 

The releases to the Culebra calculated by NUTS and PANEL provided input to SECO2DTP for transpon 

through the CuIebra to the accessible environment (Le., for the evaluation offS-T in Eq. (4)). Also. Culebra flow 

fields were provided by calculations performed with SECO2DFL. The actual results available from NUTS and 

PANEL were time-dependent release rates of individual .radionuclides to the Culebra (Le., results of the form that 

were intesated to obtain the cumulative releases in Fig. 19 but for individual radionuclides). 

To save on computational requirements, the 1996 WIPP PA performed SEC02DTP calculations for unit 

. radionuclide releases to the Culebra, with the results of these calculations then being used to construct transport 
results for arbitrary time-dependent radionuclide releases to the Culebra (Table 12.2.3, Ref. 44). This computational 

stratesy was possible because SEC02DTD is based on the solution of a system of linear partial differential 

equations. When the SEC02DTP calculations were performed for unit releases to the Culebra. the resultant 

transport to the accessible environment was found to be zero for all sample elements and all radionuclides except for 

U-234 for one sample element. However, that sample element had no radionuclide release to the Culebra. Thus, 

although radionuclide releases to the Culebra did take place for some sample elements, no radionuclide transport 

through the Culebra to the accessible environment took place in the analysis. 

9. Construction of CCDFs and Comparisons with 40 CFR 191 .I 3 

The central result calculakd in the 1996 WIPP PA is the CCDF for normalized radionuclide release t o  the 

accessible environment specified in 40 CFR 191.13 (Sect. 2). As indicated in Sects. 4 and 5, individual CCDFs 

were constructed with Monte Carlo techniques for normalized releases defined by a functionfof the form in Eq. (4), 

with such CCDFs characterizing the effects of stochastic uncertainty. Further, as indicated in Sects. 6 and 7, 

distributions of CCDFs derive from subjective uncertainty and were estimated with procedures based on Latin 

hypercube sampling. 

’ 

Of the components offin Q. (4), onlyfc,f’p and fDBR are nonzero in the 1996 WIPP PA. with the result thatf 

has the simpler form 
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Althouzh the CCDF specified in 40 CFR 191.13 is for all release modes (Le.. is based onfas defined in Eqs. (1) and 

(15)). CCDFs can also be determined for the individual release modes (i.e..fc.fsp andfDBR in Eq. (15)). with such 

results helping provide perspective on what is determining the location of the CCDF for all release modes. 
.. 

.h an example, the construction of ihe CCDFs associated with spallings releases is now illustrated. This 

construction is based on the evaluation o f f p  (X,t.i) for a sequence of randomly sampled futures xSr,;. i = 1. 2. ..., 
nS = 10,000 (see Eqs. (5), (6)). Specifically, the construction uses results obtained in a small number of calculations 

performed with CUTTINGS-S (Table VII) in conjunction with algebraic manipulations and interpolations (Table 

VIII) to estimate fsp(x,,J for each randomly sampled future Xsr.p Once the fsp(~,,i) are evaluated, the resultant 

CCDF can be constructed & indicated conceptually in Eq. (6), although in computational practice a somewha1 

different and more efficient procedure is used (Sect. 6.7, Ref. 44). The computational results described in Table VI1 

are illustrated in Figs. 10, 13 and 14. The distributions in Figs. 13 and 14 are over all 300 LHS elements used in the 

analysis. However, the algorithm described in Table VI11 to determine fsp(x,,j). i = 1. 2, .... nS, uses results 

obtained with one LHS element at a time (Le., Xsu.k in Eq. (14)). with the result that each construc~ed CCDF‘is 

conditional on the occurrence of a specific LHS element. 

The resultant distribution of CCDFs for the spallings release for replicate R1 is shown in Fig. 20b. A s  each 

CCDF was constructed for a single LHS element, Fig. 20b potentially contains 100 CCDFs, although only S2 

CCDFs appear in the plot because 18 LHS elements failed to produce spallings releases that exceeded 1 x 10-5 EPA 

units. The spread of the CCDFs i n  Fig. 20b is providing an indication of confidence that the CCDF for spallines 

release does indeed fall below the boundary line specified in 40 CFR 191.13. As indicated by the location of all 
CCDFs to the left of the boundary line,a high degree of confidence exists that the CCDFfor spallings releases meeu 

the requirements imposed by 40 CFR 19 1.1 3. 

Similar construction procedures were also used to determine CCDFs due to cuttings and cavings (Sect 9.2. 

Ref. 43) and direct brine releases (Sect. 10.3, Ref. 44). Further, the cuttings and cavings, spallings and direct brine 

releases were combined to determine a total release as indicated in Eq. (15). The CCDFs for the individual release 

modes and the total release fall substantially to the left of the boundary line specified in 40 CFR 191.13. with the 

total release dominated by the cuttings and cavings component (Fig. 20). 

The presentation of mean CCDFs and percentile curves as described in conjunction with Fig. 8 provides a more 

quantitative way to compare the distributions of CCDFs in Fig. 20 with the boundary line specified in .40 CFR 

191.13. As an example, mean and percentile curves for the total release are shown in Fig. 21 and fall substantially 10 

the left of the boundary line. 
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The curvcs in Fig. 21 were obtained by pooling replicares R1. R2 and R3 (Le.. the mean CCDFs and pcrccn[i]c 

curves were constructed from the 300 CCDFs associated with replicates R1. R2 and R3). Howcvcr, the results 

obtained with the individual replicates were quite stable, with little variation in the location of the mean CCDF and 

percentile curves from repl.icate to replicate. For the total release CCDFs, the results obtained with thc individual 

replicates are almost indistinguishable (Fig. 22a). 
.. 

The requirement in 40 CFR 194.34(i) mandates the determination of a 95% confidence interval on the mcan 

CCDF (Sect. 2). which can be obtained from [he three replicated samples with the technique described in 

conjunction with Eqs. (12) and (13). In particular, a very tight confidence interval exists around the mean CCDF 

(Fig. Zb) ,  which is consistent with the stability of the mean CCDF across the three replicates (Fig. 22a). 

10. Discussion 

The 1996 WlPP PA was carried out to support an application by the DOE to the €PA for the certification of the 

waste? The most important result from a regulatory perspective calculated in this PA WJPP for the disposal of 
is a CCDF for normalized radionuclide release to the accessible environment. which is required to fall to the left of 
the boundary line specified in the EPA's regulation 40 CFR 191.13 (Sect. 2). Even when the effects of subjective 
uncertainty are taken into account. this CCDF was found to meet the requirements associated with 40 CFR 191.33 

(Sect. 9). 

Some individuals feel that the boundary line specified in 40 CFR 191.13 for the CCDF for normalized 

radionuclide release to the accessible environment (Fig. 2) is a novel concept. However, this boundary line is 

actually an example of the Farmer limit line approach to the definition of acceptable A similar 

construction appears in the U.S. Nuclear Regulatory Commission's proposed large release safety goal (Fig. 20, 

Ref. 40; Refs. 75.76). 
; 

As is typical of large PAS, the 1996 WIPP PA was not a single isolated analysis but rather the final outcome of a 

sequence of iterative PAS carried out over approximately IO years3n4* 24-26 By starting the PA process early in the 

development of the WIPP's CCA, important insights were obtained with respect to model and data needs and also 

with respect to the appropriate conceptual and computational structure of the PA itself. It is strongly recommended 

that any project that is required to produce a PA start the process as early as possible so that the associated 

experience and insights can be gained before carrying out the final PA. 

The overall conceptual and computational structure of the 1996 WIPP PA derived from the requirement to 

maintain a separation between stochastic (Le., aleatory) uncertainty and subjective (Le., epistemic) uncertainty as 

mandated in 40 CFR 191 and 40 CFR 194 (Sect. 2). Th-is distinction was maintained by defining separate 

probability spaces (&, JSf, psf) and (S,, d,,, psu) for stochastic and subjective uncenainty, respectively, with 
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individual CCDFs for comparison with the boundary line in 40 CFR 191.13 deriving from stochastic uncertainly and 

distributions of CCDFs derivin: from subjective uncertainty (Sects. 4-61. In the computational implementation of 

the PA. simple random sampling was used to determine the effects of stochastic uncertainty. and Latin hypcrcubc 

sampling was used to determine the effects of subjective uncenainty (Sects. 7-9). .. 

The use of simple random sampling to assess the effects of stochastic uncertainty was made possible by 

performing a relatively small number of mechanistic calculations for each LHS element (Tables VI. VII) and then 

using algebraic procedures, fiable VIII) to extend the results of these calculations to the large number of futures 

generated in random sampling from the probability space (&, d,,, p J .  The maintenance of an appropriate 

separation between stochastic and subjective uncertainty, as done in the 1996 WIPP PA, is widely recognized as an 
essential part of PAS for complex systems?0.41.n-S1 

Formal qudity assurance (QA) procedures are essential in an analysis such as the 1996 WIPP PA that supports a 

major regulatory decision and, indeed, are specified by the €PA as part of the requiremenrs that must be satisfied by 

the WIPP (see Sect. 194.22,’Ref. 32, which specifies adherence to a QA pro,- that implements the requirements 

of ASME NQA-I, ASME NQA-2a and ASME NQA-3). Such procedures assure (i) adequate documentation of 

models and the computer programs that implement them, (ii) adequate documentation of analysis assumptions and 

data used within the analysis, and (iii) the traceability and archival storage of all calculations performed as part of the 

analysis. To this end, formal QA procedures based on guidance from the EPA32 and the DOEs2 were implemented 

and followed as an integral part of the 1996 WIPP PA. 

Although not emphasized in this presentation, regression-based sensitivity analysis played an important role in 

both the 1996 WIPP PA4 and in earlier PAS (Vol. 4, Ref. 3; Vols. 4, 5,  Ref. 4; Refs. 27-29, 83, 84) and helped 

provide many of the important insights gained in these PAS. In particular, the LHSs used to propagate subjective 

uncenainty lead to a mapping from uncertain analysis inputs to analysis results that can be explored with techniques 

based on examination of scatterplots, stepwise regrFssion analysis and partial correlation analy~is.8~ Sensitivity 

analysis provides a way to identify which of the uncertain inputs to the. analysis (Table V) are most important in 

determining the uncertainty in analysis outcomes. For example, the uncertainty characterized by the distribution of 
CCDFs in Fig. 20d for total normalized release to the accessible environment is dominated by the uncertainty in the 

shear strength of the waste (WAUFAIL in Table V )  and the extent to which microbial degradation of cellulose takes 

I .  

place (WMICDFLG in Table V), with smaller effects due to a number of additional variables (Sect. 13.2, Ref. 44). 

Further, sensitivity analysis constitutes a powerful tool for analysis verification by providing a way to examine the 

‘. 

effects.of different inputs on a large number of analysis outcomes, with the possibility of an error being indicated 

when a variable has an observed effect that is not consistent with its anticipated effect (e.g., the observation that 

radionuclide release to the Culebra increases as radionuclide solubility decreases would suggest that there was 

probably an error in the implementation of the analysis). 
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The EPA h 3 ~  proposcd ccrtification of the WlPP for the'disposal of TRU 3nd at prcscnt (February 

199s). it appcars likely that the WIPP will be in operation by the end of 1998. The LWYA2' specifies that thc WIpp 

must undergo a recertification every five years. These recertifications will rcquirc updates of the CCA PA dcscribcd 

in this presentation that incorponte any new information or perspectives with rcspect to thc WIPP t h a  h?vc hecn 

acquired since the implementation of this PA. 
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Figure Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

Cross-sectional view of the WIPP (Fig. 1-9, Vol. 1, Ref. 3; see Sect. 2.2, Vol. 2. Ref. 4. for &[ailed 
stratigraphy). 

Boundary line and associated CCDF specified in 40 CFR 191. Subpart B (Fig. 4. Ref. 38); see Seas. 4 and 
5 for a discussion of this CCDF as an integral involving a probability space (&,, As,, ps,) for stoch&c 
uncertainty and a function f defined on &. - 

.. 

Computer programs (models) used in 1996 WIPP PA (Fig. 5, Ref. 38). 

Example of an uncertain variable, its associated distribution, and sampled values obtained with a Latin 
hybercube sample62 of size 100 (see App. PAR, Ref. 5, for distributions of the nV= 57 variables in xSJ. 

Scatterplot ilIusmting correlation within the pair (EPCOMP, EPPRM); see Fig. 5.4.1, Ref. 41, for 
correlations within the pairs (AiVHCOMP. ANHPRM) and (HALCOMP, HALPRM). 

Distribution of CCDFs resulting from possible values for X,, E s,, (adapted from Fig. 2, Ref. 41). 

Distribution of exceedance probabilities due to subjective uncertainty (adapted from Fig. 3, Ref. 41). 

Example CCDF distribution from 1992 WIPP PA (Fig. 10, Ref. 37). 

Distribution over all 300 LHS elements for original (Le., uncompacted) volume removed due to cuttings 
and cavings by a single drilling intrusion through CH-TRU waste. 

Fig. 10. Average concentration (EPA unitslm3) of CH- and RH-TRU hs t e .  

Fig. 11. Distribution of normalized release to accessible environment for cuttings removal from CH-TRU waste due 
to variation in intersected waste streams. Results calculated with median volume from Fig. 9 &e., 
0.508 m3), 38.6% of removed volume assumed to be CH-TRU waste, and a sample of size 10,000 at each 
time. 

. 

Fig. 12. Repository pressure for 100 LHS elements in replicate R1: (12a) undisturbed (i.e., EO) conditions, and 
(12b) El intrusion at lo00 yr. 

Fig. 13. Distribution over all 300 LHS elements for original (Le., uncompacted) volume removed (m3) and 
normalized release (EPA units) due to spallings for a single drilling intrusion into a previously unintmded 
repository that encounters CH-TRU waste. 

Fig. 14. Distribution over all 300 LHS elements for original (Le., uncompacted) volume removed (m3) and 
normalized release (EPA units) due to spallings for the second drilling intrusion into CH-TRU waste after 
an initial El intrusion at 1000 yr. 

Fig. 15. Distribution over all 300 LHS elements for brine release (m3) and normalized release (EPA units) due to 
direct brine release for a single drilling intrusion into a previously unintruded repository. 

Fig. 16. Radionuclide concentration (EPA units/m3) in repository with MgO backfill. 

Fig. 17. Cumulative brine flow up borehole at top of DRZ for 100 LHS elements in Replicate R1: (17a) El  
innusion, (17b) E2 intrusion, and (17c) E2E1 inuusion. 
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Fig. IS. Cumulative radionuclide uanspon o w  10.000 from repository to Culebra- Dolomite for El intrusions: 
( I  8a) individual radionuclides with an El intrusion at 1000 yr. and (1 8b) total release for El intrusions 31 

~00,350,1000,3000,5000.7000 and 9OOO yr. 

Fig. 19. Cumulative normalized release from repository to Culebra Dolomite for an E l  intrusion at 1000 yr. 

Fig. 20. Distributions of CCDFs for normalized release to the accessible environment over 10.000 yr for rcplicatc 
.. 

RI: (20a)'cuttings and cavings, (20b) spallings, (20c) direct brine release, and (20d) total release (Fiss. 6. - 
9, Ref. 38). 

Fig. 21. Mean and percentile curves for total normalized release (k. ,  cuttings, cavings, spallings and direct brine) 10 
the accessible environment over 10,000 yr obtained by pooling results for replicates R1, R2 and R3. 

Fig- 22. Outcome of replicated sampling for distribution of CCDFs for total normalized release to the accessible 
(22a) mean and percentile curves for individual replicates, and (22b) environment over 10,OOO yr: 

confidence intervals (CIS) on mean curve obtained from the three replicates (Fig. 8, Ref. 38). 
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TRI +-d 6-55-23 

Fig. I. Cross-sectional view of the WIPP (Fig. -1-9, Vol. 1, Ref. 3; see Sect. 2.2, Vol. 2. Ref. 3. for detailed 
stratigap hy). 
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Fig. 2. Boundary line and associated CCDF specified in 40 CFR 191, Subpart B (Fig. 4. Ref. 38); see Sects. 4 and 
5 for a discussion of this CCDF as an integral involving a probability space <&,. d,,, ps,) for stochastic 
uncertainty and a function f defined on S,. 
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Fig. 3. Computer programs (models) used in 1996 WIPP PA (Fig. 5, Ref. 38). 
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hybercube sample63 of size 100 (see App. PAR, Ref. 5, for distributions of the nV= 57 variables in xJ. 
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Fig. 5. Scatterplot illustrating correlation within the pair (BPCOMP, BPPRM); see Fig. 5.4.1, Ref. 44, for 
correlations within the pairs (ANHCOMP, ANHPRM) and (HALCOMP. HALPRM). 
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CUTTINGS-S (Rl. R2. R3): Cuttings and Cavings 
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Fig. 9. Distribution over all 300 LHS elements for original (Le., uncompacted) volume removed due to cuttings 
and cavings by a single drilling intrusion through CH-TRU waste. 
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Fig. 10. Average concentration (EPA units/m3) of CH- and RH-TRU waste. 
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to variation in intersected waste streams. Results calculated with median volume from Fig. 9 (i.e., 
0.508 m;), 38.6% of removed volume assumed to be CH-TRU waste, and a sample of size 10.000 at each 
time. 
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Fig. 12. Repository pressure for 100 LHS elements in replicate R1: (12a) undisturbed (i.e., EO) conditions, and 
(12b) an El intrusion at IO00 yr. 
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Fig. 13. Distribution over all 300 LHS elements for original (Le., uncompacted) volume removed (m3) and 
normalized release (EPA units) due to spallings for a single drilling intrusion into a previously uninnded 
repository that encounters CH-TRU waste. 
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Fig. 21. Mean and percentile curves for total normalized release (Le.. cuttings, cavings, spallings and direct brine) to 
the accessible environment over 10,000 yr obtained by pooling results for replicates R1, R2 and R3. 
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Fig. 22. Outcome of replicated sampling for distribution of WDFs  for total normalized release to the accessible 
environment over 10,oOO. yr: (22a) mein and percentile curves for individual replicates, and (22b) 
confidence intervals (CIS) on mean curve obtained from the three replicates (Fig. 8, Ref. 38). 
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Table I. Release Limits for the Containment Requirements (Table 1, App. A, Ref. 22) 

Release Limit L; per 1000 MTHMa Or 
Radionuclide orhcr unit of wasieb 

Americium-23 1 or -243 
Carbon 14 
Cesium-I35 or -137 
Iodine-I29 
Neptunium-227 
Plutonium-238, -239, -240. or -232 
Radium-226 
Strontium-90 
Technetium-99 
Thorium-230 or -232 
Tin- 126 
uranium:233, -234, -235, -236, or -238 . 

100 
100 

1 .om 
100 
100 
100 
100 

1,000 
10,000 

10 
1 .Ooo 
100 

.. 

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

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

100 

1,000 

a Metric 1011s of hwvy metal exposed to a bumup bctwcn 3.OOO megawatt-days per metric ton of hmvy metal (MWd/MMM) 
and 40.000 MWdlMTHM 
An amount of tnnsumic uztes containing one million curies of alpha-emitting m n s u m i c  rsdionuclides with half-lives 
grearcr than 20 ys 

t 
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Table !I. Natural FEPs and Their Screening Classifications (adapted flom Table 6-3, Ref. 5) 

.. 

GEOLOGICAL F€Ps (Sect. SCR.l .l. Ref. 5): 1. Stratigraphy. 1. I Stratigraphy (UP). 1.2 Brine rcscrvoirs (Dp). 
2. Tectonics. 2.1 Changes in regional stress (SO-C). 2.2 Rerional tectonics (SO-C). 2.3 Rqional uplifr and 
subsidence (SO-C). 3. Structural FEPs. 3.1 Deformation. 3.1.1 Sal1 deformation (SO-P. UP near rcpository). 
3.1 -2 Diapirism (SO-P). 3.2 Fracture development. 3.2.1 Formation of fractures (SO-P. UP near repository). 
3.2.2 Changes in fracture propenies (SO-C. UP near repository). 3.3 Fault movement. 3.3.1 Formation of new 
faults (SO-P). 3.3.2 Fault movement (SO-P). 3.4 Seismic activity. 3.4.1 Seismic activity (UP). 3. Crustal 
processes. 4.1 Igneous activity. 4.1.1 Volcanic activity (S0-P). 4.1.2 Magmatic activity (SO-C). 
4.2 Metamorphism. 4.2.1 Metamorphic activity (SO-PI. 5. Geochemical FEPs. 5.1 Dissoluiion. 5.1.1 Shallow 
dissolution (UP). 5.1.2 -Lateral dissolution (SO-C). 5.1.3 Deep dissolution (SO-P). 5.1.4 Solution chimneys 
(SO-P). 5.1.5 Breccia pipes (SO-P). 5.1.6 Collapse breccias (SO-P). 5.2 Mineralization. 5.2.1 Fracture infills 
(SO-C). 

SUBSURFACE HYDROLOGICAL FEPs (Sect. SCR1.2, Ref. 5): 1. Groundwater characteristics. 1.1 Satunted 
groundwater flow (UP). 1.2 Unsaturated groundwater flow (UP, SO-C in CuIebra). 1.3 Fracture flow (UP). 1.4 
Density effects on groundwater flow (SO-C). 1.5' Effects of preferential pathways (UP, UP in Salado and Culebra. 
2. Changes in groundwater flow. 2.1 Thermal effects on groundwater flow (SO-C). 2.2 Saline intrusion (SO-P). 
2.3 Freshwater innusion (SO-P). 2.4 Hydrological response to earthquakes (SO-C). 2.5 Natural gas intrusion 
(SO-P). 

. 

SUBSURFACE GEOCHEMICAL FEPs (Sect. SCR.I.3, Ref. 5): 1. Groundwater geochemistry. 1.1 Groundwater 
geochemisuy (VP). 2. Changes in groundwater chemistry. 2.1 Saline intrusion (SO-C). 2.2 Freshwater intrusion 
(SO-C). 2.3 Changes in _groundwater Eh (SO-C). 2.4 Changes in groundwater pH (SO-C). 2.5 Effects of 
dissolution (SO-C), 

GEOMORPHOLOGICAL FEPs (Sect. SCR.1.4, Ref. 5): 1. Physiography. 1.1 Physiography (UP). 2. Meteorite 
impact. 2.1 Impact of a laree meteorite (SO-P). 3. Denudation. 3.1 Weathering. 3.1.1 Mechanical weathering 
(SO-C). 3.1.2 Chemical weathering. 3.2 Erosion. 3.2.1 Aeolian erosion (SO-C). 3.2.2 Fluvial erosion (SO-C). 
3.2.2 Mass wasting (SO-C). 3.3 Sedimentation. 3.3.1 Aeolian deposition (SO-C). 3.3.2 Fluvial deposition 
(SO-C). 3.3.3 Lacustrine deposition (SO-C). 3.3.4 Mass Wasting (SO-C). 4. Soil development. 4.1 Soil 
-development (SO-C). 

SURFACE HYDROLOGICAL FEPs (Sect. SCR.I.5, Ref. 5): 1. Fluvial. 1.1 Stream and river flow (SO-C). 
2. Lacustrine. 2.1 Surface water bodies (SO-C). 3. Groundwater recharge and discharge. 3.1 Groundwater 
discharge (UP). 3.2 Groundwater recharge (UP). 3.3 Infiltration (UP, UP for climate change effects). 4. Changes 
in surface hydrology. 4.1 Changes in  groundwater recharge and discharge (UP). 4.2 Lake formation (SO-C). 
4.3 River flooding (SO-C). 
CLIMATIC F€Ps (Sect. SCR.1.6, Ref. 5): 1. Climate. 1.1 Precipitation (for example, rainfall) (UP). 
1.2 Temperature Cup). 2. Climate change. 2.1 Meteorological. 2.1.1 Climate change (UP). 2.2 Glaciation. 
2.2.1 Glaciation (SO-P). 2.2.2 Permafrost (SO-P). 

MARINE FEPs (Sect. SCR.1.7. Ref. 5): 1. Seas. 1.1 Seas and oceans (SO-C). 1.2 Estuaries (SO-C). 2. Marine 
sedimentology. 2.1 Coastal erosion (SO-C). 2.2 Marine sediment uanspon and deposition (SO-C). 3. Sea level 
changes. 3.1 Sea level changes (SO-C). 

ECOLOGICAL FEPs (Sect. SCR.1.8, Ref. 5): 1. Flora and fauna. 1.1 Plants (SO-C). 1.2 Animals (SO-C). 
1.3 Microbes (SO-C, UP for colloidal effects and gas generation). 2. Changes in flora and fauna. 2.1 Natural 
ecological development (SO-C). 

L q m d :  UP - FEPs accounted for in the zssessment calculations for undisturbed pcerformmct for 40 CFR 5 I91 -13 (as well as 40 CRI 5 I9 I .  IS 
and SubpYt C of 40 CFR Part 191): DP - FEPs accounted for (in addition toal l  UP FJ3s) in the assessment nlculations for d i s i u M  
P e r f o m c c  for 40 CFR 3 191.13; SO-R - FEPs eliminated from performance assessment calculations on the b v i s  of replations provided in 
40 CFR Part 191 and criteria provided in 40 CFR Pan 194: SO-C - FEPs eliminated from p e r f o m c c  assessment (and complimcc assessrntnt) 
calculations on the basis of consquencc: SO-P - FEPs eliminated from performance assessment (and compliance assessment) ci~Iculations on 
th: b s k  of low probabiliry of occurrence. 
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Table Il l .  Definitions and  Distributions for Individual Elements ti, /j, ej, bj, pi, ai a n d  rmin of Vectors xi. in 
Sample Space &for Stochastic Uncertainty 

-- 

ti: Time (yr) of$ drilling intrusion within area marked by a berm as part of a system of passive institutiona! controls 
(Fig. 3, Ref. 38) with tl S r2 ,< ... S r,, 5 10,OOO yr and occurrence of individual drilling intrusions following a 
Poisson process with a timedependent rate A&) defined by A& = 0 yr-l for 0 ,< r ,< 100 yr, A&) = 2.94 x 10-5- 
yr-l for 100 e t I 7 0 0  yr and XAf) = 2.94 X Yr' for 700 < t 5 10,OOO yr. Base drilling rate defined to be 46.8 
drilling intrusionh2/1@ yr after 700 yr (App. DEL. Ref. 5). with no drilling intrusions possible between 0 and 
100 yr due to active institutional controls (Chapt 7, Ref. 5) and a two order of magnitude reduction in drilling rate 
between 100 and 700 yr due to passive institutional controls (Ref. 43). Additional information: Sect. 3.2, Ref. 44. 

li: Integer designator for 144 discretized locations for drilling intrusions within area marked by a berm as part of a 

system of passive institutional controls (Fig. 3, Ref. 38). Probability pLj that drilling intrusion i will occur at location 
Lj,j= 1.2, ..., '144, in Fig. 3 of Ref. 38 is PLj = VI44 = 6.94 X lW3. Additional information: Sect 3.3, Ref. 44. 

ei: Integer designator for whether or not drilling intrusion r' penetrates an excavated area of the repository (i.e., ei = 
0 , l  implies penetration of nonexcavated, excavated area, respectively). Corresponding probabilities pEo, pEI for ei 

= 0, 1 are pE0 = 0.791, pE1 = 0.209 and derive from excavated and nonexcavated areas within berm (Fig. 3, Ref. 
38). Additional information: Sect 3.4, Ref. 44. 

bi: Integer designator for whether or not drilling intrusion i penetrates pressurized brine in the Castile Fm (i.e., bi = 
0, 1 implies nonpenetration, penetration of pressurized brine; see Sect. 2.2, Vol. 2, Ref. 4 ,  for detailed strati,gaphy). 
Corresponding probabilities for bj = 0, 1 are pBo = 0.08, pB1 = 0.92. Additional information: Ref. 45; Sect. 3.5, 
Ref. 44. 

pi: integer designator for plugging pattern used for drilling intrusion i, with (i) pi = 1 corresponding to a full 
concrete plug through Salad0 Fm to Bell Canyon Fm with a permeability of 5 x m3, (ii) pi = 2 corresponding 
to a two plug confi,gration with concFte plugs at RustIer/Salado interface and CastileA3ell Canyon interface, and 

(iii) pi = 3 corresponding to a three plug confi,wation with concrete plugs at Rustler/Salado, Salado/Castile and 
CastilelBell Canyon interfaces. The probability that a given drilling intrusion will be sealed with pluggingpattem j ,  j 

= 1, 2, 3, is given by pPLj, where pPLl = 0.02, p P b  = 0.68 and pPL3 = 0.30. Additional information: Ref. 46; 
App. DEL, Ref. 5; Sect. 3.6,,Ref. 44. 

ai: Designator for type of waste penetrated by drilling intrusion i. The waste intended for disposal at the WIPP is 
divided in 570 distinct waste streams (see Table 3.7.1, Fig. 3.7.1, Ref. 44). with 569 of these waste streams 
designated as contact handled (W-TRU waste and one waste stream designated as remotely-handled (RH)-TRU 
waste. Each waste drum emplaced at the WIPP will contain waste from a single CH-TRU waste stream Given that 
the CH-TRU drums will be stacked three high, each drilling intrusion through CH-TRU waste will intersect three 

waste streams. In contrast, there is only one waste stream for RH-TRU waste with RH-TRU waste being emplaced 

separately from CH-TRU waste, and so each drilling intrusion through RE-I-TRU waste will intersect this single waste 
stream Specifically, ai = ai = 0 if ei = 0 (i.e., if the z* drilliniintrusion does not penetrate an excavated area of the 
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Table Ill. Definitions and Distributions for Individual Elements t;, I;, e;, bj, p;, ai and tmjn of Vectors x,, in 
Sample Space SSt for Stochastic Uncertainty (Continued) 

repository); ai = ai = 1 if e; = 1 and RH-TRU waste is penetrated; and a; = 12. iCHi1, iCH;?. iCHi3] if c; ='I  and CH- 
TRU waste is penetrated, where iCHi1, iCHi2 and iCHj3 are designators for the CH-TRU waste streams intersected 
by the ith drilling inuusion. Whether the zqh inuusibn penetrates a nonexcavated or excavated area is delermined hy 
the probabilities ~ € 0  and pEl defined in conjunction With e;. Given that the I?h intrusion penetrates an excavated 
area, the probabilities pCH and pRH of penetrating CH- and RH-TRU wastes are given by 0.876 and 0.124. 
respectively (Sect 3.7, Ref. 44). The probabilities of the individual CH-TRU waste streams are indicated in 
Table 3.7.1 of Ref. 44. Additional information: Ref. 37; Sect. 3.7, Ref. 44. 

' 

'min: Time (yr) at which mining of potash deposits within land withdrawal boundary occurs. Assumed to follow a 
Poisson process (p. 5242, Ref. 32) with a time-dependent rate hm(t) defined by I&) = 0 IT-' for 0 ,< t S 100 yr, 
&(I) = 1 x lod y r l  for 100 < t ,< 700 yr, and h,,,(t) = I X lo4 yr" for 700 < 5 10,000 yr, with no mining possible 

between 0 and 100 yr due to active institutional controls (Chapt. 7, Ref. 5) and a two order of magnitude reduction in 
the mining rate between 100 and 700 yr due to passive institutional control (Ref. 43). Additional information: Sect. 

3.8, Ref. 44. 

C 
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Table IV. Summary of Computer Models Used in the 1996 WlPP PA (Table I, Ref. 38) 

BRAGKO: Calculates multiphase flow of gas and brine through a porous, heterogeneous reservoir. Uses finite 
difference procedures to solve system of nonlinear partial differential equations that describes the m s s  
conservation of g a ~  and brine along with appropriate constraint equations, initial conditions and boundan. 
conditions. Additional information: Ref. 47; Sect. 4.2, Ref. 44. 

.. 

BRAGFLO-DBR Special configuration of BRAGFLO model used in calculation of dissolved radionuclide' 
releases to the surface &e., direct brine ieleases) at the time of a drilling intrusion. Uses initial value conditions 
obtained from calculations performed with BRAGFLO and CUITINGS-S. Additional information: Ref. 4s: 
Sect. 4.7, Ref. 44. 

CUTTINGS-S: Calculates the quantity of radioactive material brought to the surface in cuttings and cavings and 
also in spallings generated by an exploratory borehole that penetrates a waste panel, where cuttings desictnaps 
material removed by .the drillbit, cavings designates material eroded into the borehoIe due to shear sGesses 
resulting from the circular flow of the drilling fluid (i-e.. mud), and spallings designates material canied IO [he 
borehole at the time of an intrusion due to the flow of gas &om the repository to the borehole.. Spallinss 
calculation uses initial value conditions obtained from calculations performed with BRAGFLO. Outside 
reviewers expressed some concern over the spallings model incorporated into CUTTINGS-S but concluded that 
this model did not overestimate the size of the spallings releasePg Additional information: Refs. 50.51; Sects. 
4.54.6, Ref. 44. 

GRASP-INT Generates transmissivity fields (estimates of transmissivity values) conditioned on measured 
transmissivity values and calibrated to steady-state and transient pressure data at we11 locations using an adjoint 
sensitivity and pilot-point technique. Additional information: Refs. 52-53. 

NUTS: Solves system of partial differential equations for radionuclide transport in viciniry of repositogn. Uses 
brine volumes and flows calculated by BRAGFLO as input. Additional information: Ref. 54; Sect. 4.3, Ref. M. 

PANEL: Calculates rate of discharge and curnularive discharge of radionuclides from a waste panel through an 
intniding borehole. Discharge is a function of fluid flow rate, elemental solubility and radionuclide inventory. 
Uses brine volumes and flows calculated by BRAGFLO as input. Based on solution of system of linear o r d i n q  
differential equations. Additional information: Ref. 54; Sect. 4.4, Ref. 44. 

S M O S :  Solves quasistatic, large deformation, inelastic response of two-dimensional solids with finite element 
techniques. Used to determine porosity of waste as a function of time and cumulative gas generation, which is an 
input to calculations performed with BRAGFLO. Additional information: Refs. 47,5556: Sect. 4.23, Ref. 43. 

SECOFL2D: Calculates single-phase Darcy flow for groundwater flow in two dimensions. The formulation is 
based on a single partial differential equation for hydraulic head using fully implicit time differencing. Uses 
transmissivity fields generated by GRASP-W. Additional information: Refs. 57.~58; Sect. 4.8, Ref. 44. 

SECOTPZD: Simulates transport of radionuclides in fractured porous media Solves two partial differential 
equations: one provides two-dimensional representation for convective and diffusive radionuclide transport in 
fractures and the other provides one-dimensional representation for diffusion of radionuclides into rock matrix 
surrounding the fractures, Uses flow fields calculated by SECOFL2D. Additional information: Refs. 57, 58; 
Sect 4.9, Ref. 44. 
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Table I/. Example Elements of x,, in the 1996 WlPP PA (see App. PAR, Ref. 5, and Table 5.2.1 , Ref. 
44, for a complete listing of the nV= 57 elements of x,, and sources of additional information) 

AA'NPRM-Logarithm of anhydrite permeability (m2). Used in BRAGFLO. Distribution: Student's t-distribu- 
tion 4th 5 degrees of freedom Range: -21.0 to -17.1 (Le., permeability range is 1 x 1W21 to 1 x 1071?.1 m?). 
Mean, Median: -18.9, -18.9. Correlation : -0.99 rank correlation with ANHCOMP (Bulk compressibility of 
anhydrite, Pa-'). 

BPCOMP4,ogarithm of bulk compressibility of brine pocket (Pa-'). Used in BRAGFLO. Distribution: 
Triangular. Range: -11.3 to -8.00 (Le., bulk compressibiIity range is 1 x to I x l@ Pa-'). Mean, mode: 
-9.80, -10.0. correlation: -0.75 rank correIation with BPPRM (Logarithm of brine pocket permeability, mz). 
H~LpRM-hgarithm of halite permeabiliy (m2). Used in BRAGFL.0. Distribution: Uniform. Range: -24 to 
-21 (i.e., permeability range is 1 x m2). Mean. median: -22.5, -22.5. Correlation: -0.99 rank 
correlation with HALCOMP (Bulk compressibility of halite, Pae1). 

WMICDFLG--pointer vaable  for microbial degradation of cellulose. Used in BRAGFLO. Distribution: 
Discrete, with 50% 0, 25% I, 25% 2. WMlCDFLG = 0, 1, 2 implies no microbial degradation of cellulose, 
microbial degradation of only cellulose, microbial degradation of cellulose, plastic and rubber. 

WAUFAIGShear strength of waste (Pa). Used in CU'ITINGS-S. Distribution: Uniform. Range: 0.05 to 10 
Pa. Mean, median: 5.03 Pa, 5.03 Pa  

to 1 x 



Table VI. Mechanistic Calculations Performed as Part of the i 996 WIPP PA 

BRAGFLO 

I~ldividual CakuIations (6 cases): EO (Le., undisturbed conditions); El at 350, 1000 yr (i.e., drilling intrusion 
through repository that penetrates pressurized brine in the Castile Fm); E2 at 350,1000 yr (i.e., drilling inksion 
bough repository that does not penetrate pressurized brine in the Castile Fm); E2E1 with E2 intrusion at 800 yr and 
El intrusion at 2000 yr. Total cafculations: 6 nR nLHS = 6 3 100 = 1800. 

Curm\rGS-S 

Individual Calculariom (52 cases): Intrusion into lower waste panel in previously unintruded (i.e., EO conditions) 
repository at 100,350, 1000,3000, 5m, 10,oOO yr; Intrusion into upper waste panel in previously unintruded 
repository at 100,350, 1000,3000,5000,10,000 yr; Initial E l  intrusion at 350 yr followed by a second intrusion 
into the same waste panel at 550,750,2OOO,4000 or 10,000 yr; Initial E l  intrusion at 350 yr followed by a second 
intrusion into a different waste panel at 550,750,2000,4000 or 10,000 yr; Initial El intrusion at lo00 yr followed 
by a second intrusion into the same waste panel at 1200,1400,3000,5000 or.10,000 yr; Initial El intrusion at loo0 
yr followed by a second inmion  into a different waste panel at 1200,1400,3000, SO00 or 10,000 yr, same 23 cases 
for initial E2 intrusions as for initial E l  intrusions. Total calculations: 52 nR nLNS = 52 0 3 0 100 = 15,600. 

BRAGFLO-DBR 

Same computational cases as for cvrrrr\rGS-S. 

NUTS 
Indj\ii&al calculations (15 cases): EO; El at 100,350, 1000,3000,5000.7000,9000 F, E2 at 100,350, 1000, 
30~,~0~~,7000,9000 yr. Screening calculations: 5 nR nL.HS = 1500. Total NUTS calculations: 594. Note: 
Screening calculations were initially performed for each LHS element (Le., EO, E l  at 350 and 1000 yr, E2 at 350 and 
1000 yr, which produces the multiplier of 5 in the calculation of the number of screening calculations) to determine 
if the potential for a radionuclide release existed, with a full NUTS calculation only being performed when such a 
potential existed. 

PANEL 

Individual Calcuhriom (7 cases): E2E1 at 100,350, 1000,2000,4000,6000,9000 yr. Total calculririons: 7 nR 
nLHS= 7 0 3 100 = 2100. Note: Additional PANEL calculations were also performed at 100,125, 175,3 50, 
1000,3000,5000,7500 and 1O,O00 yf for Salado-dominated brines and also for Castile-dominated brines to 
determine dissolved radionuclide concentrations for use in the determinations of direct brine releases. 

SECOFL2D 

Individual Calculations (2 cases): Partially mined conditions in vicinity of repository &e., conditions before r-); 
Fully mined conditions in vicinity of repository (Le., conditions after fmin). Total cafculotions: 2 nR M S  = 2 0 3 
100 = 600. 

SECOTP2D 

Individual Calculations (2 cases): Partially mined conditions in vicinity of repository; Fully mined conditions in 
vicinity ofrepository. Total calculations: 2 nR nLHS = 2 3 100 = 600. Nore: Each calculation is for four 
radionuclides: Am-241, Pu-239, Th-230, U-234. Further, calculations are done for unit releases at time 0 yr, which 
can then be used to construct transport results for the Culebra for arbitrary time-dependent release rates into the 
Culebra (Sect 12.2 Ref. 44). 

' 
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Table VI\. Results Available for each LHS element Xs,,k from Calcutations with CUTTINGS-S for Use in 
CCDF Construction for Spallings Releases 

- -  

C,dtk): concentration (EPA unitslm3) in CH-TRU waste at time Q. where ~ k .  IC = I, 2, .._. 9. corresponds 10 
100, 125. 175. 350. 1000, 3000,5000,7500 and 10,000 yr, respectively. See curve "CH-TRU waste within 

waste panels" in Fig. 10. Source: Refs. 37.71. 

VS,&): volume (m3) of original (i.e., uncompacted) material released by a drilling intrusion into a 

previously unintruded repository at time.xk that encounters CH-TRU waste in an upper waste panel, where T ~ ,  
. .. - 

k = 1,2, ..., 6. corresponds to 100,350, 1000,3000,5000'and 10,000 y; respectively. See Fig. 13a. Source: 

CUITINGS-S. 

VSEoL(-rk): same as VS,.&-rk) but for intrusion into a lower waste panel. 

VSEI&, A7jk): volume (m3) of original (Le., uncompacted) material released by second drilling intrusion at 
time 3 +  AT^^ into the same waste panel penetrated by an initial El intrusion at time 3, where (i) 3, j = I. 2, 
corresponds to 350 and 1000 yr; (ii) + A T I ~ ,  k = I ,  2, ..., 7, corresponds to 350, 550, 750, 2000, 4000, 
10,000, and 10.250 yr &e.. A ~ 1 k  = 0, 200, 400, 1650, 3650, 9650, 9900 yr), results fork = 2, 3, ..., 6 are 
summarized in Fig. 9.3.6 of Ref. 44, VSE~.S(T~. A T ~ I )  = VS,gs(Tl. Axl2) (k., VSE~S (350.0) = VSE~S (350. 
200)). and VSEI.s(~l. AT16) = VSEl.S(xl, A ~ 1 7 )  (Le., V S E ~ ~  (350, 9650) = VSE~S (350, 9900)), and (iii) x2 + 
A-cx, k = 1, 2, ..., 6, corresponds to 1000, 1200, 1400, 3000, 5000 and 10,000 yr (i.e.,  AT^ = 0, 200, 400, 

1000, 4000, 9000 yr), resuIts for k = 2, 3, ..., 6 are summarized in Fig. 14a, and VSEIS(~?,  AT?^) = 
VSEId-r2. AT,,) -" (Le., VSE1, (1000,O) = VSE~S (1000.200)). Source: CU3TINGS-S. The assignments 
VSEls (350, 0) = VSEIS (350,200) and VSE1.s (1000.0) = VSE~S (1000,200) are made to bracket the time 
period between the occurrence of the first drilling in-ion and the failure of the plug at the Rustler/Salado 

interface (see Table 4.2.8, Ref. 44); @e assignment V S E ~ S  (350, 9650) = vS~1.s (350, 9900) is made to 

facilitate the use of VSEls(~l, A-rlk) for initial intrusions before TI = 350 yr. 

VSEIB(-rj, A-rjk): same as VSEIs(xp A-rjk) but~for intrusion into different-waste panel. See Fig. 9.3.6 of Ref. 
44 for initial intrusions at 350 yr and Fig. 14a of this presentation for initial intrusions at lo00 yr. 

VSpJ~- A-rjk): same as VSEl s<~j, Axjk) but for initial E2 intrusion. See Fig. 9.3.7, Ref. 44. 

V S p d ( ' 5 ~  A-rjk): same as VSE~.J(T~, AT&) but for initial E2 intrusion. See Fig. 9.3.7, Ref. 44. 

. , - 
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Table VIII. Determination of Spallings Release f,[X,. f ” ( X , ) ]  for an Arbitrary Future x,, 

Notation: 

“Hi = number of intrusions prior to intrusion i that penetrate pressurized brine and use plugging.pattern 2 

nD = number of intrusions required to deplete brine pocket (see BPVOL in Table 5.2.1. Ref. 33. for 

& = 0 if intrusion i into (i) nonexcavated area or (ii) excavated area and plugging pattern 1 used (i.e.. 

(i.e., two discrete plugs) 

definition of nD in 1996 WIPP PA) 

continuous piug) 

= 1 if intrusion i into excavated area, penetrates pressurized brine, plugging pattern 2 used, and “Hi s nD 
= 2 if intrusion i into excavated area and either (i) penetrates pressurized brine, plugging pattern 2 used. 

and nHi > aD, (ii) does not penetrate pressurized brine and plugging pattern 2 used, or (iii) plugging 
pattern 3 used (Le., three discrete plugs) 

Release rSf for intrusion into nonexcavated area at time ti: rSPi = 0. 

Release rSfi  for intrusion into pressurized repository at time t; (Le., i = 1 or bi = 0 fori= I,  2, ..., i-1): - 

rSfi = 0 if intrusion penetrates RE-I-TRU waste 

if li in upper waste panel 
if li in lower waste panel. 

= Ccdli)“ V s ~ , ~ r i )  

= CCN(rj) l’SmL(fj) 

Release rSPi for intrusion into a depressurized repository at time fj with no El intrusion in first i - 1 intrusions (i.e.. 

bk = O f o r k = l , 2  ,.... j -1 ,  b j = 2 .  4 * l f o r k = j + l , j + 2  ,.... i-I): - - 

rSfi  = 0 if intrusion penetrates RH-TRU waste. 

if $, li in same waste panel = Ccdr;) V S ~ S ( ~ , - ,  ri - 
= C,-&) KSa,o(fj, r; - 5) . if $, Z; in different waste panels. 

Release rSPi for intrusion into a depressurized repository at time ti with first El intrusion at time 9 c ti (Le.. & 
fork= 1.2. ..-, j -  1. bj= 1): 

1 

n 

h P [ X , ,  f.Q(xsr>] = c rs4 
i=l 

a Here and elsewhere. a p p r a n a  of an undefined time implies linear interpolation bctwccn defined times in Table VII. 
Here and elsewhere, appcarance of two und:fined times implies two-dimensional I i n w  interpolation betwtur defined times in Table VII. 
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