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ABSTRACT

Before disposing of transuranic radioactive waste in the Waste Isolation Pilot Plant (WIPP), tile United States
l)epartmcnt of [:nergy (I)OE) must ev;duate compliance witil applicable long-term regulations of tile tlnited States
Environmental Protection Agency (EPA). Sandia National Laboratories is conducting iterative perlbrmance
a.ssessments (PAs) of the WIPP for tile DOE to provide interim guidance while preparing for a final compliance
evaluation. This volume contains tile technic;d basis for the 1992 PA. Specifically, it describes the conceptual
basis h_r consequence modeling and the PA methodology, including the selection of scen,'u'ios for analysis, the
determination of scen;u'io probabilities, and the estimation of scenario consequences using a Monte C,'u'lo
technique m_da linked syslem of compulalionai mtxlels.

Additional information about the 1992 PA is provided in ogler volumes. Volume 1 contains an overview of
WIPP PA and results of a preliminary comparison with the long-term requirements of the EPA's Environmental
Protection Standards for Managentent and l)isposal of Spent Nuclear Fuel, High-Level and Transuranic
Radioactive Wastes (40 CFR 191, Subpmt B). Volume 3 cont;fins the reference data base ;uid v;dues for input

parameters used in consequence and probability modeling. Volume 4 coulains uncertainty and sensitivity mudyses
related to the preliminary comp;u'ison with 40 CFR 19lB. Volume 5 contains unot_rtainty and sensitivity
;malyscs of gas and brine migration for undisturbed performance, l:i=mlly, guidance derived from the entire 1992
PA is presented in Volume 6.
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1 1. INTRODUCTION

2 The Waste Isolation Pilot Plant (WIPP) is planned as a research and development facility to demonstrate the

3 s,. _ of transuranic (TRU) wastes generated by defense programs of the United States Department of

4 Energy (DOE). Before disposing of wx,_tein the WIPP, the DOE must evaluate compliance with applicable long-

S term regulations of the United States Environmental Protection Agency (EPA), including 40 CFR 191 Subpart B

6 (Environmental Radiation Protection Standards.[or Management and Disposal of Spent Nuclear Fuel, High-

7 Level and Transuranic Radioactive Wastes) [U.S. EPA, 1985]) and 40 CFR 268.6 (U.S. EPA, 1986), which is

8 the portion of the Lan,71Disposal Resirictions of the Hazardous and Solid Waste Amendnzents to the Resource

9 Conservation and Recover), Act (RCRA) that states the conditions for disposal of specified hazardous wastes.

10 Performance assessments (PAs) will form the basis for evaluating compliance with ali applicable long-term

11 regulations of the EPA. The WIPP Performance Assessment (PA) Department of Sandia National Laboratories

12 (SNL) is l_rfonning annual iterative prelhninary PAs to provide guidance to the Project while preparing for final

13 compliance evaluation. The 1991 preliminary performance assessment for comparison with 40 CFR 191B was

14 documented in 4 volumes (WIPP PA Division, 1991 a, b, c; Helton et al., 1992).

_5 1.1 Purpose of Volume 2

16 This volume describes the technical basis for the 1992 WIPP preliminary PA: conceptual model

17 development, probability modeling, and consequence modeling of the WIPP disposal system for evaluating

18 compliance with the quantitative requirements of applicable long-term regulations. Volume 1 deals primarily

19 with the regulations in Subpart B of 40 CFR Part 191 and their application to the WIPP, but also summarizes

20 aspects of this volume and explains the 1992 status of the WIPP PA. Volume 3 compiles model parameters,

21 construcLs cumulative distribution functions (cdfs) and discusses their derivation from the pertinent data of disposal

22 system characterization. Uncertainty and sensitivity analysis results related to 40 CFR 191B are discussed in

23 Volume 4. Uncertainty and sensitivity an_dy:_isresults of gas and brine migration for undisturbed performance are

24 discussed in Volume 5. Finally, guid_mce derived from the entire 1992 PA is presented in Volume 6.

25 1.2 Organization of Volume 2

26 Volume 2 consists of seven chapters and four appendices. This chapter (Chapter 1) describes the organization

27 of Volume 2. The remaining six chapters are organized following the PA methodology described in Volume 1.

28 • Chapter 2 (Conceptual Basis for Consequence Modeling) describes the conceptual basis for consequence

29 modeling. This chapter is a detailed expansion of the brief discussion in Chapter 2 of Volume 1, and

30 provides a bibliographic mapping into the published literature of the site ch_u'acterization and engineered

31 design programs.

32 • Chapter 3 (Performance Assessment Methodology) describes the conceptu_d model for risk that forms the

33 fr;unework (scenarios, frequency or probability of scenarios, and consequences of scenarios) for the WIPP
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Chapter 1. Introduction

1 PA, presents an outline of the Monte Carlo technique that is used for uncertainty and sensitivity analyses,

2 and discusses the construction of complementm'y cumulative distribution functions (CCDFs). This chapter

3 is a detailed expansion of Chapter 4 of Volume 1, and is generally unchanged from the 1991 PA.

4 • Chapter 4 (Scenario Construction) examines the lh'st element (scenarios) of the conceptual mcnlel for risk.

5 ']'his chapter discusses the application of the methtxlology fi)r scenario construction--identifying, screening,

6 and classifying events and processes; developing scenarios using a logic diagr,'un; and screening of scenarios

7 --for the WIPP. Retained scenarios that are analyzed in the 1992 PA ,are described. This material is

8 generally unchanged from the 1991 PA and therefore references previous &xJuments extensively. Scenarios

9 included in the Monte Carlo analysis in 1991 are included again in 1992.

10 • Chapter 5 (Drilling Intrusion Probabilities) examines the second element (probabilities or frequencies of

11 scenarios) of the conceptual model for risk. The probability model that is used for the 1992 analysis was

12 presented in the 1991 documentation, so this chapter is a much briefer description that references previous

13 documentation. The significant difference in the application of this model is that time-varying drilling

14 intensities were used in 1992, whereas in 1991 only constant, but imprecisely known, drilling intensities

15 were used. A brief discussion of how these new drilling intensity functions were derived from expert panel

16 output that references material in Volume 3 is included.

17 • Chapter 6 (Data and cdfr) begins the description of the different steps of the Monte Carlo technique:

18 selection of imprecisely known par_uneters, construction of ranges and distributions lhr these parameters,

19 generation of the s_unple, propagation of uncertainty through the system model, uncertainty mmlysis, and

20 sensitivity analysis. This chapter briefly describes the first steps: selection of imprecisely known

21 parameters and construction of their ranges and distributions. The entire data base, especially model

22 parameters, is the subject of Volume 3.

23 ° Chapter 7 (Consequence Modeling) describes the modeling system that is used to calculate consequences of

24 scenarios. The Latin hypercube sampling technique that is used to generate the s_unple for Monte C_u'lo

25 analysis is described elsewhere (1lelton et al., 1991) and is not repeated. This chapter l'ocuses on the 1992

26 modeling system through which uncerUdnty is propagated for the uncert_finty ,'rod sensitivity analysis. Each

27 major module of this system is described in terms of governing equ:aions and modeling assumptions.

28 More detailed code descriptions are conkained in the four appendices as fifllows:

29 Appendix A. A repository and shaft seal module is used that simulates two-phase (gas and brine) llow

30 dlrough the reIx_sitory, shrift seals, and surrounding environs (BRAGFLO) wifll an equilibrium-

31 mixing cell for calculating radionuclide concentrations in the brine phase (PANEL). These

32 codes were used in the 1991 PA.

33 Appendix B. A module (SANCIIO) for simulaling quasistatic, large-deh_rmation, inelastic response of the

34 halite is used to provide waste porosity as a function of time. These calculations incorporate

35 d_e effect of creep closure and of halite response to waste-generated gas into the PA; they are

36 performed outside the Monte Carlo analysis. Only the waste lx_rosity functions are used during
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Organization of Volume 2

1 consequence calculations. This is tile first yem thai the effects of halite creep have been

2 included in PA c;dculations.

3 Appendix C. Groundwater flow and transport models (SECO-2DH and SECO-TP) are used to calculate

4 subsurface transport through the Culebra Dolomite Member of the P.ustler Formation to the

5 l,-md-withdrawal boundary. First, the groundwater flow is calculated for a single-lx_rosity,

6 maU'ix-only, lx_rous medium (dolomite). The flow calculation is perlonned first on a regional

7 scale and second on a ltx:al scale with boundary conditions derived from the regional-scale

8 distribution. Climate v,'u'iability enters through time-varying boundary conditions that are

9 based on a simple precipitation/recharge conceptualization. Spatial variability enters by

10 drawing one field from a set of multiple, plausible transmissivity fields that are generated

11 outside tile Monte Carlo an_dysis (GRASP-INV). SECO-2DII was used in the 1991 PA.

12 Second, tile flow field is used Ibr a radionuclide-lxansport simulation. The U'ansport simulator

13 SECO-TP was used for tile first time in 1992. lt models single- or dual-porosity transport

14 through an idealized, fractured medium. Retardation in pore volume of the dolomite matrix

15 and/or the fracture-lining clay can be included simultaneously or separately. SECO-TP is a

16 further improvement over previous capability in that it is more accurate and numerically

17 efficient, allowing higher-resolution, higher-accuracy simulations in file s,'une time.

18 Appendix I). A module (GRASP-INV) for generating multiple, plausible tr_msmissivity fields to be used by

19 SECO2-1)II is used for tile first time in 1992. This module is an improvement over previous

20 capability in that it produces u'ansmissivity fields that reproduce the measured values of

21 transmissivity at well locations and that m'e c_dibrated, i.e., flow calculations with these fields

22 repr_xluce (to within a pre-selected criterion) steady-state and transient pressure data at tile well

23 locations. Therefore, each field is a plausible realization of tile true but unknown trm_smissivity

24 field. One entire field is drawn and used for a single consequence c_dculation during the Monte

25 Carlo amdysis.

26 1.3 Code Linkage and Data Flow

27 The complexity of tile compliance-assessment modeling system for tile WIPP requires thal calculations he

28 controlled by an executive program (Rcchmd, 1989; Rcchard ct al., 1989; Rechard, 1992). CAMCON

29 (Compliance Assessment Methodology C()Ntroller) controls code linkage and data flow during lengthy and

30 iterative consequence analyses, minimizes analyst intervention during data transfer, and automatic_dly handles

31 qu_dity assurance during lhc calculations. C.AMC()N currently consists of about 75 codes and F()RTRAN object
32 libr;u'ics; it includes approximately 293,000 lines of I:()I_,TRAN softwm'c written specifically for the WIPP

33 Project and anodler 175,(X)0 lines of software adapted from other applications.

34 The controller all(_ws easy cxamittation of inlcrmediale diagnostics mid final results. ('omputer modules

35 within the executive program can bc easily replaced for motlcl Comparisons. ('AMC()N modulmizcs tasks so

36 computer programs for a particular module arc interchangeable. (_AMC()N is fully described in Rcchard (1992).
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Chapter 1. Introduction

1 1.3.1 Data Bases

2 Three data b,'L'_cs,prhnary, second_u'y, and computational, _uc included in CAMCON. The primary data base

3 contains measured field and laboratory data gathered during the disposal-system and regional ch_u'acterization.

4 Because the analysis can be no better than these data, the data base should contain ali necessary data for the

5 compliance assessment and repository design, have as little subjective interpretation as possible, and be quality

6 assured. Data b_tsestructure must be flexible to accommtxlate diflbrent organizations and unforeseen types of data.

7 Practical experience suggests that a relational data base is best.

8 The seconthu'y data b,'u_econtains in!e.rpreted data, usually interpolated onto a regular grid, and incorporates

9 information that comprises the conceptual model of the disposal system. Levels of interpretation can vary from

10 objective interpolation of data combined widl subjective judgments to totally subjective extrapolations of data; ali

11 interpretations ,arewell documented to ensure the second_u'y data is reproducible by others. Data from literature or

12 professional judgment ,are used to fill knowledge gaps to complete the conceptual model. The secondary data base

13 must be accessible to both the analyst_nd the executive package controlling the system.

14 The computational data base is CAMDAT (Compliance Assessment Methodology DATa). CAMDAT uses a

15 neutral-file fc,nnat so that a series of computer progr,'uns can be linked by a "zig-zag" connection rather them the

16 usual serial connection. The file format chosen for CAMDAT was based on GENESIS (Taylor ct al., 1987) and

17 EXODUS and their associated data manipulation and plotting prognuns (Gilkey, 1986a,b, 1988; Gilkey and

18 Flanag_m, 1987). CAMDAT is fully described in Rechard (1992).

19 1.3.2 Program Linkage and Model Applications

20 Progr,'un linkage _md data flow through CAMDAT are controlled by CAMCON. Computer programs that

21 make up the CAMCON system are major progr,'un modules, support prognun modules, and trm_slalors. Major

22 program modules refer to progr,'uns that represent major tasks of the consequence modeling. Support prognun

23 modules refer to programs such as interpolators that are necessary to facilitate use of major pmgnun modules.

24 Translator prognun modules refer to prognuns that translate data either into or out of the computational data b,'tse.

25 Figure 1-1 shows how prognuns are used in the 1992 PA to evaluate human-intrusion scenarios. BRAGFLO,

26 GRASP-INV, SECO-TP, and CUTTINGS were run outside of CAMCON, with m_mual data transfer. GENII-S

27 was not used because a s:d'ety assessment was not included in the 1992 PA. Ali other codes were used within

28 CAMCON as shown (Figure 1-1).
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Figure 1-1. 1992Organizatitm of Pr(_gr;unsin CAMC()N (after Rechard, 1992).
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1 2. CONCEPTUAL BASIS FOR CONSEQUENCE MODELING

2 2.1 Introduction

3 2,1.1 Conceptual Models

4 This chapter describes tile conceptual basis for modeling the performance of the WIPP repository, the waste it

5 contains, and the sun'ounding geology and hydrology, and sununarizes the available knowledge of the site and the

6 physical processes that operate there. This knowledge forms the fr_unework lhr tile preferred conceptual model

7 used in WIPP PA (i.e., the model believed by the WIPP PA Deparunent to be the most realistic representation for

8 the behavior of the disposed system), and lk_r alternative conceptual models. Conceptual model and alternative

9 conceptu_d models are defined m; follows (Gallegos et al., 1992; NEA, 1992):

10 • Conceptual model: A set of qualitative assumptions used to describe a system or subsystem for a given

11 purpose. At a minimum, these assumptions concern the geometry and dimensionality of the system,

12 initial and boundary conditions, time dependence, and tile nature of the relevant physical and chemical

13 processes. Tile assumptions should be consistent with one another and with existing information within

14 tile context of the given purpose.

15 • Alternative conceptu_d models: Alternative sets of assumptions that describe the stone system for the same

16 purpose, where each set of assumptions is consistent with tile existing information.

17 Each alternative conceptual model identifies the processes that the mathematical models must characterize and

1e provides the context within which the mathematical models must operate.

19 As an exmnple of tile role alternative conceptual models play in perfonn,'mce assessment, Volume 1 of the

20 1992 WIPP PA documents the use of three alternative conceptual models for the subsurface transport of

21 radionuclides in the Culcbra l)olomite Member of tile Rustler Formation. (See Section 2.2 for ali explanation of

22 the regional geohydrology, Section 4.2 for an exphmation of tile transport pathway, and Section 7.6 for a

23 discussion of tile transport model. See Section 5.1 ()f Volume 1 o1"this report for a c()mpm'ison of dispos_d-

24 system performance estimated using each of the three conceptual models. See Volume 4 of this report for

25 additional analysis of these and other alternative conceptual models.) In the first conceptual model, transport

26 occurs only in clay-lined fractures in a single-porosity medium, and chemical retardation does not occur. In the

27 second conceptual model, transport occurs in a dual-porosity medium (clay-lined fractures and matrix);

28 radionuclides may diffuse into the pore volume of both the clay linings and the rock matrix. Chemical retzu'dation

29 d(_ds not occur. In the third conceptual model, believed by the WIPP PA Department to be the most realistic

30 representation for tile behavior of the system, transport occurs in a dual-porosity medium, as in the second

31 conceptu_d model, except that chemic_d retardation does occur as a result of sorption of radionuclides in both clay

32 linings and rock matrix.
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Chapter 2. Conceptual Basis for Consequence Modeling

1 The first of these three alternative conceptual models is not supported by awiilable information (see Section

2 2.2.4), and is included in the analysis as an unrealistic, but known, endpoint dfa continuum on which a realistic

3 endpoint is unknown. As such, it provides useful guidance on the l_u'gest releases that lnay be anticipated _L.,;a

4 result of groundwater transport in the Culebra. Comparison of ,'di three conceptu_d models provides insight into

5 the uncertainty in perh_rmance estimates resulting from fm incomplete understanding of the dual-porosity behavior

6 of the Culebra and the lack of defensible dala de_ribing chemical ret;u'dation of radionuclides (see Section 2.2.4).

7 Other major aspects of the conceptual model for the WIPP used in the 1992 PA include the following:

8 generation of gas in the waste-emplacement panels by degradation of waste and containers; closure and rc-

9 expansion of the panels by s,'dt creep; the rele,'kse of radionuclides at the ground surface _md into the Culebra as a

10 result of borehole intrusion during exploratory drilling; changes in groundwater flow resulting from future climatic

11 ch,'mges; and the effect of passive marker systems on intrusion rates.

12 2.1.2 Chapter Organization

13 'I'he WIPP and surrounding environment provide multiple b,'u'riers to radionuclide migration. This chapter

14 explains the WIPP PA's present understanding of the conceptu,'d basis of these barriers. The chapter is organized

15 into two major parts:

16 • natural b_u'rier system (Section 2.2)_the regional geology and hydrology surrounding the WIPP (Section

17 2.2.1); the stratigraphy below and above the repository (Section 2.2.2); climate, water balance, and

18 groundwater flow in the WIPP vicinity (Section 2.2.3); and radionuclide tr,'msport in the Culebra Dolomite

19 (Section 2.2.4)

20 • engineered b_u'rier system (Section 2.3)_ the repository and se_d design (Section 2.3.2); the waste itself

21 (Section 2.3.3); the radionuclide source term (Section 2.3.4); ;rod closure, flow, ,'rodroom/waste interactions

22 (Section 2.3.5)

23 2.2 Natural Barrier System

24 2.2.1 Regional Geology

25 The geology of the WIPP and the sun'ounding area has been introduced briefly in Chapter 2 of Volume 1, and

26 is described elsewhere in detail (e.g., Hiss, 1975; Powers ct ',al.,1978a,b; Cheeseman, 1978; Willi;unson, 1978;

27 Hills, 1984; Ward ct al., 1986; llarms and Willi:unson, 1988; llolt and Powers, 1988, 1990; Beauheim and llolt,

28 1990; Brinstcr, 1991). The brief review presented here describes regiomd structured features and introduces the

29 major stratigraphic units. Specific geologic features that affect compliance-assessment modeling are described in

30 subsequent sections of this chapter.
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Natural Barrier System
Regional Geology

1 The WIPP is located near file northern end of tile Delaw,'u'e Basin, a structural depression thal formed during

2 the Late Pennsylvanian and Permian Periods, approximately 300 to 245 million years ago (Figures 2-1 and 2-2).

3 Sedimentation within the subsiding basin resulted in lhc deposition of up to 4,000 m (13,000 ft) of marine strata.

4 Organic activity at the basin margins prt_luced massive carbonate reefs that separated deep-water facies from lhc

5 shallow-water shelf sediments dell)sited landw_u'd.

6 Permian-agc rocks of import;race to WIPP perform_mce-_,_sessment modeling are those of lhc Gua&dupian and

7 Ochoan Series, deposited bctwecn approximately 265 ,'rod 245 million ye_u's ago (Figure 2-3). l)uring this time

8 subsidence iii lhc l)clawarc Basin w;t,,;initially rapid, resulting in deposition of deep-water shales, sandstones, and

9 limestones of the Delaw_u'e Mountain Group. Intermittent connection with the open ocean and a decre_u_e in

10 clastic sediment supply, possibly in response to regional tectonic adjustments, led to lhc deposition of a thick

11 evaporitc sequence. Anhydritcs and halites of file Castile Formation _u'e limited to lhc struclur;dly deeper portion

12 of the basin, enclosed within the recf-f,'tcics rocks of lhc Capitan Limestone. Subsidence within tile basin slowed

13 in Late Permian time, and lhc h_flites of lhc Salatlo Formation, which include lhc host strata lhr the WIPP, extend

14 outw;utl from the basin center over the Capitan Reef and the shallow-water shelf facies. Latest Permian-age

15 evalx)rites, carbonates, and elastic rocks of lhc Rustler Formation and the Dewey Lake Red Beds record lhc end of

16 regional subsidence and include lhc last marine rocks deposited in southe_ustcrn New Mexico during the Paleozoic.

17 The overlying sandstones of lhc "l'ri_u,;sic-agcl)ockum Group reflect continental deposition and m,'uk lhc onset of a

18 period of rcgion_d tectonic stability that lasted approximately 240 million years, until late in the Tertiary Period.

19 Permian-age strata of the 1)elawarc Basin now dip gently (gencr;dly less than 1°) to the c_t,_t,and erosion has

20 exposed progressively oltlcr units toward tile western cdgc of the basin (Figures 2-1 and 2-4). This tilting reflects

21 the l,atc Pliocene and early Pleistocene (approximately 3.5 million to 1 million ycars ago) uplift of the Capitan

22 Reel" to form the (_uatlalupe Mountains more than 60 km (37 miles) west of the WIPP (Figures 2-1, 2-4). Field

23 evidence suggests that additional uplift may have occurred during the late Pleistocene and llolocene, and some

24 faults of the Guadalupe Mountains may have bccn active within the last 1,000 years (Powers ct al., 1978a,b).

25 North and east of lhc WIPP, the Capitan Rccf has not bccn uplifted and remains in the subsurface (Figure 2-5).

26 The present landscapc of the l-)claware Basin has been influenced by nc;u'-surl'ace dissolution of lhc evalx)rites

27 (Bachman, 1984, 1987). Karst features crcatcd by dissolution include sinkholes, subsidence v;dleys, and breccia

28 pipes. Most of these features formed during wetler climalcs of the l)ieistocene, although active dissolution is still

29 occurring wherever evaporites _uc exposed al the surf acc. Some dissolution may also be occurring in the

30 subsurface where circulating groundwater comes in contact with evaporites: for example, modern subsidence in

31 San Simon Swale cast of the WIPP (l:igurc 2-6) may bc related to localized dissolution of the Salado l:ormation

32 (Anderson, 1981; Bachman, 1984; Blinslcr, 1991). Nash Draw, which formed during the Pleistocene by

33 dissolution and subsidence, is the most prominent k_u'st feature near the WIPP. As discussed again in Section

34 2.2.2.6 following, evapol"itcs in the Rustler Formation have bcctl al'footed by dissolution nc_u"Nash Draw.

35 The largest karst feature in the i)clawarc Basin is lhc B_dmorhea-l,oving Trough, south of the WIPP _dong the

36 axis of lhc ba.sin (l:igurc 2-6). I)issoluli()l_ of evaporites, perhaps along lhc course of a predecessor of lhc modern

37 l)cc()s River, resulted iu s,ul)._idcucc _tz_tllhc dcpositiot_ ()f ('ctJo/.()ic alluvium up to 300 m (984 11)thick in south-
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TRi-6342-237-4

i:igure 2-1. (;cnerali/.cd gcoh)_y o1'lhc I)elawarc Basin, showing lhc locali()u of the (:apilau Reef and lhc
erosional liinils of 111chasinal l()rmalions (l,appiu, I()_).
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Ali Ages in Millions of Years
TRI-6342611 1

l:igurc 2-2. (Jcologic time so;dc (simplified from (;cological Society of America, 1984).
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Figure 2-4. Schenmtic cast-west cross section through tile northern l)elaw_u'e Basin (modified from Davies,
1984). Note cxtrcmc vertical exaggeration. Approximate location of line of section shown on
Figure 2-1.
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Figure 2-5. Schematic no,lh-south cross section through the Northern Delaware Basin (modified from Davies,
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Figure 2-1.
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Figure 2-6. Map of the WiPP vicinily showing Lhcland-wilhdraw'al al'e:t (labeled "WIPP Boundary"), the study
area of Brinster (1991), and lhc location of observation wells (llaug ct al., 1987; Brinster, 1991).
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Chapter 2. Conceptual Basis for Consequence Modeling

1 ern Eddy Coumy, and up to ,almost 600 in (1970 ft) thick across the state line in Texas (Bachman, 1984, 1987;

2 Brinster, 1991).

3 2.2.2 Stratigraphy

4 This review is based lr"_marily on the summary presented by Brinster (1991), and is limited to those units that

5 may have an important role in future performance of the disposal system. Hydrologic data about the units have

6 been summarized by Brinster (1991), and are, in general, not repeated here. Stratigraphic relationships between the

7 units are shown in Figure 2-3. Figure 2-6 shows the region examined in detail by Brinster (1991) and the location

8 of wells that provide basi': data.

9 2.2.2.1 BELL CANYON FORMATION

10 The Bell Canyon Formation consists of 210 to 260 m (690 to 850 ft) of sandstones and siltstones with minor'lh

11 limestones, dolomitex, :rod conglomerates (Willi,_nson, 1978; Mercer, 1983; Harms and Williamson, 1988).

12 Sandstones within the upper portion of the Bell Canyon Formation occur as long, sinuous channels separated by

13 siltstones, reflecting ti;,eir ueposition by density currents that flowed into the deep basin from the Capitan Reef

14 (Harms and _?,'illiamson, 1988). These sandstones have be_ ,_ targets for hydrocarbon exploration elsewhere in the

15 Delaware Basin and are also of interest for the WIPP performance assessment because they are the first aquifers

16 below the evanorite sequence that hosts the repository.

1'7 Simulations of un,listur_ed repository performance do not include the Bell Canyon Formation because a thick

18 sequence of evaporites with very low permeability sep,'u'ates the formation from the overlying units. Simulations

19 of human intrusion scenarios do not include a borehole pathway for fluid migration between the Bell Canyon

20 Formation (or deeper units) and the repository. Relatively little is known about the head gradient that would drive

21 flc,w along this pathway, but data from five wells in the Bell Canyon Formation suggest that flow would be

22 slight, and, in ail unc_L,_edhole, downward because of brine density effects (Mercer, 1983; Beauhehn, 1986; Lappin

23 et al., 1989).

24 2.2.2.2 CAPlTAN LIMESTONE

25 The Capitan Limestone is not present at the WIPP, but is a time-stratigraphic equivalent of the Bell Canyon

26 Formation to the west, north, and east (Figures 2-1, 2-3). The unit is a massive limestone ranging from 76 to

27 230 m (250 to 750 ft) thick. Dissolution and fracturing have enhanced effective porosity, and the Capitan is a

28 major aquifer Jn the region, providing the principal water supply for the city of Carlsbad. Upward flow of

29 g;oundwater from the Capitata aquifer may be a factor in dissolution of overlying halite and the formation of

30 breccia pipes. Existing breccia pipes are limited to the vicinity of the reef, as is the active subsidence in San

31 Simon Swale (Figure 2-6) (Brinster, 1991).
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1 2.2.2.3 CASTILE FORMATION

2 The Castile Formation is approximately 470 m (1540 ft) thick at the WIPP and contains anhydrites with

3 intercalated limestones near the base and halite layers in the upper portions. Primary porosity and permeability in

4 the Castile Formation _u'e extremely low. However, approximately 18 wells in the region have encountered brine

5 reservoirs in fractured anhydrite in the Castile Formation (Brinster, 1991 ). Hydrologic and geochemical data have

6 been interpreted as indicating that these brine occunences ,are hydraulically isokated (Lambert and Mercer, 1978;

7 Lappin, 1988). Fluid may have been derived from interstitial entrapment of connate water after deposition

8 (Popielak et al., 1983), dehydration of the original gypsum to anhydrite (Popielak et al., 1983), or intermittent

9 movement of meteoric waters from the Capitan aquifer into the fractured anhydrites between 360,000 ,and 880,000

10 years ago (Lambert ,and Carter, 1984). Pressures within these brine reservoirs are greater than those at comparable

11 depths in other relatively permeable units in the region and range from 7 to 17.4 MPa (Lappin et al., 1989).

12 Pressurized brine in the Cast_,e_ormation is of concern for performance assessment because occurrences have
13 been found at WIPP-12 within the WIPP land-withdrawal area and at ERDA-6 and other wells in the vicinity. The

14 WIPP-12 reservoir is at a depth of 918 m (3012 ft), about 250 m (820 ft) below the repository horizon, and is

15 estimated to contain 2.7x 106 m3 (1.7x 107 barrels) of brine at a pressure of 12.7 MPa (Lappin et al., 1989).

16 This pressure is greater than the nominal freshwater hydrostatic pressure at that depth (9 MPa) and is slight.y

17 greater than the nomimd Iwdrostatic pressure for a column of equivalent brine at that depth (11.1 MPa). The brine

18 is saturated, or nearly so, with respect to halite, and has little or no potential to dissolve the overlying salt

19 (Lappin et al., 1989). Brine could, however, reach the repository, overlying strata, and the ground surface through

20 an intrusion borehole.

21 Early geophysical surveys mapped a structurally disturbed zone in the vicinity of the WIPP that may correlate

22 with fracturing or development of secondary porosity within the Castile Formation; this zone could possibly

23 contain pressurized brine (Borns et al., 1983). Later electromagnetic surveys indicated that the brine present at

24 WIPP-12 could underlie part of the waste panels (Earth q'echnology Corporation, 1988). WIPP-12 data are

25 therefore used to develop a conceptual model of the brine reservoir for analyzing scenarios that include the

26 penetration of pressurized brine. Data describing the C_stiie Formation brine reservoir are summarized in Volume

27 3, Section 4.3 of this report.

28 2.2.2.4 SALADO FORMATION

29 The Salado Formation is about 600 m (1970 ft) thick at the WIPP and contains halite interbedded with

30 anhydrite, polyhalite, glauberite, and some thin mudstones (Ad_uns, 1944; Bachman, 1981; Mercer, 1983).

31 Unlike the underlying Castile Formation, die Salado Formation overlaps the Capitan Limestone and extends

32 eastward beyond the reef for many kilometers into west Texas (Figure 2-3). Erosion has removed the Salado

33 Formation from the western portion of the basin (Figure 2-1).

34 Where the Salado Formation is intact and unaffected by dissolution, natural groundwater flow is negligible

35 because primary porosity and open tYactures are lacking in the plastic salt (Mercer, 1983; Brinster, 1991). The

36 formation is not dry, however. Interstitial brine seeps into the repository at rates up to approximately 0.01
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1 tldaylfor each In (in length) of excavation (Bredehoeft, 1988; Nowak ct td., 1988), and the Salado is assumed to

2 be saturated (Brinster, 1991). Porosity is estimated to be approxhnately 0.01 (expressed as void volume per unit

3 volume of rock). Permeability of the formation is very low but measurable, with an average value of 0.05

4 microdarcies (5x 10 -20 m2) reported by Powers et al. (1978a,b) from well tests. This value corresponds

5 approximately to a hydraulic conductivity 5x 1013 mis (1 x 10-7 ft/d) (Freeze and Cherry, 1979, "Fable 2.3). In

6 situ testing of h_dite in the repository indicates lower penneabilities ranging from 1 to 100 nanodarcies (10 -22 to

7 10-20 m2) (Stonnont ct ai., 1987; Beauheim et al., 1991). Additional information about the geology of the

8 Salado Formation at the repository is provided in Section 2.3.1, and in Volume 3, Section 2.3 of this report.

9 2.2.2.5 RUSTLER-SALADO CONTACT ZONE

10 In the vicinity of Nash Draw, the contact between the Rustler and Salado Formations is an unstructured

11 residuum of gypsum, clay, and sandstone created by dissolution of halite. The residuum becomes thinner to the

12 east and intertongues with clayey halite of the unnmned lower member of the Rustler Formation. Mercer (1983)

13 concluded, on the basis of brecciation at the contact, that dissolution in Nash Draw occurred _ffterdeposition of the

14 Rustler Formation. In shafts excavated at the WIPP, the residuum shows evidence of channeling and filling,

15 fc,ssils, and bioturbation, indicating that some dissolution occurred before Rustler deposition (Holt and Powers,

16 1988).

17 "['he residuum ranges in thickness in the vicinity of the WIPP from 2.4 m (7.9 ft) in P-14 east of Nash Draw

18 to 33 m (108 ft) in WIPP-29 within Nash Draw (Mercer, 1983). Measured hydraulic conductivity values for the

19 residuum are highest at Nash Draw (up to 10-6 m/s [10-1 ft/d]), and three to six orders of magnitude lower to the

20 east (Brinster, 1991). Porosity estimates range from 0.15 to 0.33 (Robinson and Lang, 1938; Hale m_dClebsch,

21 1958; Geohydrology Associates, Inc., 1979; Mercer, 1983).

22 2.2.2.6 RUSTLER FORMATION

23 The Rustler Formation is of particular importance for WIPP PA because it contains the most transmissive

24 units above the repository and therefore provides the most likely pathway for the subsurface transport of

25 radionuclides to the accessible enviromnent.

26 The Rustler Formation is 95 m (312 ft) thick at the WIPP (_L,_measured in ERDA-9) and ranges in the area

27 from a minimum of 8.5 m (28 ft) where thinned by dissolution and erosion west of the repository to a maximum

28 of 216 m (709 ft) to the east (Brinster, 1991). Overall, the fi_nnation is composed of about 40 percent anhydrite,

29 30 percent h_dite, 20 percent siitstone and sandstone, and 10 percent anhydritic dolomite (Lmnbert, 1983). On the

30 basis of outcrops in Nash Draw west of the WIPP, rite formation is divided into four fl_nnaily nmned members and

31 a lower unnmned member (Vine, 1963). These five units (Vine, 1963; Mercer, 1983) are, in ascending order, the

32 unnamed lower member (oldest), the Culebra Dolomite Member, the Tmnarisk Member, the Magenta Dolomite

33 Member, and the Forty-niner Member (youngest) (Figure 2-7, Table 2-1).
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Figure 2-7. East-west cross section showing stratigraphy of the Rustler Formation and the Dewey Lake Red
Beds (modified from Brinster, 1991). Note vertical exaggeration. Location of cross section is
shown on Figure 2-6.
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2 Table 2-1. Properties (_I'the Rustier Formation Units and Rustler-S_datlo Contact Zone. (.Sources for data
3 provided in text.)

Hytkaulic
Melnber N_une Thickness Conductivity

(m_odmin) (m_hnin) (max/rain)
(m) (m/s)

Forty-niner 20 5.0x 10-9
5.0x 1010

Magenta 8 5.0x 105
4 5.0x 10 1o

Tmnarisk 84 ',
8

Culebra 11.6 1x 10-4 0.30
4 2x 10-1° 0.03

U_mmned 36 Ix 10 l 1
6x 10-15

Rusfler-S_dado 33 Ix 10-6 0.33
Contact Zone 2.4 I x 10-12 0.15

4

5 The Unnamed Lower Member

6 The unn;uncd lower member is about 36 m (118 ft) thick at the WIPP and thickens slightly to the cast. The

7 unit is composed mostly of fine-grained silty sandstones and siltstones interbedded with anhydrite (converted to

8 gypsum at Nash Draw) west of the WIPP. Increasing mn(mms of halite m'e present to the east. llalite is present

9 over the WIPP (Figure 2-8), but is abscnt notlh and south of the WIPP where the topographic expression of Nash

lO Draw extends eastwm'd. Distribution of halite within this and other members of the Rustler Formation is

11 significant because, as is discussed in the following section, an apparent correlation exists between the absence of

12 h_dite m_dincreased transmissivity in the Culcbra Dolomite Member.
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1 The b_L_alinterval of tile unnmned lower member cont_fins siltstone and sandstone of sufficient mmsndssivity

2 to allow groundwater flow. Transmissivitics of 2.9x 10 -10 m2/s (2.7x 10.4 ft2/d) and 2.4x10 -10 m2/s

3 (2.2x 10-4 ft2/d) were calculated from tests at H-16 that included this interval (Bcauheim, 1987a). Assuming ali

4 flow in the 34-m (112-ft) test interval c_une from the 20 m ((v4 ft) of the basal interval, these transmissivity

5 v,'dues correspond to hydraulic conductivitics of 1.5x 10 l l m/s (4.2x 10-6 ft/d) and 1.2x 1O 11 tns (3.4x 10-6

6 ft/d). Hydraulic conductivity in the lower portion of the unn,'uncd membcr is believed to increase to the west in

7 ,'rod ne,'u"Nash Draw, where dissolution in the underlying Rustlcr-S_dado contact zone has caused subsidence and

8 fracturing of the sandstone and siltstone (Beauheim ,and |lolt, 1990).

9 The remainder of the unnamed lower member contains mudstones, anhydrite, and variable ,'unounts of h,'dite.

10 Hydraulic conductivity of these lithologies is extremely low: tests of mudstones and claystones in the waste-

11 handling shall gave hydraulic conductivity values ranging from 6x 10-15 m/s (2x 10 -9 ft/d) to 1x 10 13 lnls

12 (3x 10-8 ft/d) (Saulnier and Avis, 1988; Brinster, 1991).

13 Culebra Dolomite Member

14 The Culebra Dolomite Member of the Rustler Formation is microcryst_dline dolomite or dolomitic limestone

15 with solution cavities (Vine, 1963). In the vicinity of the WIPP, it ranges in thickness from 4 to 11.6 m (13 to

16 38.3 ft) and h_L,_a mean thickness of about 7 m (23 lt). Outcrops of the Culcbra Dolomite occur in the southern

17 part of Nash Draw and _dong the Pccos River.

18 The Culebra Dolomite has bccn identified as the most likely pathway for release of radionuclides to the

19 accessible environment because of its relatively high hydraulic conductivity near the WIPP, and hydrologic

20 research has concentrated on the unit for over a decade (Mercer and Orr, 1977, 1979; Mercer, 1983; Mercer ct al.,

21 1987; Beauheim, 1987a,b; l.aVenue ct al., 1988, 1990; Davies, 1989; Cauflman ct al., 1990). llydraulic data are

22 available from 41 well locations in the WIPP vicinity (Cauffinan ct ai., 1990).

23 ltydraulic conductivity of the Culebra varies six orders of magnitude from east to west in the vicinity of the

24 WIPP (Figure 2-9), ranging from 2x 10 -10 m/s (6x 10 "5 ft/d) at P-18 cast of the WIPP to lx 10-4 m/s

25 (6x 101 ft/d) at H-7 iu Nash l)raw (Brinstcr, 1991). Present understanding of the geologic controls on this

26 variation in conductivity is based primarily on studies of core s_unplcs from 17 boreholes, exposures in the walls

27 of three shafts excavated at lhc WIPP, and approximately 600 geophysical logs lrt,m boreholes throughout the

28 vicinity (Figure 2-10) (lioll and Powers, 1988; Powers and llolt, 1990; Bcauheim and llolt, 1990).

29 Measured matrix porosities of the Culchra Dolomite rangc from 0.03 to 0.30 (Lappin ct al., 1989; Kelley and

30 Saulnicr, 1990). Fracture porosity v_ducs have not been measured directly, but interpreted wdues from tracer tests

31 at thc II-3 and II-11 hydropads arc 2x 10-3 and lx 10-3, respectively (Kelley and Pickens, 1986). Data ,arc

32 insufficient to map spatial variability of p()rosity.

33 Variations in hydrattlic conductivity in the Culcbra are believed to bc conlrollcd by the relative abundance of

34 open l?acturcs (Snydcr. 1985; Bcauhcim and !1o11,1990; Brinstcr, 1_)91)ralhcr thati by primary (i.e., dcposilional)

35 features of the unit. l.atcral variati()ns in dcpositional cnviromnents wcrc small within the mapped region, and
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I:igurc 2-0. i.(_g hydraulic conduclivilics (measured in m/s) of lhc Culcbra l)olomilc Member of the Rustler
i;()rmalion (Brinslcr, 1991).
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1 primary features of tile Culcbra show little map-scale spatial variability (llolt and Powers, 1988). Direct

2 measurements of the dcllsity of open l'r,'ictures are not available fit)in core s_unples because of incomplete recovery

3 and fracturing during drilling, but comparisons between highly fractured outcrops of the Culebra in southern Nash

4 Draw and the relatively unfractured exposures in the WIPP shafts suggests that density of open fractures in the

5 Culcbra decreases to the c;ust. Qualitative correlations have bccn noted between hydraulic conductivity and severed

6 geologic features l_)ssibly rclatcd to open-fracture density, including (1) the distribution of overburden above the

7 Culebra (l-:igurc 2-11) (lh)lt and Powers, 1988; Bcauheim _md lh)lt, 1990); (2) the distribution of h_ditc in other

8 members of the Rustler Formation (compare l:igures 2-8 _md 2-9) (Snydcr, 1985); (3) the dissolution of halite in

9 the upper portion of thc Salado Formatic_n (F'igure 2-12) (Beauhcim and lh)lt, 1990); _md (4) the distribution of

10 gypswn fillings in fractures in the Culcbra (Figure 2-13) (Beauheim and lh)lt, 1990).

11 Rcgion_d tilting of the Delaware Basin during the Late Pliocene and early Pleistocene (see Section 2.2.1) and

12 subsequent erosion have rcsultcd in a westward decrease in overburden above the Culebra (lqgure 2-13). The

13 dccrcase in confining stress during erosion_d unloading may have caused fracturing in the Culebra (Beauheim and

14 lh)lt, 199()), and may also have ctmtn)llcd the degree lt) which fractures opened. Locally, however, variations in

15 conductivity do not correlate precisely with variations in overburden thickness, and other geologic phenomena

16 must conU'ibute (Bcauhcim and lh)it, 1990).

17 Where the prcscnt distribution of ludite in the Rustler Formation (Figure 2-8) results from post-delx_sitional

18 dissolution, subsidence over areas of dissolutitui may have caused fracturing in the Culebra (Snydcr, 1985).

19 Mapping of dcpositionai environments in the Rustler Formation indicates, however, thai the present limits of

20 halite in the formation coincide, in general, with a dcpositiomd trartsilion from evaporites lo mudstones near lhc

21 margins of a salinc pan (I h)lt and Powers, 1988; Powers and lh)II, 1990). l)issolution of the upper portion of the

22 Salado F'ormation (i:igurc 2-12), as inferred l'mm stratigraphic ,hitming observed in geophysical logs, may "als()

23 have causcd subsidcncc and fl'acturing in the Culcbra (Bcauhcim and ilolt, 1990).

24 l)ctailcd examination of core samples from the Culebra shows thai the percentage of fractures that are filled

25 with post-dcpositional gypsum crystals increases eastward across the site (l:igure 2-13) (Bcauheim and l lolt,

26 1990). F'urthcrmore, the cryst_dline structure of the fracture fillings changes across the site, suggesting that the

27 present conductivity distribution may rellect spatial v_u'iability in the prtx:esses that fonned l'racture fillings, lLast

28 of the WIPP, fracture-filling cryst_ds have predominantly incremental growth fonns, indicating gradu_d growth as

29 the fractures opened and tit) subsequent dissolution. Fractures with incremental fillings probably have had

30 relatively small apertures and little groundwalcr flow through them throughout their history. From the WIPP

31 west, fracture fillings, where pic'_ttnt, are predominantly passive gypsum crystals that grew in pre-existing w}id

32 spaces. By implication° any early, incremental fillings in these fractures must have been dissolved at some time

33 iii the past, and lhc fractures may have had relatively l_u'gcgrt)ur_dwalcr flow through them before passive crystal

34 growth. In places whcrc early, incrcmcnial fillings have bccn removed by dissolution and p_mivc crystal growth

35 have not ft_rmcd, or where they have bccn removed by further dissc_lution, conductivity is high. In places where

36 either passive or iiicrcmciital crystals fill most fractures, conductivity is low.

37
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1 As observed iii core samples from the Culebra, clay minerals commonly occur on the surfaces of

2 subhorizontai fractures in dolomite (Scwards, 1991; Sewards ct al., 199la,b). Present distribution and

3 composition of clay in the Culcbra (and other members of the Rustler Formation) reflect both dcpositiomd and

4 diagenctic processes (Sewards ct _d., 1992). Clays ,arc most abundant m horizonud layers that represent original

5 bedding planes in the cvaporite sequences, qllese clay-rich layers ,are found within the Culebra throughout the

6 WIPP vicinity. Because they ,are less competent than the dolomite above and below, clay-rich layers are

7 preferentially opened during fracturing, creating clay-lined subhorizont_d fractures. Clay minerals identified by x-

8 ray diffraction ,'m_dysis include corrensile (ordered mixed-layer chlorite/salxmite) ,and illite, with minor amounts of

9 serpentine and chlorite. Corrensite is the most abundant of the clay minerals, usually constituting about 50

10 percent of the clay assemblage (Sewards ct ,al., 1991a). Origin_d dctrital clays were illite and smectite; "alternation

11 of smectite into corrcnsite occurred during early diagenesis as magnesium-rich pore waters migrated through the

12 formation (Sewards ct al., 1992). Isotopic _malyses (Rb/Sr) indicate that clay minerals reached their present

13 composition during thc Late Pcnni_m (Brookins et "al., 1990).

14 Because the cation exchange capacity of clay minerals in general and corrensite in particuh'u" is higher than that

15 of dolomite or gypsum, clay fracture-linings may play an imlx_rtant role in the chemical retardation of

16 radionuclides during potenti_d transport (Siegel ct al., 1990; Sewards ct ,al., 1992). Clay fracture-linings may also

17 _dl'ect physical ret_udation of radionuclides by diffusion into the pore volume of both dolomite matrix and the clay

18 linings during transport (Scction 7.6.2 of this w_lume; Volume 3, Section 2.6 of this report; memorandum by

19 Novak et al. in Volume 3, Appendix A of this report).

20 Tamarisk Member

21 Where present in southca.,_tern New Mexico, the T,'unarisk Member hinges in thickness from 8 to 84 m (26 to

22 276 It) in southe_t,_tcrn New Mexico, and is about 36 m (118 ft) thick at the WIPP. The T_unarisk consists of

23 mostly _mhydrite or gypsum intcrbedded with thin layers of claystone and siltstone. Near N_tsh Draw, dissolution

24 has removed evaporites from the Tamarisk Member, and the Magenta and Culebra Dolomites are separated only by

25 a few meters of residue (Brinstcr, 1991).

26 Unsuccessful attempts were made in two wells, 11-14 and 1-1-16,to test a 2.4-m (7.9-ft) sequence of the

27 Tamarisk Member that consists of claystone, mudslone, and siltstone overlain and underlain by anhydrite.

28 Pcnneability was too low to measure in either well within the time allowed for testing, but Bcauheim (1987a)

29 cstimatcd the transmissivity of the claystonc sequence to be one or more orders of magnitude less them that of the

30 tested interwd in the unn,'Hncd lower member, which yielded transmissivity values of 2.9x 10-10 m2/s (2.7x 10-4

31 ft2/d) and 2.4x 10 10 m2/s (2.2x 10.4 ft2/d), corresponding to hydraulic conductivities in the b_L,_alsiltstone of the

32 unnamed lower member of 1.5x 10-11 m/s (4.2x 10 .6 ft/d) and 1.2x 10-11 m/s (3.4x 10-6 lt/d).

33 Magenta Dolomite Member

34 The Magenta I)olomitc Member of the Rustler Formation is a fine-grained dolomite that ranges in thickness

35 from 4 to 8 m (13 lo 26 lt) and is about 6 m (19 ft) thick at the WIPP. The Magenta is saturated except near
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1 outcrops along Nash Draw, and hydraulic dam ,are available from 14 wells. Hydraulic conductivity ranges over five

2 orders of magnitude from 5.0x 1010 to 5.0x 10-5 Inis (lxl0 -4 to Ix 101 ft/d).

3 A contour map of log hydraulic conductivities of the Magenta Dolomite Member based on sparse data (Figure

4 2-14) shows a decrease in conductivity from west to east, with slight indentations of the contours north and south

5 of the WIPP that correspond to the tolx_graphic expression of Nash Draw (Brinster, 1991). Comparison of Figures

6 2-9 and 2-14 show that in most locations conductivity of the Magenta is one to two orders of magnitude less than

7 that of the Culebra.

8 No porosity measurements have been made on the Magenta Dolomite Member. Beauheim (1987a) assumed a

9 representative dolomite [x_rosity of 0.20 for interpretations of well tests.

10 Forty- ;:i.'ler Member

11 The uppermost member of the Rustler Formation, the Forty-niner Member, is about 20 m (66 ft) thick

12 throughout the WIPP area and consists of low-permeability anhydrite and siltstone. Tests in 1-I-14 and H-16

13 yielded hydraulic conductivities of about 5 x 10-9 m/s (1 x 10-3 ft/d) and 5x 10-l0 m/s (1 x 10-4 ft/d) respectively

14 (Beauheim, 1987a).

15 2.2.2.7 SUPRA-RUSTLER ROCKS

16 Strata above d_e Rustler Formation ,are not believed to represent a significant pathway for the migration of

17 radionuclides frnm the repository to the accessible environment because of relatively low transmissivities within

18 the saturated zone. These units are important to performance assessment, however, because vertical flux through

19 them may play an important role in the inflow and outflow of water from the Rustler Formation. Available

20 models of groundwater flow in the Culebra do not incorporate the effects of vertical flux.

21 Where present, the supra-Rustler units collectively range in thickness from 4 to 536 m (13 to 1758 ft).

22 Regionally, the supra-Rustler units thicken Cothe east and form a uniform wedge of overburden across the region

23 (Brinster, 1991). Fine-grained sandstones and siltstones of the Dewey Lake Red Beds (Pierce Canyon Red Beds of

24 Vine, 1963) conformably overlie the Rustler Formation at the WIPP and are the uppermost Permian rocks in the

25 region. The unit is absent in Nash Draw, is a:-"much as 60 m (196 ft) thick where present west of the WIPP, and

26 can be over 200 m (656 ft) thick east of the WIPP (Figures 2-4, 2-7). East of the WIPP, the Dewey Lake Red

27 Beds are unconformably overlain by Mesozoic rocks of the Triassic Dockum Group. These rocks are absent west

28 of the repository and reach a thickness of over J00 m (328 ft) in western Lea County. East of the WIPP, Triassic

29 and, in some locations, Cretaceous rocks are unconformably overlain by the Pliocene Ogallala Formation. At the

30 WIPP, Permian strata are overlain by 8 m (25 ft) of the Triassic Dockum Group, discontinuous sands and gravels

31 of the Pleistocene Gatufia Formation, the informally named Pleistocene Mescalero caliche, and ltolocene soils

32 (lfolt and Powers, 1990).



Natural Barrier System
Stratigraphy

0 2 4 6 km Magenta Dolomite Member Subcrop
I J_

| j' _ _ _ --7.0- Log Hydraulic Conductivity Contour
0 1 2 3 4mi * Control Point

4- Township/Range Intersection
Contour Interval - 0.5 m/s

TRI-6342-275-1
..

Figure 2-14. Log hydraulic conductivities (measured in lnls) of the Magenta l)olomite Member of the Rusller
Formation (Brinstcr, 1991).
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1 Drilling in the Dewey Lake Red Beds has not identified a continuous zone of saturation. Some localized

2 zones of relatively high permeability were identified by loss of drilling fluids at DOE-2 and H-3d (Mercer, 1983;

3 Beauheim, 1987a). Thin and apparently discontinuous saturated sandstones were identified in the upper Dewey

4 Lake Red Beds at H-l, H-2, and H-3 (Mercer and Orr, 1979; Mercer, 1983). Several wells operated by tile J. C.

5 Mills Ranch (James Ranch) south of the WIPP produce sufficient quantities of water from the Dewey Lake Red

6 Beds to supply livestock (Brinster, 1991).

7 Hydrologic properties of supra-Rustler rt_ks are relatively poorly understood because of the lack of long-term

8 hydraulic tests and the difficulty of making those measurements. Hydraulic conductivity of the Dewey Lake Red

9 Beds, assuming saturation, is estimated to be 10-8 m/s (10 -3 ft/d), corresponding to the hydraulic conductivity of

10 fine-grained sandstone and siltstone (Mercer, 1983; Davies, 1989). Porosity is estimated to be about 0.20, which

11 is representative of fine-grained sandstone (Brinster, 1991).

12 2.2.3 Hydrology

13 2.2.3.1 PRESENT CLIMATE

14 The present climate of southeastern New Mexico is arid to semi-arid (Swift, 1992). Annual precipitation is

15 dominated by a late smmner monsoon, when solar warming of the continent creates an aUnospheric pressure

16 gradient that draws moist air inland from tile Gulf of Mexico (Cole, 1975). Winters are cool and generally dry.

17 Mean annual precipitation at the WIPP has been estimated to be between 28 and 34 cm/yr (10.9 and 13.5

18 in/yr) (Hunter, 1985). At Carlsbad, 42 km (26 mi) west of the WIPP and 100 m (330 ft) lower in elevation, 53-

19 year (1931-1983) annual means for precipitation and temperature are 32 cm/yr (12.6 in/yr) and 17.1°C (63°F)

20 (University of New Mexico, 1989). Freshwater pan evaporation in the region is estimated to be 280 cm/yr (110

21 in/yr) (u.S. DOE, 1980).

22 Short-term climatic variability can be considerable in tile region. For example, the 105-year (1878 to 1982)

23 precipitation record ft'ore Roswell, 135 "kin(84 mi) northwest of tile WIPP and 60 m (200 ft) higher in elevation,

24 shows an annual mean of 27 cm/yr (10.6 in/yr) with a maximum of 84 cm/yr (32.9 in/yr) and a minimum of 11

25 cm/yr (4.4 in/yr) (ltunter, 1985).

26 2.2.3.2 PALEOCLIMATES AND CLIMATIC VARIABILITY

27 Based on tile past record, it is reasonable to m;sume that climate will change at the WIPP during the next

28 10,000 years, and the performance-assessment hydrologic model must allow lhr climatic variability. Presently

29 available long-term climate models are incapable of resolution or, the spatial scales required for numerical

30 predictions of future climates at the WIPP (e.g., llansen et al., 1988; Mitchell, 1989; lloughton et al., 1990), and

31 simulations using these models are of limited value beyond several hundreds of years into tile future. Direct

32 modeling of climates during the next 10,000 years has not been attempted for WIPP performance assessment.

2-26



Natural Barrier System
Hydrology

1 Instead, performance-assessment modeling uses past climates to set limits tbr future v_u'iability (Swift, 1991,

2 1992). The extent to which unprecedented climatic changes caused by human-induced changes ill the composition

3 of the Earth's aunosphere may invalidate this assumption is uncertain. Presently available mtxlels of climatic

4 response to ml enhanced greenhouse effect (e.g., Mitchell, 1989; Houghton et al., 1990) do not predict changes of

5 a larger magnitude than those of the Pleistocene (although predicted rates of change are greater), suggesting tile

6 choice of a Pleistocene analog for future climatic extremes will remain appropriate.

7 Geologic data from lhc American Southwest show repeated alternations of wetter and drier climates

8 throughout tile Pleistocene, which correspond to global cycles of glaciation and deglaciation (Swift, 1992).

9 Climates in southeastern New Mexico have been coolest and wettest during glacial maxima, when the North

10 American ice sheet reached its southern limit roughly 1200 km (750 mi) north of the WIPP. Mean annual

11 precipitation at these exu'emes was approxhnately twice that of the present. Mean annual temperatures may have

12 been as much as 5°C (9°F) cooler than at present. Mcxleling of global circulation patterns suggests these changes

13 resulted from the disruption and southward displacement of the winter jet stream by the ice sheet, causing an

14 increase in the frequency and intensity of winter storms throughout the Southwest (COHMAP Members, 1988).

15 Data from plant and animal rem_fins and paled-lake levels permit quantitative reconstructions of precipitation

16 in southeastern New Mexico during the advance and retreat of the last major ice sheet ill North America. Figure

17 2-15 shows estimated mean _mnual precipitation for the WIPP for the last 30,000 years, based on ali estimated

18 present precipitation of 30 cm/yr (11.8 in/yr). The precipitation maximum coincides with the maximum advance

19 of the ice sheet 22,000 to 18,000 years ago. Since the final retreat of tile ice sheet approximately 10,000 years

20 ago, conditions have been generally dry, with intermittent and relatively brief peri(xls when precipitation may have

21 approached glacial levels. Causes of these t lolocene fluctuations are uncertain (Swift, 1992).

22 Glacial periodicities have bccn stable for the last 800,000 years, with major peaks occurring at intervals of

23 19,000, 23,000, 41,000 and 100,()00 years, corresponding to variations in the Earth's orbit (Milankovitch, 1941;

24 Hays et al., 1976; lmbrie ct aL, 1984; hnbrie, 1985). Barring anthropogenic changes in the Earth's climate,

25 relatively shnple modeling of the nonlinear climatic response to astronomically controlled changes in the mnount

26 of sol,tr energy reaching the Earth suggests that the next glacial maximum will occur in approximately 60,000

27 years (hnbrie and hnbrie, 1980). Regardless of anthropogenic effects, short-term, non-glacial climatic fluctuations

28 comparable to those of the last 10,000 years are probable during the next 10,000 years and must be included in

29 performance-assessment modeling.

30 Climatic variability will be inc,orporated into the modeling system conceptually by varying groundwater flow

31 into the Culebra Dolomite Member of the Rustler Formation as a scaled function of precipitation (Swift, 1991).

32 Short-term variability in precipitation is approximated with a periodic function that generates peaks of twice

33 present precipitation three times during the next 10,000 years and with a future climate that is wetter than that of

34 the present approximately one half of tile time. l.ong-term, glacial increase in precipitation is approximated with

35 a periodic funcliou that reaches a maximum of twice present precipitation in 60,000 years. For this performance

36 assessment, climatic wtriability has bccn included in the consequence analysis by varying boundary conditions of

37 the Culcbra groundwatcr-l'low modcl as a scaled function of future precipitation. Polentiometric heads along a

38 portion of the northern boundaries of the regional model domain were varied between present elevation and

39 approxhnately the ground surface, reaching maximmn elevations at times of maximum precipitation.
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Figure 2-15. Eslimatcd mean annual precipitation al tile WIPP during d_e Late Pleistocene and l ioloccne
(m<_ificd from Swift, 1992).
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1 2.2.3.3 SURFACE WATER

2 The Pecos River, tile principal surface-water feature ill southeastern New Mexico, flows southeastward in

3 Eddy County approximately p_u'_dlelto the axis of the Delaware BIL,_in(Figure 2-1) and drains into the Rio Grande

4 in western Texas. In tile vicinity of the WIPP, the drainage system includes small ephemeral creeks and draws and

5 has a drainage area of about 50,000 km 2 (20,000 mi2). At its closest point, the Pecos River is about 20 km

6 (12 mi) southwest of the WIPP (Brinster, 1991).

7 Very little, if any, of the surface water from Nash Draw reaches the Pecos River (Robinson and Lang, 1938;

8 L_unbert, 1983). Sevcrai shailow, saline lakes in Nash Draw cover an area of about 16 km 2 (6 mi 2) southwest of

9 the WIPP (Figure 2-6) and collect precipitation, surface drainage, and groundwater disch,'u'ge from springs and

10 seeps. The largest lake, Laguna Grande de la Sal, has existed throughout historic time. Since 1942, smaller,

11 intermittent, s_dine lakes have formed in closed depressions north of Laguna Gr,'mde de la Sai _t.,_a result of eflluent

12 from potash mining and oil-well development in the area (tlunter, 1985). Effluent has also enlarged Laguna
13 Gr,'mde de la Sid.

14 2.2.3.4 THE WATER TABLE

15 No maps of the water table are available for lhc vicinity of the WIPP. Outside of the immediate vicinity of

16 the Pccos River, where water is pumped for irrigation from an unconfined aquifer in the alluvium, near-surface

17 rocks are either unsaturated or of low permeability _md do not produce water in wells. Tests of the lower Dewey

18 Lake Red Beds in 1t-14 that were intended to provide inlormation about tile location of the water table proved

19 inconclusive because of low tr;msmissivities (Bcauheim, 1987a). Livestock wells completed south of the WIPP in

20 tile Dewey Lake Red Beds at tile J. C. Mills Ranch (J_unes Ranch) may produce from perched aquifers (Mercer,

21 1983; Lappin ct al., 1989), or they may produce from transmissive zones in a continuously saturated zone that is

22 elsewhere unproductive because of low u';msmissivities.

23 Regionally, water-table conditions can be inferred for the more permeable units where they ,are close to the

24 surface and saturated. The Culcbra I)olomite may be under water-table conditions in and ne;tr Nash Draw and near

25 regions of the Rustler Formation outcrop in Bear Gr_.,_sDraw and Clayton Basin north of the WIPP (Figure 2-6).

26 The Magenta l)olomitc is unsaturated and presumably above the water table at WIPP-28 and H-7 near Nash Draw.

27 Water-table conditions exist in the Rustlcr-Salado contact zone near where it discharges into the Peccs River at

28 Maiaga Bend (Brinster, 1991).

29 2.2.3.5 REGIONAL WATER BALANCE

30 tlunter (1985) examined the overall water budget o1"approximately 5180 km 2 (2000 mi 2) surrounding the

31 WIPP. Water inflow to lhc area comes from precipitation, surface-water flow in file Pccos River, groundwater

32 llow across the boundaries of the region, and water imported to the region Ibr human use. Outllow from the

33 water-budget model occurs its stream-water llow in lhc Pccos River, groundwater llow, and cvapotranspiration.

34 Volumes of water gained by precipitation and lost by cvapotranspiration _u'e more than one order of magnitude

35 larger than w_lumcs gained or lost by other means.
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1 Uncertainties about precipitation, eval_transpiration, and water storage within the system limit the usefulness

2 of estimates of groundwater recharge based on water-budget analyses. Regionally, II tinier (1985) concluded Ih,'lt

3 approximately 96 pcrccnt of precipitation was lost directly to evaI_transpiration, without entering the surface or

4 groundwater flow systems. Within the I(XX)km 2 (386 mi2) immediately _u'ound the WIPP, where no surface

5 runoff occurs and ali precipitation not lost to cvapotranspiration must recharge groundwater, a separate analysis

6 suggested ew_potranspiration may be as high as 98 to 99.5 percent (lluntcr, 1985). Direct measurements of

7 infiltration rates _u'enot available from the WIPP vicinity.

8 2.2.3.6 GROUNDWATER FLOW ABOVE THE SALADO FORMATION

9 Well tests indicate that the three most permeable units in tile vicinity of tile WIPP above the Salado

10 Formation arc the Culebra I)olomite and Magenta Dolomite Members of tile Rustler Formation _md the residuum

11 at the Rustlcr-Salado contact zone. The vertical pcnneabilities of the strata separating these units are not known,

12 but lithologies and tile potentiometric and geochemic_d data summarized below suggest that Ibr most of the

13 region, vertical llow between the unit_is very slow. Although prelimimu'y hydrologic modeling indicates that

14 some component of vertical flow between units can be compatible with observed conditions (llaug et al., 1987;

15 Davies, 1989), the Culebra is _,_sumed to be perfectly confined for the 1992 performance-assessment c_dculations.

16 Potentiometric Surfaces

17 Mercer (1983) _mdBrinstcr ( 1991) have conslructcd potcntiomctric-surface maps for the Rustler-Salado residuum,

18 the Culebra Dolomitc, and the Magenta l)_lomite; Brinster's (1991) maps _u'ereproduced here (Figures 2-16, 2-17,

19 and 2-18). These maps show the elevation above sca level to which fresh water would rise in a well open to each

20 unit. Contours are based on measured heads (water elevations in wells) thai have been adjusted to freshwater-

21 equivalent heads (the level lo which fresh water would rise in tile s_une weil). Maps lhr the Culebra and the

22 Magenta l)olomitcs _uc based on data from 31 and 16 wells, respectively. The map for the Rustler-Salado

23 residuum includes dala from 14 wells and water elevations in the Pecos River, reflecting an assumption that water-

24 table conditions exist in the unit ne_u"the river.

25 Because the data usctl to cc)ilSll'tlCtlhc potcntiometric maps are sparse and unevenly distributed, interpretations

26 must bc made with caution, l:or example, the "bull's-eye" patterns visible in ali three maps are controlled by

27 single data points, and would probably disappc_tr from the maps if sufficient data were available. Contours _u'e

28 most reliable where data are closely spaced, p_u'ticularly in the immediate vicinity of the WIPP, and are least

29 reliable where they have bccn extrapolated into _u'cas of no data, such as tile southeast I_}rlion of the mapped _u'ea.

30 With these caveats notcti, however, the potcntiomctric maps can bc useful in drawing conclusions alK_utl]ow both

31 wilhin _llitl bclwccl| lhc tJlrcc unit.,,;.

32 i:h)w of a cc)nstant-dcnsity liquid within an is()tr()pic xnedium would be pcxpendicular lt) lhc potcntiometric

33 contours. Near the WII)P, lc_c_dize(Ircgi()lis have bccn identified where variations in brine density result in no)n-

34 unil()rxn gxavitati()nal driving f()rccs and anomalt)us flow directions (i)avies, 198!)), and the effects of anisotropy

35 on ll()w paiicrlls are tlol fully ulldcx'st()c_tl. In general, h()wevcr, flow in lhc Rustler--Salado col|l_lcl zone is from
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Figure 2-16. Adjusted polcnliomelric surface of lhc Rusllcr-Salado conla¢l zone in lhc WIPP vicinily (Brinster,
1991 ). Cont()urs based on head _lla from indicated wells and water elevations in the Pecos River.
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Figure 2-17. Adjusted l'_olenliomctric surface of the Culebra l)olomile Member of the Rustler Formation in lhc
WIPP vicitlily (Brinstcr, 1991). Contours b&scd on head _Jla from indicaled wells.
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Figure 2-18. Adjusted lX_tcnliomctric surface of tl_e Magenta l)olomite Member of the Rustler Formation in the
WIPP vicinity (Brinstcr, 1991). Contours based on head _lta from indicated wells.
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1 northeast to southwest, l:low in tile ('ulebra is from north to south, and llow in tile Magenta is from east to west

2 in that portion of tile study at'ca where data iffe sufl'icienl to permit interpretation (i.e., near lhc WIPP).

3 Differences in flow directions may reflect long-tenn transient conditions (see "Recharge and l)ischarge" iu Section

4 2.2.3.6) and indicate low permeability of the strata _parating the three units; thai is, if the three functioned as a

5 single aquifer, potentiometric maps would be similar.

6 Flow between units also is a function of hydraulic gradient and can be interpreted qualitatively from the

7 potentiometric maps. lake latend flow within units, vertic_d flow between units is from higher lx_tentiometric

8 levels to lower levels, l)iffcrcnces between the elevations of the lx_tentiometric surfaces reflect low penneabilitics

9 of the intervening strata and slow rates of vertical leakage relative to rates of llow within the aquifers. Brinster

10 (1991), and Beauheim (1987a) present analyses of vertical hydraulic gradients on a weil-by-well basis. These

11 analyses suggest that, ii flow occurs, the direction of flow between the Magenta and the Culebra is downward

12 throughout the WIPP area. Directly above the repository, flow may be upwm'd from the Rustler-Salado residuum

13 to the Culebra Dolomite. Elsewhere in the region, both upwm'd and downward flow directions exist between the

14 two units.

15 Groundwater Geochemistry

16 Major solute geochemical data m'e available for groundwater from tile Rustler-Salado contact zone from 20

17 wells, from the Culcbra Dolomite from 32 wells, and from the Magenta Dolomite from 12 wells (Siegel et al.,

18 1991). Groundwater quality in ali three units is poor, with total dissolved solids (TDS) exceeding 10,000 mg/L

19 (the concentration specified h_r regulation by the Individmd Protection Requirements of 40 CFR 191B) in most

20 locations.

21 Waters from the Rustler-Salado contact zone have the highest TDS concentrations of any groundwaters in the

22 WIPP area. The lowest concentration reported from the unit is 70,000 mg/l. from tl-7c southwest of the WIPP,

23 and the highcst is 410,0(X) mg/L from 11-5at the northc,'tst corner of the land-withdraw_d area (Siegel et al., 1991).

24 Waters from the Magcnta l)olomitc me the least saline of those iri the confined units. Within the land-

25 withdrawal area, TDS concentrations range from approximately 4000 to 25,000 mg/l.. Higher values are rel_rled

26 from I1-10 southeast of the WIPP, whcrc the smnple is of uncertain quality, and from WIPP 27 in N_tsh Draw,

27 where groundwater chemistry has bccn altered by dumping of eMuent ft'ore l'X_t,'t,;hmines (Siegel ct al., 1991).

28 Groundwater chemistry is vm'table in the Culcbra Dolomite. A maximum TDS concentration of 324,100

29 mg/l. is reported from WIPP-29 west of the repository in Nash Draw, and a minimum value of 2830 mg/l_, is

30 rclx_rtcd from !I-8, 14 km (9 mi) southwcst of the repository. Three other wells (11-7, 11-9, and the Engle weil),

31 _dl south of the WIPP, also contain water with less than 10,000 rag/l. TI)S (Siegel el Irl., 1991).

32 Relative concentrations of major ions vary spatially within the Culebra Dolomite. Siegel ct al. (1991)

33 recognized four zones containing distinct hydrochemical facies (Figure 2-19) and related water chemistry to the

34 distribution of halite in lhc Rusllcr l:ormalion. Zone A con:3ins a s_dine (about 2 to 3 mohd) sodium chloride

35 brine with a magnesium/calcium molar ratio greater than 1.2. Zone A waters occur castwm'd from the rcl_sitory,
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Figure 2-19. llydrochcmical facies iii lhc Culcbra l-)olomitc Member of lhc Rustler Formation (Siegel ct ;d.,

1991).
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1 iii a region thai corresponds roughly with tile ro'ca of lowest transnlissivity in tile ('.ulebra I)ohmlit¢. llalitc is

2 present in tile ummnlcd lower mcml_r of tile Rustier Formationthrough{mt Zone A, and iH tile eastern portion of

3 the region halite occurs in tile uppcr men]bers as weil. Zone B is an area of dilute, calcitJm sulfate-rich water

4 (ionic strength less than ().1 molal) south of the repository. This rcgion generally has high transmissivity in the

5 Culebra Dolomitc, and halite is absent froln ali members of the Rustler l:ormation. Zone (;, extending li'ore the

6 repository west to Nash l)raw, contains waters of vm'iable composition with low to moderate ionic strength (0.3

7 to 1.6 tooled), with magncsilmffcalcium molar ratios less than 1.2, 'l'ransn_issivity is wlriable in this region, and

8 halite is present in the Rustler l:ormation only to the east, in the unnmned lower member. Salinities m'e highest

9 nem"the eastern edge of the zone. Zone !) waters, fi_und only in two wells in Nit,_h Draw, are am}malously saline

10 (3 to 6 mohd) and havc high potassium/sodium ratios that reflect contamination by el'fluent from l'mtash mines.

11 l)islribulion of lhc hydrochcmical facies may not be consistent with the inlcrrcd north-to-south flow of

12 groundwater in the Culcbra I)olomitc. Specifically, less saline waters of Zone B are down-gradient from more

13 saline waters in Zones A and C. Chaimmn (1988) suggested that direct recharge of fresh water from the surface

14 could account for lhc characteristics of Zone B. As discussed in more detail below ("Recharge and l)ischarge"

15 section), the inconsistcttcy between chemical and potcntiometric dala could Idso result from a change in location

16 and amount of recharge since the wctter climate of the last glacial maximum (I.mnbert, 1991). lh'esent flow in

17 the Culcbra could bc ta'ansicnt, rcllccting gradual drainage of a groundwater rcscrwfir filled during the Pleistocene

18 (l.ambcrt and (_m'tcr, 1987; l)avics; 1989; 1.ambcrt, 1991). Regional hydrochemical facies may not have

19 cquilibralcd with the moticrn Ilow regime and instead may reflect geographic disU'ibution o1"halite during a p_tst

20 flow regime (Siegel and l.ambcrt, 1991).

21 Recharge and Discharge

22 The only documented points of naturally occurring groundwater discharge in the vicinity of the WIPP arc the

23 saline lakes in Nash l)raw and tile Pccos Rivcr, primarily nem Malaga Bend (lluntcr, 1985; Brinster, 1991).

24 Discharge into the lakes from Surprise Spring was measured al a rate of less than 0.01 m3/s (0.35 ft3/s) in 1942

25 (lluntcr, 1985). I,_stimatcd total groundwater discharge into the lakes is 0.67 m3/s (24 ft3/s) (lluntcr, 1985).

26 Based on chemical and potcntiomctric data, Mcrccr (1983) concluded thai discharge from tile spring was from

27 fractured and more Irlmsnlissivc portions of tile 'l'_umu'isk Member of tile Rustier l:ormation, and that the lakes

28 wcrc hydraulically isolated from lhc (_ulcbra i)olomite and lower units, l,ambert and llarvey's (1987) analysis of

29 stable isotopes iH water from Surprise Spriltg supp<_rts lhc c{mclusion that Surprise Spring and l.aguna (_rantle dc

30 llt Sal arc riot discharge poitHs for lhc (_ulcbra l){_lomite.

31 (_roumlwatcr tlischargc into lhc Pccos Rivcr is larger than discharge into tile saline lakes. Based on 1980

32 strcam-llow gage data, iltmtcr (1985) estimated thai groundwater discharge into the Pecos River between Avalon

33 i)am north of Carlsbad and a point south of Malaga Bend was no more than approxi|natcly 0.92 m3/s (33 ft3/s).

34 Mc,st (,1"this gain in sitcam flow occurs near Malaga Bend and is file result o1' groundwater discharge from the

35 rcsidtnml at the Rustlcr-Salatlo ctmtact zone (llalc ct al., 1954; Ktmklcr, 1980; lluntcr, 1985; Brinstcr, 1991).

36 'l'hc only tlocumcl_lcd point of grotmdwatcr recharge is also near Malaga Bend, where ,'malmost imnlcdiate

37 walcr-lcv¢l rise has bccH rcporlcd iJ_a Rusllcr-Sahtdo residuum well following a heavy rainstorm (ilalc ct _d.,
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1 1954). This location is hydraulically down-gradicnt from the repository, and recharge here has little relevmice tct

2 tlow near tile WIPP. Examination oi' tile potentiometric-surface map for the Rustler-Salado contact zone (Figure

3 2-16) indicates that some inflow may occur north of the WIPP, where freshwater-equivalent heads are highest.

4 Additional inllow to the contact zone may occur as leakage from overlying units, particularly where the units are

5 close to the surface and under water-table conditions. Brinster (1991) proIx_sed that inllow to the contact zone (and

6 other units in the Rustler Formation) could also come from below, upward through breccia pipes from the Capitan

7 aquilcr north _mdcast of the rcl_sitory.

8 No direct evidence exists for the location ttf either recharge to or discharge from the Culebra Dolomite. The

9 potentiomctric-surface map (Figure 2-17) implies inflow from the north m_doutflow to the south. Mercer (1983)

10 suggested that rechm'ge from the surface probably occurred 15 to 30 km (9 to 19 mi) northwest of the WIPP in and

11 north of Clayton B;L,_in(Figure 2-6), where the Rustler Formation crops out. An undetermined amount of inflow

12 may also occur its leakage from overlying uniL,; throughout the region.

13 The potcntiomctric-surl'ace map (t:igure 2-17) indicates that flow in the Culebra Dolomite is toward the

14 south. Some of this southerly flow may enter the Rustler-Salado contact zone under water-table conditions near

15 Malaga Bend and ultimatcly discharge into the Pecos River. Additional flow may discharge directly into the Pecos

16 River or into alluvium in the Bahnorhea-Loving Trough to the south (Figure 2-6) (Brinster, 1991).

17 Recharge to the Magenta Dolomite may also occur north of the WIPP in Bear Grass Draw mid Clayton Basin

18 (Mercer, 1983). The potcntiometric-surface map indicates that discharge is toward the west in the vicinity of the

19 WIPP, probably into the T;unarisk Member and the Culebra Dolomite near Nash Draw. Some discharge from the

20 Magenta Dolomite may ultimately reach the saline lakes in Nash Draw. Additional discharge probably reaches the

21 Pccos River at Malaga Bend or alluvium in the Balmorhea-Loving Trough (Brinster, 1991).

22 Isotopic data from groundwater smnples suggest that groundwater travel time from the surface to the Dewey

23 Lake Red Beds and the Rustler Formation is long mid rates of flow are extremely slow. Low tritium levels in ali

24 WIPP-area samples indicate minimal contributions from the atmosphere since 1950 (Lmnbert and Harvey, 1987).

25 Four modeled radiocarbon ages from Rustler Fonnation and Dewey Lake Red Beds groundwater are between

26 12,000 and 16,000 years (Lambert, 1987). Observed uranium isotope activity ratios require a conservative

27 minimum residence time in the Culcbra Dolomite of several thousands of years and more probably reflect

28 minimum ages of 10,000 to 30,000 years (L;unbcrt and Carter, 1987). Stable-isotope data are more eanbiguous:

29 Lambert and I larvey (1987) concluded that compositions are distinct from modem surface values and that the

30 contribution of modem recharge to the system is slight, whcre;L,_Chapman (1986, 1988) concluded that available

31 stable-isotope data do not permit interpretations of groundwater age. Additional stable-isotope research is in

32 progress and may resolve some uncertainty about groundwater age.

33 Potcntiometric data from four wells support the conclusion that little infiltration from the surface reaches the

34 tr;msmissive units of the Rustler Formation. Hydraulic head data are available for a claystone in the Forty-niner

35 Member from I)OE-2, 11-3, 1I-4, II-5, and II-6. Comparison of these heads to Magenta heads in surrounding '

36 wells shows that flow bctwccn the units at ali four wells may be upward (Beauheim, 1987a). This observation

37 offers no insight into the possibility of infiltration reaching the Forty-niner Member, but it rules out the

38 possibility of infiltration reaching the Magenta l)olomitc or ;uly deeper units at these locations.
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1 Location and amount of groundwater recharge and discharge in the area may have been substantially different

2 during wetter clhnates of the Pleistocene. Gypsiferous spring deposits on the east side of Nash Draw are of late

3 Pleistocene age and reflect discharge from al active water table in the Rusder Formation (Bachman, 1981, 1987;

4 Davies, 1989; Brinster, 1991). Coarse sands and gravels in the Pleistocene Gatufia Formation indicate deposition

5 in high-energy, through-going drainage systems unlike those presently found in the Nash Draw area (Bachman,

6 1987). Citing isotopic evidence for a Pleistocene age for Rustler Formation groundwater, Lambert and Carter

7 (1987) and L,-unbert (1991 ) have speculated that during the late Pleistocene, Nash Draw may have been a principal

8 recharge area, and flow in the vicinity of the WIPP may have been eastward. In this interpretation, there is

9 essentially no rech,'u'ge at tile present, and the modem groundwater-flow fields reflect the gradual draining of the

10 strata, l'reliminary modeling of long-term transient flow in a two-dimensional, east-west cross section indicates

11 that, although the concept remains unproven, it is not incompatible with observed hydraulic properties (Davies,

12 1989). As the performance-assessment groundwater-flow model is further developed and refined, the potential

13 significance of uncertainty in the location ,and amount of future recharge will be re-evaluated.

_4 2.2.4 Radionuclide Transport in the Culebra Dolomite

15 Hydraulic tests using nonreactive tracers have been conducted in the Culebra Dolomite Member of the Rustler

16 Formation near the WIPP at the I-I-2, I-I-3, 1-1-4,1-I-6, and H-11 hydropad well locations (Kelley and Pickens,

17 1986; Saulnier, 1987; Beauheim, 1987b,c; Jones et al., 1992) (see Figures 2-6 and 2-8 for well locations). At the

18 I-I-2 and 1-t-4 hydropads, transmissivity in the Culebra is low, and tracer test results are best explained by

19 characterizing the Culebra as a single-porosity, matrix-only medium in which interconnected open fractures are not

20 present (see Section 2.2.2.6 for a discussion of fractures in the Culebra). At the H-3, H-6, and H-11 hydropads, a

21 dual-porosity, fracture-plus-matrix model for transport provides the best agreement with the tracer test data.

22 Neither a single-porosity, fracture-only nor a single-porosity, matrix-only model provides a suitable interpretation

23 of the tracer test data at these locations (Jones et al., 1992). The 1-1-3and H- 11 hydropad locations lie south and

24 southeast of the waste panels, within the predicted llow paths from the panels (LaVenue and RamaRao, 1992), and

25 the WIPP PA Department therefore believes that a dual-porosity transport model provides the most realistic

26 esthnate of subsurface releases at the accessible environment boundary. Alternative conceptual models for both

27 si,,lgle-porosity, fracture-only transport (believed to be an unrealistic but known endpoint of a continuum of

28 models on which a re,'distic endpoint is uncertain) and d_al-porosity, matrix-plus-fracture transport (believed to be

29 realistic) were used in the 1992 PA. Results ,are compared in Volume 1, Chapter 5 of this report.

30 Unlike the nonreactive materials used in tracer tests, radionuclides may be retarded during transport by

31 chemical interactions with the rock. Distribution coefficients (KdS, mL/g), defined for a given element as the

32 concentration sorbed per gr,un of rock divided by the concentration per a milliliter of solution, are used to describe

33 the partitioning of radionuclides between groundwater and rock. As described in Section 7.6, KdS are then used to

34 derive retardation factors, defined as mean fluid velocity divided by mean radionuclide velocity, which take i Ao

35 account pore space geometry and tile thickness o1'clay linings that line pores aid fractures as well as K d values.

36 Distribution coefficients may be determined experimentally for individual radionuclides in specific water/rock

37 systems (e.g., l_.appin ct al., 1989), but because values are strongly dependent on water chemistry and rock

38 miner_dogy and tile nature of the flow system, experimental data cannot be extrapolated directly to a complex

39 _atural system. For the 1992 (and 1991) preliminary l,erfonnance assessments, cumulative distribution functions
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1 (cdfs) Ibr KdS were based oli judgment elicited from an expert panel as described in the following section. In

2 keeping with the agreement between the DOE and the State of New Mexico (U.S. DOE and the State of New

3 Mexico, 1981, as modified), Kds used iii final ct_,_'nliance evaluations will be based on experimentally justified

4 dala.

5 Sensitivity analyses performed as part of the 1990 PA indicated that, conditional on the models and

6 distributions used in the 1990 c_dculations, variability in distribution coefficients was one of the most important

7 contributors to overall variability in cumulative releases through groundwater transport (Helton ct al., 1991), and

8 that overall performance was sensitive to the choice of conceptual model (single porosity versus du,'d porosity) for

9 transport (Bertrmn-Howery ct al., 1990). Sensitivity analyses performed as part of the 1991 PA confirmed the

10 importance of both chemical retardation and pl,)'_ical retardation (Heiton et al., 1992). The potential impact of

11 uncertainty in the conceptu_d model for tr,'msport is ex,unined again in the 1992 PA.

12 2.2.4.1 EXPERT JUDGMENT ELICITATION FOR Kds

13 Unlike other expert panels organized lhr WIPP performance assessment, which consisted of experts with no

14 formed _fffiliation with SNL (e.g., the future intrusion and markers panels discussed in Chapter 5 of this volume

15 and the source term panel discussed later iii this chapter), the Radionuclide Retardation Expert Panel consisted of

16 SNI. stafl"members who arc currently working or have worked on retardation in the Culebra. In other regards,

17 procedures lhr the prescmation of the issues and the elicitation of results were as suggested by Hora and Iman

18 (1989) and Bonano ct al. (1990).

19 The Radionuclide Retardation Expert Panel was requested to provide probability distributions for distribution

20 (sorption) coefficients for tight elements (mnericium, curium, uranium, neptunium, plutonium, radium, thorium,

21 and lead) that represent a spatted average over the total area of concern (from a hypothetical intrusion borehole to

22 the bound_u'y of the accessible environment). This was to be done for two separate cases: (1) the coefficients that

23 result from the clay thai lines the fractures in the Culebra Dolomite, and (2) the coefficients that result from the

24 matrix pore space of the Culcbra Dolomite. During the meetings, the panelists decided to further break down the

25 problem by ex_unining the coeMcients that would result from the particular rock species and two different

26 transport fluids: (1) transport fluid thai is predominantly relatively low-salinity Culebra brine, or (2) transport

27 fluid that is predominantly high-salinity Salado brine. Probability distributions were thus provided for four

28 situations for each radionuclide.

29 Tw() short meetings were held iii April 1991 to discuss the physic_d situation and the issue statement. The

30 period between the second and third meetings (approximately one month) was available for the panelists to

31 exmnine the existing data base and discuss the results with each other. The third meeting, held at the end of May

32 1991, involved the expert judgment clicitatiou training, a discussion mnong the panelists as to the cases and

33 assumptions to be used during the clicitation, and lhc actual elicitation sessions. At the request of _me of the

34 panelists, judgments wcrc clicilcd scparatcly from the experts. Each panelist provided distributions where they

35 were able. Incompleteness rcsullcd iii some cases from a lack of knowledge about a particular radionuclide.

36 Specific distributions provided by each pane!isr are F_'esented in Volume 3 of the 1991 edition o1"this report
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,,,..

1 (Seclion 2.6.10 of WIPI' PA Division [1991c1). The cdmposite distributions used iii tile 1992 performance-

2 _L,+sessmentcalculations arc provided in Volume 3 of this relX_rt(Section 2.6.4).

3 The panelists judgments were based on a body of data generated l_u'gely by experiments with r_v,:ks_unples

4 taken from boreholes in the vicinily o1"the WIPP (Trauth et _d., 1992):

5 • plutonium KdS (Dosch and Lynch, 1978; Lynch and Dosch, 1980; Dosch, 1980; Nowak, 1980; Seine et

6 al., 1977; Tien ct al., 1983)

7 • americium Kds (l)osch and I.ynch, 1978; Lynch and Dosch, 1980; Nowak, 1980; Seine ct al., 1977; Tien

8 ct al., 1983)

9 • curium Kds (Dosch and l_,ynch, 1978; Seine el al., 1977; Tien et al., 1983)

10 • neptunium Kds (l)osch and Lynch, 1978; Seine et al., 1977; Tien el ,al., 1983)

11 • uranium KdS (Dosch, 1981; Dosch, 1980; Seine ct _d., 1977; 1'ien ct ,al., 1983)

12 • strontium KdS (as analog for radium) (i)osch and Lynch, 1978; l, ynch at|d Dosch, 1980; l)osch, 1980;

13 Serne ct _d., 1977)

14 • radium and lead KdS (Tien ct al., 1983)

15 • dmrium KdS (Tieu ct al., 1983).

16 The Kd v_dues repotled in these references were calculated by indirect means: Measurements were not taken of the

17 activity sorbed to the rock. Rather, measurements were taken ,'tsto the activity lost from the solution contacting

18 the rock.

19 Tien ct 'al. (1983) differed in their experimental approach from the other experimenters cited atxwe. Tien ct al.

20 (1983) compiled experimental distribution coefficients from open literature that might be applicable to

21 investigations of a potential repository sile in bedded s_dt in the Palo Duro Basin of Texas.

22 2.2.4.2 PLANNED AND ONGOING EXPERIMENTAL WORK RELATED TO RADIONUCLIDE
23 TRANSPORT IN THE CULEBRA

24 The WIPP Tesi Phase Plan ([/.S. 1)()i:, 1990a, currently in revision)contains experimental programs that

25 will provide additional iHlormalioH (,li both chemical and physic_d rcl_u'dalion.

26 Chemical rclarda|ion will be addressed through lahoralory expcriments thai will measure adsorption of

27 radionuclides as a Itmcticm of water composition 1o characterize adsorption in the wide range o1"groundwater

28 compositions cxpcctcd in the (_ulcbra. Batch sorption experiments, in which crushed Culebra rock will be placed
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1 in a brine solution containing tile radionuclides of interest, will provide Kd v;dues for many different conditions,

2 but will provide little inlonnadon about retardation in natural fractures. KdS based on these experiments will

3 provide an upper bound on tile ;unount of sorption that can be expected. A set of column-flow experiments is

4 therefore iii progress that will measure radionuclide sorption iii columns of intact Culebra rock (core s,'unples from

5 the Air Intake Shaft at the WIPP), thus providing a more direct determination of natural (both chemical and

6 physical) reUu'dation iii the Culebra (see U.S. DOE, 1992, and relbrences cited therein for additional information

7 about these experiments).

8 Retardation could also be addressed through tracer tests at a prolx_sed new seven-well hydropad, to be called It-

9 19 (Beauheim and Davies, 1992). The test may be conducted at tile site of ali existing well (e.g., 1t-3), or a new

10 location may be selected. In either case 11-19 will be in a region of relatively high transmissivity south or

11 southeast of tile waste panels, within tile envelope of predicted flow paths to tile accessible environment. Tests

12 with both conservative and reactive (but not radioactive) tracers will ex,'unine transport along various paths

13 between a central well and six outer wells drilled at diftbrent radii from tile central location. Specific objectives of

14 these tests are to: address questions about vertical heterogeneity in the Culebra (tests will isolate specific

15 horizontal layers within the Culebra iii different wells to examine vertical flow and transport between layers); to

16 provide data to allow evaluation of alternative conceptual models for transport iii the Culebra, including

17 _misotropic, heterogeneous, and channeling models; lo provide inlbnnation about chemical retardation processes on

18 a field scale; to provide additional evidence that matrix diffusion is ;m important process in retardation; and to

19 provide core s_unples for additional laboratory tests from the region of predicted flow paths to the accessible

20 environment. Results of the field tracer tests are anticipated to be available for use in performance assessment

21 beginning ill 1995 (Beauhehn and Davies, 1992).

22 2.3 Engineered Barrier System

23 The WIPP disposal system includes engineered barriers that minimize tile rate at which radionuclides may

24 migrate through the hydrogeologic setting to the accessible environment. As presently designed, tile repository

25 relies on se_ds in panels, drifts, and shal'ts to prevent migration through the excavated openings. If performance

26 assessments indicate additional b;uTiers ;u'e needed to reduce potential radionuclide tranSl_rt up an intrusion

27 borehole, modifications can be made to tile form of the waste and backfill or to tile design of the waste-

28 emplacement areas thai will cnhancc long-term performance. Section 2.3 contains descriptions of the repository

29 and seal destign, the wa.,_tc,the radionuclide source term, and the room/waste interactions. Because the performance

30 of engineered b;uricrs is dependent on the propcrtics of the sun'ounding strata, Section 2.3 also contains additional

31 information about the S_dado Formation at tile repository horizon.

32 2.3.1 The Salado Formation at the Repository Horizon

33 Dcpositional processes that created the Salado Formation were laterally persistent over large areas, and

34 individual stratigraphic horizons within die Ik_rmalion can be recognized ill potash mines mid boreholes throughout

35 rite WIPP region (l.owcnstein, 1988). l:orty-four anhydrite and l_flyh;dite "marker beds" in the Salado Fonnation

36 have been identified and numbered within the approximately 2700 km2 (1050 mi2) of the Carlsbad potash mining
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1 district (Jones ct al., 1_)6()). 'i'hinner interhcds of anhydrite, clay, and polyhalile occur throughout the fornlalion,

2 and arc also lalerally persistent.

3 l,ithologic layers in the Salatlo I:or|nation dip less than I° to the southeast at the WIPP, and the waste-

4 emplacement area is being excavated al a constant slratigraphic horizon ralher Ihall al a conslanl elewltiot| so thai

5 ali waste panels will share lhc same local stratigraphy. This slight slope of the repository will result itz a

6 difference in ll()or elevation between the highest and lowest panels t)l' less than 10 m.

7 Panels are cxcawttcd entirely within a 7.3-m (24-ft) thick section of Imlit¢ and polyhalile between anhydrite

8 marker beds 138 (MB138) and 13!,1(MBI39), approximately 380 m (1250 ft) below the top of the Salado

9 i"ormation (Figure 2-2()a). Waste-emplacement panels are excavated in lhc lower portion of this section,

10 approximately 1.4 m (4.6 I't) above MB I39 (Figure 2-20b). i,_xcavalion has penetrated MB I39 in sumps oi" ali

11 four shafts, and in other locations, l_xpcrilnental rtx)|ns, I(Eatcd in a separale parl o1"lhc repository n()rth of the

12 waste-emplacement area (see Secti(m 2.3.2), have been excavated at a stratigraphic level higher than thai of lhc

13 waste-emplacement panels, in part, so that bt_rchole tests can be conducted beneath the room flot)|'s in undisturbed

14 strata of d_ewaste-emplacement horizon.

15 Anhydrite interbeds arc of importance for performance assessment because they are more permeable than tile

16 halite layer conlai|fing the disposal t'_om, and thcrcfore provide the dominant pathway lk_rfluid migration. As

17 discussed in more detail in Volume 3, presently available WIPP test (.lala indicate uodislurbed permeabilities

18 ranging between 1016 and !()21 m2 for anhydrite and between 1019 and 10-24 m2 for halite ((]orham et al.

19 memo in Volume 3, Appcndix A of this rcport), intcrbeds included in the 1992 performance assessment are

20 MB139, and anhydrilcs A and B and MB138 located above the waste-emplacement panels (l:igures 2-20a and 2-

21 201_).

22 I-xcavalitm of tile rcposittn'y and tile consequent release of lithostalic stress has created a disturbed rock zone

23 (I)RZ) arouml the underground opcnings. The I)RZ al the WIPP has been confirmed by borehole observations,

24 geophysical surveys, a_id ga.,.;-fh_wlesls, a|id varies in extent from 1 to 5 m (3.3 to 16.4 ft) (Stormont el al.,

25 1987; Pctcrson ct ai., 1987; l.appin ct al., 1989). l:ractures and microl'raclures within the I)RZ have increased

26 porosity luld I_rmc_ff_ility of the rock arid i|lcrcascd brine Ilow from the I)RZ to the excavated openings (Bores and

27 Stormont, 1988, 1989). l:racturing has occurred in MB 139 below the wasle-¢mplacemenl panels and in both

28 anhydrilcs A and B above the waste-e|nph|ccme|_l panels, lt is not known how far :'"'lcluring in the anhydrite

29 inlerbeds extends laterally from the excavations al this time, tmr is the ullimale extent of the I)RZ known. Most

30 deformation related lo dcvcl_pmcnt of lhc i)RZ is believed lo occur in the first five years after excavation (l,appin

31 cl al., 1989).

32 i:|acturing in lhc I)RZ, particularly in the anhydritc intcrbeds, may provide an enhanced pathway for I'hdd

33 migration _tll _1 lhc rcposiitny and pc_ssibly ar_und panel at_d drifl seals. ('haraclcrizaliotl (_1"fracture-related

34 permeability iii Ihcs¢ I;lycrs is cssclllial I(_m_dcling of Iwt_-phasc (gas and brine) IhJid flow into and out of the

35 repository. Work in in progress otl modeling lhc possible pressure depemlcncy of fracture permeability in

36 anhydrite inlcrbcds, and rcsulls will t_ incorporated in future PAs.
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Elevation (m)
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Figure 2-20a. Refcre,cc h)cal stratigraphy ne_u" repository (,after Munson Kt ,al., 1989a, Figure 3-3).
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1 Borehole observ,'llions of pore-fluid pressure and permeability suggest thai there may be a transition zone

2 extending outw_ud beyond tile I)RZ. Within this transition zone pore-lluid pressures have dropped from their

3 undisturbed, pre-excavation level, apparently withoul irreversible rock dmnage and hu'ge permeability changes

4 (Gorham ct al. memo in Volume 3, Appendix A of this report). The full extent of the transition zone is

5 uncemtin, as are its material properties. Propcrties of the transition zone used in the 1992 PA calculations are

6 discussed in a memorandum of July 14, 1992 by Davies et _d. in Volume 3, Appendix A of this relx_rt.

7 2.3.2 Repository and Seal Design

8 Major components of repository design thai affect performance assessment are the waste itself, the

9 underground waste-emplacement area and its access drifts and sh_fl'ts, and tile seals thal will be used to isolate the

10 emplacement area when the rcpository is decommissioned. The underground workings will ultimately consist of

11 eight waste-cmplaccmcnt panels, access drifts and shafts, and an experimental area (l;igure 2-21). Drifts in the

12 centnd potlion of the rcix_sitory will also bc used for waste emplacement, providing the equivalent of mi additional

13 two p;mels l_r waste emplacement. A more detailed discussion of repository design is available in Volume 3 of

14 this report.

15 Ali underground horizontal openings arc rectangular in cross section. The emplacement area drifts are 4.0 m

16 (13 ft) high by 7.6 m (25 ft) wide; thc disposal rooms are 4.0 m (13 ft) high, 10.1 m (33 ft) wide, and 91.4 m

17 (300 ft) long. Pillars bctwccn rooms arc 30.5 m (100 ft) wide. The eight waste-emplacement pmlels will each

18 have an initi_d volume of46,000 m3 (l.6x 106 1"13).The northern drift emplace area will have an initi_d volume

19 of 34,000 m3 (1.2x 1()6 113), and the southern drift emplacement area will have an inilial wflume of 33,000 m3

20 (l.2x 106 ft 3) (Rcchard ct al., 1990a). ()vcrall, the waste-emplacement areas will have an initial w_lume of about

21 435,()(X) m 3 (l.5x 107 1"!3).

22 The four vcrtic_d access shafts are cylindrical and range in dimneter l'rom 5.8 m (19 ft) to 3.0 m (10 ft).

23 Sh_dts are lined in the units alxwe the S_d,'tdoI:ormation to prevent groundwater inllow and provide stability; they

24 arc unlined in the s_dl.

25 l:xcavation of the first wastc-cmplacemcnt panel is complete; the remaining panels will be excavated as

26 nccdcd. Waste will bc cmplaccd within the panels in drums or meted boxes, and panels will be backfiiled and

27 sealed as they arc filled. Seals will bc installed in panels, drifts, and the vertical shafts before tile repository is

28 decommissioned. Waslc, backfill, and seals will bc consolidated by creep closure after decommissioning.

29 2.3.2,1 WASTE CHARACTERIZATION

30 The waste that will bc emplaced in lhc WIPP must meet tile Waste Acceptance Criteria for tile Waste

31 Isolation Pilot Phml (11.S. !)()I._, 199 la) as explained in Volume 1 of this report (Chapter 3). These acceplance

32 criteria specify thai waste material conlaining particulates in certain size and quantity ranges will be immobilized,
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Figure 2-21. Plan view of w&ste-disposal horizon showing shafl, drift, and panel seal locations (after Nowak ct
al., 1990).
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1 thai waste liquid conleni b¢ restricted to thai remaining in well-drained contaillers and he less than one w)lume

2 percent of file waste container, and that radionuclides in phyrophoric form be li|hired to less than one percent by

3 weight of the extcrtml container. The requirements also prohibit disposal at the WIPP of wastes containing

4 explosives, compressed gases, and ignitable, corrosive or reactive |nateri_ds.

5 'llie current design of the WIPP has a total emplacement volume for contact-handled transuranic (CII-TRI.J)

6 waste of 6.2x 10 6 ft3 (approximately 175,600 m 3) (U.S. DOI'.', 1980; Public Law 102-579, 1992). The

7 estimated volume of Cll-TRtl waste supplied by the 10 waste-generator and/or storage sites fl_r the 1991

8 Integrated Data Base (II)B, tlS I)()F, 1991b) was approximately 53,700 m3 of stored waste and an additional

9 42,800 !113of waste to be generated by 2013. l:stimates of tile w_lu|ne of waste to be generated may change in

10 the future. Rather than ,'cvisc lhc volume of waste emplaced in tile WIPP each year, the curt'ehi performance-

11 assessment calculations arc based on an initi_d CII-TRU-waste volume of approximately 175,600 m3, tile design

12 w_lume. This is mt_stly for modeling convenience and will not have a significant effect on comparisons to 40

13 CI:R 19lB.

14 The current eslimatc of tile stored and projected w_t,;te total about 96,500 m3. 'l'hereii_re, an additional

15 79,000 m3 of waste could be emplaccd in the WIPP. The characteristics of the additional 79,000 m3 of waste

16 were estimated l?om the chm'actcristics of the projected waste of the five largest future generators. Because of

17 changes that arc occurring in weapons production and waste processing die waste that luL,;not been generated

18 cannot be chmactcrizcd precisely. Estimates of waste chm'actcrization currently used in perh)nnance assessment

19 have the potential for a htrgc tmccrtainty. As discussed in Section 3.3.5 of Volume 3 of this rei_rt, uncerUdnty in

20 file constituents thai affect gas gcneratitm from corrosion of iron-based materials and from biodegradation of

21 cellulosics and rubbers have bccn included in the 1992 preliminary performance _u,_sessment.

22 Characterization of the CIt-TRU waste Ik_rtile current pcrformance-a.,_sessment c_dculations was based on a

23 scale-up of masscs cstimatcd from expanded waste-ch_mlcterization information. Based on 175,600 m3 of CI1-

24 "I'R[I waste cmplaccd in the WIPP, estimates of a total of about 12,000,000 kg of combustibles, 20,000,000 kg

25 of metals and glass, aild 25,000,000 kg of sludges were calculated. The total masses of iron-based metals,

26 cellulosics, and rubbers wcrc _dso calculated, and arc provided in the memorandum by Peterson in Volume 3,

27 Appendix A of this report. The masses of these materials are required for performance assessment because they

28 inlluencc g_L',;generation and l_tcntial ratlionuclidc trmiSlx_rl.

29 The weight of tile waste cont_dners, drums and boxes, and of cont_finer liners were estimated because they _dso

30 effect gas-generation potential, lt wits assumed in the estimation of the container weights thai only steel 55-

31 g_dlon drums and standard waste boxes (SWBs) will be emplaced in the WIPP. Other than test bins, these are the

32 only cont_fincrs that can currently be transported in a TRIIPAC'I'-II (NuPac, 1989). Based on emplacing 175,600

33 m3 of ("I I-TRI l-waste in drums and SWBs, ii was estimated that about 518,000 drums and 35,6(X) SWBs would

34 be disposed of in the WIPP. The total weight of the low-carbon steel in lhc drums and SWBs is larger that lhc

35 estimated weight ¢_1corr_diblc irotl-bascd materials in the waste.

36 The estimates of the total weight of the metals and glass and combustibles were ne_u'ly the sa|ne as were

37 estimated for the 1_)91PA analyscs (WIPP PA I)ivision, 1991a). The weight of sludge decreased significantly

38 from the 1991 estimate. The weight _1 sludge in 1991 wits based on lhc total weight of waste and average
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1 weights of combustibles and metals and glass. The current estimate of the weight of sludge was based on

2 exp_mded input from the sites. The estimates of the weights of iron-based corrodible metals and biodegradable

3 materials were slightly ticcrc_tsetl from the 1991 estimates.

4 2.3.2.2 SEALS

5 Se_ds will be cmplaccd in the enu'ance to each panel, in two locations within the drifts between the panels and

6 the vertic_d shafts in tile drifts between the experimental area and the vertical shafts, _mdin each of the four vertic,'d

7 shafts (Figure 2-21, 2-22) (Nowak ct al., 1990). Design of these sc_ds reflects specific functions for each type of

8 seal. Seals in the upper portion of the shafts must prevent groundwater flow from the transmissive units of the

9 Rustler l:onnation from reaching the lower portions of the shad'ts and the waste-emplacement areas. Seals in the

10 lower portion of the shafts must provide a long-term, low-permeability barrier that will prevent S_dado Fonnation

11 brine and gas from migrating up tile shaft. Panel seals (and drift seals) will inhibit long-term migration of

12 radionuclide-cont_mfinatcd brine fl.trough the drifts to the base ot"the slud'ts and must _dso provide safe isolation of

13 nldionuclidcs durittg the operational lth_L'_eof tile repository.

14 The primary long-term comlxmCnt of Ix}th lower sh_d'tand panel seals will he crushed salt, confined between

15 short-term rigid bulkheads until creep closure reconsolidates it to properties comparable to those of the intact

16 Salado Formation. The short-term seals will be concrete in the panels and drifts, and composite barriers of

17 concrete, bentonite, and consoli&ltcd crushed salt in the slud'ts. Crushed salt in the long-tenn lx)rtion of the seals

18 will be prcconsolidalcd to approximately 80% of the density of the intact formation and will compact further to

19 approximately 95% of initial density within I(X) years, at which time pcnneabilities are expected to be comparable

20 to those of the undisturbed rock (Nowak and Storm¢_nt, 1987). l)anel seals will be 40 m (131 ft) long, with 20 m

21 (66 ft) of preconsolidated crushed salt between two 10-m (33-ft) concrete barriers. Shrift-seal systems will extend

22 from the repository horizon in the Salado Formation to the surface, and will include composite barriers at the

23 appropriate depths for individual lithologic units, including the Culebra Dolomite Member of the Rustler

24 Formation (N{)wak ct al., 199()). Additional inl'ormatio|! about se_d design ix presented in Volume 3 of this reIx)rt.

25 Marker Bed 139 will bc scaled below each panel and drift seal by grouting, either with crushed-salt-based

26 grout, ccmcntitious material, bitulncn, or other appropriate materials. ()thor anhydrite layers will he sealed

27 similarly. Salt creep is expected to close fractures in halite in the I)RZ over time, and engineered seals are not

28 planned for the I)RZ t>ulsidc olM B139 and other inlcrbcds.

29 2.3.2.3 BACKFILL

30 Void space between waste containers and elsewhere in the underground workings will be backfillcd before

31 scaling and decommissioning (Tyler ct al., 1988; l.appin ct al., 1989). The primary function of backfill will be

32 lo reduce initial void space in the excavated regions and to accelerate the entombment of the waste by creep

33 closure. Consolidation of backfill by salt creep may reduce permcabilily in the w_L'_tc-cmplaccmcnt regions and

34 limit brine flow through lhc waste; h)tlg-lcrm properties of the backl]ll arc uncertain, however, and will depend on
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Figure 2-22. Representative shaft and plug seals (after Nowak el al., 1990). Vertical distances based on
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1 fluid pressures within lhc panels. As discussed ill Section 2.3.5, the pressure history of tile reg_sitory will depend

2 on tile complexly coupled processes of sail creep, gas generation within tile waste, and brine inflow ITom the

3 surrounding Salado l:ormalion. I_erl'ormance-assessment calculations for 1992 assume a backfill of pure,

4 unctmsolidatcd crushed salt, with a relatively high penneability that provides little resistance to fluid llow. Pure

5 salt will not sorb ,'adio,luclidcs, and rel_udation of radionuclides within the repository environment is not

6 simulated, l)csign alternatives lk_rbackfill thai contains bentonite as an additional barrier to rctm'd radionuclides

7 have been exmnincd (tl.S. 1)()1:, 1990b, 1991c; Butcher ct al., 1991; Pfeille and Brc_sky, 1991; Brt_sky and

8 Pfeifle, 1992) and will be available ii"needed.

9 2.3.2.4 ENGINEERED ALTERNATIVES

10 The WIPP has been designed to dispose oi" waste in the l'orm in which it is shipped from the TRU-waste-

11 generator mid/or storage sites. Preliminary performance-assessment c_dculations indicate that modifications to the

12 waste form that limit dissolution of radionuclides iu brine have the lx_tential to improve predicted performance of

13 dm repository (Mariella ct _d., 1989; Bertram-liowcry and Swift, 1990). Mt_ifications to the backfill and design

14 o1"the r_m could "alsoreduce radionuclide releases. Modilications could ,also, ii"needed, mitigate the effects of gas

15 generated within the repository. Present pcrfonnance assessments m'e not complete enough to determine whether

16 or not such modifications will be needed l'or regulatory compliance, but the IX)t: has investigated engineered

17 alternatives to waste form and repository design so that alternatives will be available if needed (U.S. DOE,

18 1990b). The l:uginccrcd Alternatives "l'_t'_kForce (FATI:) has identified 19 possible modilications to waste form,

19 backfill, and room design that merit additional investigation (tl.S. DOI!:.,1990b, 1991c). The 1992 perform_mce-

20 _L,;sessmcntcalcuhttitms do tl()l include simulati(ms of these _dternatives. Selected alternatives may he exmnined in

21 future performance-assessment calculations, however, to provide guidance to I)OE on possible effectiveness of

22 modi fications. ,.
..

23 2.3.3 Radionuclide Inventory

24 As described in additional detail in Volume 3, Chapter 3 of this report, the radionuclide inventory lhr the 1992

25 performance assessment in estimated from input to the 1991 Integrated Data Base (Ii)B, U,S. I)O1'_, 1991b). The

26 1991 il)B invcntory of contact-handled transuranic (C! l-TRI.l) waste (defined as mmsuranic waste with a surface

27 dose rate not greater than 2(X)mrcm/hr [Public l.aw 102-579, 19921) identifies approximately 53,700 m3 of waste

28 _LScurrently stored at generator sites, and projects _lliadditional volume of 42,800 m3 that will be generated in the

29 future. The design volume of the WIPP (i 75,6(X) m3) will accommodate an additional approximately 79,100 m3

30 of waste thai in not described in the ii)B. l_erl'ormance assessments use an inventory in which the _unount of C11-

31 TRI.I is scaled up from the Ii)B w_lumc to the design volume. Cii-TRr! activity of the initi_d design-volume

32 inventory, exprcsscd in curics, is estimated by scaling the curie inventory o1"the projected ('! I-TRII waste from

33 each of the five sites that will generale the most waste in the future by a factor of 1.89 (the ratio ot"design wflume

34 lo II)B w_lumc) (Volume 3, Sections 3.3 and 3.4 of this report). This scaling ot" the inventory to a standard

35 w_lunlc in tlonc for mcx.lcling c(mvcnicncc, primarily lo ensure the commensurability of analysis results from one

36 iteration of pcrlormancc assessment to the next. Because tile releases allowed by file I:PA are normalized using a

37 waste unit factor based _m tile total inventory of Iransuranic waste (1 l.S. I:PA, 1985; see Volume 1, Appendix A,
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1 and Volunlc 3, Section 3.3.4 of this report), scaling of tile invciilory does not have a proporlionfd el'fcc[ on tile

2 location oI' the C(q)l: used for preliminary compm'ison with 40 Clq_ 191.13 (Volume 1, Section 5.1 oi" this

3 rcporO.

4 The initial design-volume invenlory of CII-TRU waste used in lhc 1992 performance assessment contains

5 8.2x 106 Ci (memorandum by Petcrson in Volume 3, Appendix A o1"this report), l.Jncerlainty in this inventory

6 is hu'ge, pm'ticularly given the potential changes in the sources of CH waste due to changes in weapons

7 production. Fxisting legislation, regulations, fuid agreements do not limit the total curie inventory of CII-TRU

8 waste that may be cmplaced, but do limit the totfd volume of waste that may be emplaccd ill the WIPP (6.2x 106

9 ft3, or 175,600 ni3) (Public i.aw 102-579, 1992).

10 Remotely-handled transuranic waste (RII-TRU), defined to have a surface dose rate greater than 200 mrem/hr

11 but less than 1,000 rem/hr, will also be emplaced in the WIPP. The total RII-TRU inventory is limited to

12 5. Ix 106 Ci; no morc than five percent of the RI I-TRU canisters emplaced at the WIPP may have surface dose

13 rates that exceed 100 rem/ht, and the activily of lhc RI I-TR[I wfu,_teshall not exceed 23 Ci/liter averaged over the

14 volume of a canister (Public l.aw 102-579, 1992). F,xisting and projected RII-TRU waste in tile IDB (US IX)E,

15 1991b) has a volume of 6,667 1113. This is slightly less than tile WIPP design volume for RII-TRU wa.,_te (7080

16 m3), but is predicted by the II)B to require 8071 canisters, somewhat more than the design capacity of 7950

17 canisters. The discrcpancy occurs because tile volume of wfu,_teplaced in each canister differs depending on the

18 generator site, and m)t ali canisters will bc filled to the capacity assumed for the WIPP design criteria. The 1991

19 II)B also imlicales that there may bca considerable volume of uncharacterized waste that will probably be

20 classified as RI I:I'RU. (liven Ihesc unccrtfdnties, the RII-TRU inventory is not scaled to design volume, ,and is

21 used in the 1992 PA as rcportcd in the 1991 II)B. The total remotely-handled inventory for 1992 is approximately

22 3.5x 10 6 Ci, of which l.Sx 106 Ci result from transuranic radionuclides and isotopes of uranium (i.e.,

23 radionuclides with atomic number greater than or equ,'d to 92) (memorandum from Pcterson, Volume 3, Appendix

24 A of this rcport).

25 Radioactivc dccay within the repository is simulated with a simplified set of decay chains, provided in

26 Volume 3, Section 3.3.3 of this report. Of the 70 radionuclides identified as present either in the initial WIPP

27 inventory or as decay products, 26 arc considered explicitly in PA analyses of direct rele_t,.;esfrom the re[msitory to

28 file ground surface. (Scc Section 4.2 of this volume for a discussion of human intrusion scemu'ios and Seclion 7.7

29 of this volume for a discussion of modeling of releases during drilling.) Radionuclides omitted from ,,he

30 simplified dccay chains arc those that have very short half-lives, very low activities, or Ix)th. Subsurface trtmsl_)rt

31 within the Culcbra I)oh)mitc Member of lhc Rustler l:onnation (soc Sections 4.2 and 7.6 of this volume) is

32 simulalcd for the nine most important radionuclides, identified in Volume 3, Section 3.3.3 o1"this relx_rt.

33 The only ratlioactivc gas expected in lhc repository is radon-222, created from decay of radium-226. I)ecay of

34 thoriun_-23() will cause lhc activity of radii,m-226 in a panel lo increase from about 0 (Ii at 0le, lime of

35 cmplaccmcnt to 8 (_i al 10,000 years. Because radon-222, with a half-life of only 3.8 days, will exist in secular

36 equilibrium (equal activity) with radium-226, with a hfdf-life of 1600 years, its activity will also be insignificant

37 throughoul the 10,000-year period. AI 100,000 years lhc activity of radium-226 would increase to about 58 Ci in

38 a pancl, and tilt activity of radon-222 would still not bc significant. Not including release of volatile radionuclides

39 does not significantly aflcct thc total radionuclide releft,_e.
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1 2.3.4 Radionuclide Solubility and the Source Term for Transport Calculations

2. Before 1991, WIPP performance assessments calculated the source term for transport modeling* using the

3 .same estimated range and distribution (loguniform from 10-9 to 10-3 M) for the solubility limit of ali radionuclide

4 species in repository brine (Lappin et al., 1989; Brush and Anderson, 1989a). A fixed distribution was applied to

5 ali radionuclides for PA calculations before 1991 because, as is explained below, the state of knowledge at that

6 time did not allow for the differentiation of radit_nuclic_es.

7 During the first meeting of the WIPP PA Source Term Group (in June of 1988), Choppin reported that

8 estimates of the speciation and solubilities of americium, neptunium, plutonium, uranium, and thorium in both

9 the Salado and Castile brines lhr expected concentrations of organic ligands were not possible because there are no

10 thenntxlynamic data (solubility products f3r solid phases, or stability constants for dissolved organic or inorganic

11 complexes) for these elements in solutions with ionic strengths equal to those of the Salado and Castile brines

12 (Brush and Anderson, 1989b). In addition, Choppin observed that data reported by different groups using different

13 experimental techniques ,are often c_ntradictory, ma_qng the use of subjective expert judgment necessary for

14 preliminmy data selection for PA use until data from WIPP-specific experimental programs are available (see

15 Section 2.3.4.2).

16 In lieu of data from laboratory experiments, the Source Term Group recommended a "best estimate" of

17 10-6 M lhr the concenuation of plutonium and ,'unericium in any brine that resaturates the WIPP disposal rooms

18 (Brush and Anderson, 1989a). This is the intermediate value (on a logarithmic scale) of the range of dissolved

19 radionuclide concentrations (10 -9 to 10 .3 M) that have been used for sensitivity studies of the source term.

20 Because the PA calculations require the ini-ot of a probability distribution, the entire range discussed above was

21 u-_edas a loguniform distribution. Because of the lack of applicable experimental data, there was no differentiation

22 between the concentrations of various rrJionuclides in the 1989 PA. The 1990 estimated range in effective

23 radionuclide solubilities was intended to include the effects of possible colloid formation within the repository

24 (Rechard et al., 1990a). The conservative assumption was that colloidal materials would be completely

25 transI_)rtable (i.e., that they would n_)t be sorbcd or precipitated within the repository).

26 2.3.4.1 EXPERT JUDGMENT ELICITATION

27 Since the beginning of the WIPP PA effort, it has been recognized that assuming a fixed solubility

28 distribution for ali radionuclides does :_ot adequately capture the considerable uncertainty in radionuclide

29 concentration.,, expected in the repository. The need for a better understanding of the source term was further

30 highlighted by scnsilivity an_dyscs performed as part of the 1990 preliminary pedormance assessmenl. These

3_ sensitivity analyses indica!cd that, conditional on the models and distributions used in the 1990 calculations,

32 uncertainty in the solubility limit W_L'_the most importam single contributor to variability in total cumulative

33 relea,-'s to the accessible environment resulting from groundwater mmsport (Hellon et al., 1991).

Th,- source term for transport modeling for the PA is based z'n analytical model that calculates the equilibrium
concentration _f the radi_muclide species in the rel_)sitory brine. See Section 7.4 and Appendix A.
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1 Because of the paucity ,ff experimented data lhr the conditions and solutions expected specifically at the WIPP,

2 a panel of experts external t,_ Ihe WIPF_Project, called the Source Term Expert Panel, was convened in the spring

3 of 1991 to provide the performance-assessment team with judgment about both dissolved and suspended

4 radionuclides* lk_r specific elements under wtriable ,Eh and pH conditions. Their judgments have been used to

5 develop radionuclide solubilities that vary by radionuclide and type of brine solution. The resulting solubility

6 ranges have been used in the 1991 and 1992 PA calculations.

7 Selection of the Source Term Expert Panel and elicitation of their judgment on solubility limits followed the

8 procedure suggested by Hora and hnan (1989). Candidates for the expert panel on source term were gathered by a

9 two-tiered nomination process. Initial nominations were solicited from an SNL staff member and an external

10 consultant, as well as from members of the Performance Assessment Peer Review Panel and the National

11 Research Council's WIPP Pm_el. Additional nominations were requested from ali those contacted. Curricula vitae

12 from those who were interested in participating in such a panel and available during the entire study period were

13 reviewed by a two-member selection committee external to SNL. Some individuals removed themselves from

14 consideration because of prior time commitments, current contracts with SNL, a self-determined lack of expertise,

15 or involvement in an oversight organization, Nominees were evaluated on the basis of expertise and professional

16 reputation; four experts were selected whose complementary areas of specialization provided the needed breadth and

17 baiance to the panel.**

18 During the lh'st meeting of the Source Term Expert Panel (March 1991), the Panel members were presented

19 with published papers and reports identified from a comprehensive literature search that focused on radionuclide

20 solubility in high-ionic-strength solutions in salt formations, covering the United States repository program as

21 well as experhnents conducted in Germany, Canada, Finland, Sweden, and at the Commission of the European

22 Conununities, Joint Research Cenler at Ispra, Italy. Other issues discussed in these publications were speciation,

23 colloids, the leaching of radionuclides from high-level waste (IILW) glass, and the impact of backfill materials.

24 A summary of the expert judgment elicitation procedure and results, presented in detail in Trauth et al. (1992),

25 follows. A final relx_rt on this effort by the members the Source Term Expert Panel will be available in 1993.

26 As stated above, the Source Term Expert Panel was selected to include a balance in the required areas of

27 expertise (experience in actinide chemistry and with high-ionic-strength solutions). At the first meeting, the

28 panelists divided the problem into areas of specific responsibility and provided a structure for assembling the

29 individual judgments to obtain a single distribution codifying the collective judgment of the panel. In addition,

30 the group of experts decided to be elicited together to produce one set of results. A consequence of the group

31 elicitation is that the uncertainty expressed by specific experts could not be assessed. However, many of the inter-

32 expert differences were captured during the elicitation process resulting in more widely dispersed probability

33 functions.

Because of the limited state of knowledge regarding colloids, the Source Term Expert Panel chose to limit their
judgments to dissoluved radionuclides (solubility).
In the case of the Sc_urceTe,'m F.xpert Panel, expertise was required in actinide chemistry and high-ionic-strength
chemistry. "l'hercfore, experts from both these disciplines were selected. These individuals used their
complementary expertise tt_ arrive at judgments that satisfy ali the pertinent constraints of the solubility
problem.
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1 In addition to a literature review (dis,:ussed alxwe), prep,'u'ation for elicitation involved computer c_dculations

2 by the p;mei members using a standard brine thai simulates the brine in the Salado t:or_.... he solvent

3 (WIPP Brine A) (l.appin ct al., 1989). These efforts resulted in the determination of the oxidata,t, state(s) in

4 which the radionuclides would exist in the WIPP rtx')ms and drifts. Moreover, the solution and solid species that

5 would coexist with thai p_u'licul_u"oxidation state were identified using two regimes: (1) one regime based on solid

6 species with the highest solubility and therefore highest radionuclide concentration, and (2) another regime based

7 on solid species with the lowest solubility and therefore lowest radionuclide concentration. Which regime

8 predominates depends on the chemical properties within the relx)sitory, which in turn may depend on pH and ionic

9 strength of the brine and the presence of carbonates and/or sulfates. Furthermore, the factors controlling each

10 regime may differ for different radionuclides.

11 The exports' .iudgmcnts on the solubility distributions were elicited at the second meeting (in April of 1991).

12 The assessment for each distribution began by establishing the upper and lower solubility regimes and the

13 calculated solubility of each radionuclide within each regime. The resulting probability distributions for the

14 radionuclides used in the 1992 calculations _u'epresented in Volume 3 of this report (Section 3.3.5). Because the

15 calculated solubility is a single number that does not incorporate any uncertainty, it was necessary to account for

16 uncert_finty in both the c;dculated wdue and the underlyirlg conditions, such as pH.

17 Typically, the calculated v_due would be used to establish a fractile, often either the 0.10 or 0.90 fractile, of

18 the distribution. The absolute lower limit of the distribution was obtained by considering the sensitivity of

19 solubility to the underlying brine chemistry. The interior fractiles were obtained after the 0.10 and 05..)0fractiles

20 and the endpoints were established. Where possible, concentration data from well water from the Nevada Yucca

21 Mountain site (J-13) w_L_used with a correction _.'orthe ionic-strength difference between the J-13 water and the

22 WIPP Brine A to dctermine the 0.50 fractile. For the detennination of the 0.25 and 0.75 fractiles, one speciation

23 was thought in some cases to be more likely, resulting in a skewed distribution. In other ca_s, both speciations

24 were thought to be likely, resulting in a more symmetrical distribution.

25 The Source Term l:_xpert Panel had considerable difficulty dealing with colloids because of a lack of

26 experimental _lta and limited knowledge oi" the physic_d principles governing their fonnation. Some diversity of

27 opinion cxistcd about thc sigtfil'icancc of colloids. The panel did not believe that they could make judgments

28 about suspended-solids concentrations al the present time. ']'hey planned to include recommendations for future

29 experiments related specifically to colloids in a final panel report. Transport of radionuclides in colloids ha..,.;not

30 been included in the 1992 PA.

31 Correlations bctwccn the concentrations assigned to the radionuclides were discussed briefly by the panel. 'l'he

32 consensus was that correlations do exist, possibly between americium(Ill) and curium(III), and between

33 neptunium(IV) _md plutonium(IV). The p_mci is expected to address this issue in a forthcoming report on their

34 findings.
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1 2.3.4.2 EXPERIMENTAL WORK

2 Future WIPP performance assessments will rely increasingly oil data from ph'tuned solubility tests of actual

3 waste. These tests will complement the laboratory studies of radionuclide chemistry. The laboratory progrmn is

4 currently determining solubilities and sorption coefficients of plutonium and its oxidation state analogues in

5 synthetic brines under various conditions of pH, and will soon examine actinide speciation and measure stability

6 constants for complex ions (Brush, 1990). As currently planned, the actinide source-term program will involve

7 filling test containers with a mixture of natural and synthetic brines with compositions chemically similar to

8 those of intergranular brines found in the Salado Formation. Container size will depend on waste homogeneity;

9 heterogeneous waste types such ,'ts combustibles will use "drum scale" vessels of 210 L volume, while more

10 homogeneous types such ,-ts process sludges will use "liter scale" test containers. The containers will permit

11 regular brine s_unpling, and gas monitoring and venting.

_2 2.3.5 Creep Closure, Fluid Flow, and Room/Waste Interactions

13 When the repository is decommissioned, free brine initially will not be present within the emplacement area,

14 and void space above tilt backfilled waste will be air-filled. Brine seepage from the Salado Formation will have

15 filled fractures in anhydrite interbeds above and below tile emplacement area (Lappin et al., 1989; Rechard et al.,

16 1990b).

17 Following excavation salt creep will begin to close the repository. In the absence of elevated gas pressures

18 within the repository, modeling of s_dtcreep indicates that consolidation of the waste in unreinforced rooms would

19 be hugely complete within 100 years (Tyler et al., 1988; Munson et al., 1989a,b). Brine will seep into the

20 emplacement area from the surrounding salt, however, and gas will be generated in the humid environment by

21 corrosion of metals, radiolysis of brine, and microbial decomposition of organic material. Some gas will disperse

22 into the surrounding anhydrite layers. Continued gas generation could increase pressure within the repository

23 sufficiently to reverse brine inflow and partially or completely desaturate the waste-emplacement area. Pressure

24 may be high enough to open fractures in the anhydrite interbeds above and below the repository, allowing

25 additional lateral migration of gas from the waste-emplacement ,area. High pressure may also h_t and partially

26 reverse closure by sail creep. In the undisturbed final state, the emplacement area could be incompletely

27 consoli_ltcd and gas-filled rather than brine-filled.

28 Ali of tile major processes active in the waste-emplacement area are linked, and ali are rate- and time-

29 dependent. I:or example, creep closure will be, in part, a function of pressure within the repository. Pressure will

30 be in turn a function of the _unount of gas generated and the volume available within the repository and the

31 surrounding S_dado Formation for gas storage. Gas-storage volume will be a function of closure rate and time,

32 with storage volume decreasing as consolidation continues. Time and rate of gas generation, therefore, will

33 strongly influence repository pressurization and closure. Gas-generation rates will be dependent on specific

34 reaction rates _md the availability of reactants, including water. Some water can be generated by microbial activity

35 (Brush and Anderson, 1989b). Addition',d water will be provided by brine intlow, which, is assumed to occur

36 according to two-phase immiscible flow through a porous medium and which will depend in large part on

37 repository pressure, so that some g,'t,_-generation reactions could be partially self-buffering.
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1 Responses of the dislx>sal system to human intrusion are equally complicated. Consequences will depend on

2 the time of intrusion, the degree to which tile repository has closed, and the ,'unount of gas generated. If intrusion

3 occurs into a fully pressurized, dry, and parti_dly unconsolidated waste-emplacement area, venting of gas up the

4 borehole will permit brine to resaturate available void space. Following eventual deterioration of plugs in an

5 intrusion borehole, brine may flow from the emplacement area into the borehole, transporting radionuclides

6 upward toward the accessible enviromnent. Upward flow from a pressurized brine pocket in the Castile Formation

7 may contribute to flow and radionuclide w,msport.
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1 3. PERFORMANCE ASSESSMENT METHODOLOGY

2 This chapter contains an overview of WIPP performance-assessment methodology. Additional information

3 about this subject is provided iii other published sources (tlelton et al., 1991; WIPP PA Division, 1991a).

4 3.1 Conceptualization of Risk for the WIPP Performance Assessment

5 The WIPP perlonnance assessment uses a conceptualization for risk similar to that developed for risk

6 assessments for nuclear power plants. This conceptualization characterizes risk in terms of what can go wrong,

7 how likely things ,are to go wrong, and what the consequences are of things going wrong. This description

8 provides a structure on which both the repre_ntation and calculation of risk can be based.

9 Kaplan and Garrick (1981) have presented this representation of risk as a set of ordered triples. The WIPP

10 performance assessment uses their representation, ,'roddefines risk to be a set R of the form

11 9_.= {(Si, pSi,cS i ), i= 1..... nS}, (3-1)

12 where

13 Si = a set of similar occurrences,

14 pSi = probability that an occurrence in set Si will take piace,

15 cS/ = a vector of con_quences _,;sociated with Si,

16 nS = number of sets selected for consideration,

17 and the sets Si have no occun'ences in common (i.e., the Si ,'lte disjoint sets). This representation formally

18 decomlx_ses risk into what can happen (the Si), how likely things ,are to happen (the pSi), and the consequences

19 of what can happen (the eSi). The Si are scenarios in the WIPP performance assessment, the pSi are scenario

20 probabilities, and the vector cS/conutins the normalized EPA releases and other performance measures associated

21 with scenario Si. Other performance measures of interest m'e dose and health effects for safety assessments, and

22 concentrations of heavy met;ds and volatile organic compounds (VOCs) for hazardous waste assessments.

23 Risk results iu R can be summarized with complementary cumulative distribution functions (CCDFs).

24 These Iunctions provide a display of the information contained in the probabilities pSi and the consequences cS/.

25 With the assumption that a pmaicular consequence result cS in the vector cS has been ordered so that cSi < cSi+l

26 for i = 1..... nS, the CCDI:: for this consequence result is the function F defined by

27 F(x) = probability thai cS exceeds a specific consequence value x
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nS

=Z psi
j=i

2 where i is the smallest integer such that ¢S i > x. As illustrated in Figure 3-1, F is a step function that

3 represents tile probabilities that consequence values on the abscissa will be exceeded. To aw)id a broken

4 appearance, CCDFs ,are usually plotted with vertical lines added at the discontinuities.

5 The steps in the CCDFs shown in Figure 3-1 result from the discretization of ali possible occurrences into

6 the sets Si .... SnS. Unless the underlying processes are inherently disjoint, the use of more sets Si will tend to

7 reduce the size of these Ssteps and, in the limit, will lead to a smtmth curve.

8 3.1.1 Calculation of Risk

9 The calculation of risk and its associated uncertainty begins with the determination of the sets .Si, which are

10 the scenarios to be amdyzed. Once these sets m'e determined, their probabilities pSi and associated consequences

11 ¢S/must be determined. In practice, development of the Si is an iterative process that must take into account

12 the procedures requh'ed to determine the probabilities pS i and the consequences ¢Si. For the WIPP performance

13 assessment, the overall process is organized so that pS i and ¢Si are calculated by various models, the

14 configuration of which depends on the individual Si.

15 Use of these models requires values lhr imprecisely known variables that can be represented by a vector

18 x=[xl,xz ..... x,,v], (3-3)

17 where each xj is an imprecisely known input required in the analysis _md n V is the total number of such inputs. If

18 the amdysis has been developed so that each xj is a real-valued quantity for which the overall analysis requires a

19 single value, the representation for risk in Equation 3-1 can be restated as a function of x:

20 R(x)= {[Si(x),pSi(x),cSi(x)], i= 1..... nS(x)} (3.4)

21 As X changes, so will R(x) and ali summm'y measures that can be derived from R(x). Thus, rather than a

22 single CCDF for each consequence contained in the vector eS shown in 17.quation 3-1, a distribution of CCDFs

23 results from the possible v_dues thai x can represent (F'igure 3-2).

24 The distribution assigned to the individual variables xj in x reflect uncertainty in the modeling system.

25 Factors that affect uncert_dnty in risk results c,'mbe subdivided into those that _fffect imprecisely known variables,

26 those related to the selection of conceptual and computational models, and those related to scenario selection.

27 Factors related to scenm'io selection can be further subdivided into completeness, aggregation, and stochastic
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Figure 3-1. Estimated CCDF/'or consequence result cS (Hclton el ;ii., 1991; llclton, in press). The open and
solid circles at the discontinuities indicate the poinL,,; included on (solid circles) and excluded from
(open circles)the CCDI:.

3-3



Chapter 3. Performance Assessment Methodology

1 variation. Uncerlainty ab(ml imprecisely known variables may result l'rom incomplete data or measurement

2 uncertainty, and can affect ali three elements of the triple introduced in Equation 3-1. Uncert_dnty about the

3 appropriate choices of models can m'l'cct both pSi ,and ¢Si. Doe to the complex nature of risk as_ssments, model

4 _lection c,'malso aflcct the definition of the Si. Completeness refers to the extent that a performance assessment

5 includes ali possible occurrcnces for the system under consideration. In terms of the risk representation in

6 Fxluation 3-1, completeness deals with whether or not ali possible occurrences ,are included in the union of the sets

7 Si. Aggregation refers to the division of the possible occurrences into the sets Si. Resolution is lost if the Si

8 m'e defined too coarsely (e.g., nS is too sm,'di) or in some other inappropriate rammer. Computational efficiency

9 is lost ii" nS i:_too htrgc. Model selection refers to the actual choice of the models used in a risk assessment.

10 Uncertainty atxmt the appropriate model choice c,'maffect both pS i and eS i. Due to the complex nature of risk

11 assessments, model selection can also affect the definition of the Si. Uncertainty about imprecisely known

12 variables, which may result from incomplete data or measurement uncertainty, can also affect ali three elements of

13 the risk triple. Stochastic variation is represented by the probabilities PSi, which are functions of the many

14 factors that affect the occurrence of the individual sets Si.

15 Individual variables xj may relate to each of these different types of uncertainty. For exmnple, individual

16 variables might relate to completeness uncertainty (e.g., the value for a cutoff used to drop low-probability

17 occurrences from the analysis), aggregation uncertainty (e.g., a bound on the value for nS), model uncertainty

18 (e.g., a 0-1 variable that indicates which of two altenmtive models should be used), variable uncertainty (e.g., a

19 solubility limit or a retardation for a specific element), or stochastic uncertainty (e.g., a variable that helps define

20 the probabilities for the individual Si).

21 3.1.2 Characterization of Uncertainty in Risk

22 Characterization of the uncertainty in the results of a performance assessment requires characterization of the

23 uncertainty in x, the vector of imprecisely ka_ownvariables. This uncertainty can be described with a sequence of

24 probability distributions

25 D l, D2 ..... DnV, (3-5)

26 where Dj is the distribution developed for the vm'iable xi, j= 1, 2..... n V, contained in x. The definition of these

27 distributions may also be accompanied by the specification of correlations and various restrictions that further

28 define the possible relations among the xi. These distributions and other restrictions probabilistically characterize

29 where the appropriate input to use in the performance assessment might fall, given that the analysis is structured

30 so thai only one value can be used for each variable under consideration.

31 Once thc distributions in l';quation 3-5 have been developed, Monte Carlo techniques can be used to determine

32 the uncertainty in R(x) from the uncertainty in x. First, a sample

33 xk = [Xkl, x/¢2..... xk,nV], k = 1..... nK (3-6)
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1 is generated according lo tile specified distributions and restrictions, where nK is the size of the s_unple•

2 Perfonnance-_L,;sessmcnt c_dculaliozls arc then pcrfonned lhr each s_unple element Xk, which yields a sequence of

3 risk results of the form

4 R(x k )= {[,Si (x k ), pSi(x k), ¢Si(x k )], i= 1..... nS(xk )}, (3-7)

5 Ibr k = 1..... nK. Each set R(x k) is the result of one complete set of calculations performed with a set of

6 inputs (i.e., Xk) that the review process producing the distributions in Equation 3-5 concluded was possible.
•

7 Further, associated with each risk result R(xk) in Equation 3-7 is a probability or wetght that can be used in

8 making probabilistic statements about the distribution of R(x).

9 A single CCDF can be produced for each set R(x k) of results shown in Equation 3-7, yielding a family of

10 CCDFs of the form shown in Figure 3-2• This distribution of CCDFs can be sutmnarized by plotting the mean

11 v_due _mdselected percentile values of the exceedance probabilities shown on the ordinate tbr each consequence

12 v_due on the abscissa. For ex_unple, the mean plus the 10th, 50lh (i.e., median), and 90th percentile values might

13 be used (Figure 3-3)• Thc mean and percentile v_dues can be obtained from the exceedance probabilities associated

14 with the individual consequence values and the weights or "probabilities" _t,;sociated with the individual s,'unple

15 elements.

16 Consideration of a f_unily oi"CCI)Fs allows a distinction between the uncertainty that controls die shape of a

17 single CCI)F and the uncertainty that results in a distribution of CCDt,:. The stepwise shape of a single CCDI:

18 reflects the fact that a number of differctit occurrences have a real possibility of taking piace. This type of

19 unceruunty is referred to as stochastic variation in this relxm. A family of CCDFs arises from the fact that fixed,

20 but unknown, qu_mtities are needed in the estimation of a CCDF. The distributions that characterize what the

21 values for these fixed quantities might be lead to a distribution of CCDFs, with each single CCDF reflecting a

22 specific s_unple element Xk.

23 Bc_th Kaphm and Gm'rick (1981) and the lntcmational Atomic l:ncrgy Agency (IAEA, 1989) distinguish

24 between these two types of uncertainty. Specifically, Kaplan and G,'u'rick distinguish between probabilities derived

25 from frequencies and probabilities thai characterize degrees of belief. Probabilities derived from frequencies

26 correspond to the probabilities pSi in Equation 3-1, while probabilities that characterize degrees of belief (i.e.,

27 subjective probabilities) con'espond to the distributions indicated in Equation 3-5. The IAEA report distinguishes

28 between what it c_dls Type-A uncertainty _mdTypc-B uncertainty. The IAEA report defines Type-A uncertainty to

29 be stochastic variation; as such, this uncertainty corresponds to the frequency-based probability of Kaplan and

30 Garrick _md the pS i of l:quation 3-1. Type-B uncertainty is defined to be uncertainty that is due lo lack of

31 knowledge aboul fixed quantities; thus, this uncertainty corresponds I(7the subjective probability of Kaph'm and

In randt_m m" i.atin hypercube sampling, this weight is the reciprocal of the sample size (i.e., l/nK) and can be
used in estimating means, cumulative distribution functions, and other statistical properties. This weight is often
referred to as the probability for each ol_servation (i.e., sample Xk). llowever, this association is not technically
correct. If continu¢_usdistributicms are involved, the actual probability of each observation is zero.
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100

Summed Normalized Releases, R

TRI-6342-1299-0

i:i_urc 3-2, l_xamplc di_trihuticm _l"CCI)I:_ c_blaincdby ,_am|,_iiii/.,,imprecisely km_wn variahlc_.
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Figure 3-3. Example summary curves derived from an estunated distribution of CCDFs. 'lhc curves in this
figure were obtained by calculating file mean and the indicated percentiles for each consequence
value on the abscissa in Figure 3-2. The 90rh-percentile curve crosses the mean curve due to the
highly skewed distributions for exceed_mce probability. This skewness also results in the mean
curve being above the metlian curve.

3-7



Chapter 3. Performance Assessment Methodology

1 Garrick and tile distributions indicated in Equation 3-5. This distinction has also been made by other authors,

2 including Vescly and R_L'mluson(1984), PatO-(Tornell (1986), and Parry (1988).

3 For a given conceptual model in the WIPP perfonnaalce assessment, subjective uncertainty enters the analysis

4 due to lack of knowledge about quantities such as solubility limits, retardation factors, and flow fields, Stochastic

5 uncertainty enters the analysis through the assumption that future exploratory drilling will be random in time and

6 space (i.e., follows a Poisson process). However, the rate constant X in tile definition of this Poisson process is

7 assumed to be imprecisely known. Thus, subjective uncertainty exists in a quantity used to characterize stochastic

8 uncemdnty.

9 3.1.3 Risk and the EPA Limits

10 The EPA expressly identifies tile need to consider tile impact of uncertainties in calculations perfonned to

11 show compliance witil the Containment Requirements. Specifically, Appendix B of 40 CI:R 191 suggests that

12 ...whenever practicable, tile implementing agency will assemble ali of the results of the performance
13 assessments to detcnnine compliance with § 191. !3 into a "complementm'y cumulative distribution function"
14 that indicates the probability of exceeding v_u'ious levels of cumulative release. When the uncertainties in
15 p_u'_uneters _u'e considered in a perfonnance assessment, the effects of the uncertainties considered can be
16 incorporated into a single such distribution function h)r each disposal system considered. "File Agency
17 assumes timt a disposal system can be considered to be in compliance with [section] 191.13 if this single
18 distribution function meets tile rcquiremcnts of [section] 191.13(a) (U.S. EPA, 1985, p. 38088).

19 The representation for risk in Fquation 3-1 provides a conceptual basis for the calculation of the

20 complement_u'y cumulative distribution function (CCDF) for normalized releases specified in 40 CFR 191B.

21 Further, this representation provides a structure th,'_tc_m be used lk)rboth the incorporation of uncertainties ,'rodthe

22 rcprescntation of file effccls of uncerl_finties.

23 Each CCI)i: in the family of CCDI,'s thai results from Ii-q. 3-7 would be the appropriate choice fl_r

24 conlparison against the I'_PA rcquircmcnts, tfXk contained tile correct v_u'iable values for use in determining the

25 pS i and cS i and ii'lhc assumcd conccptual models correctly ch_uactcrize the disposed system. Increasing the

26 s_unplc size nK will, in gcncral, produce a better approximation of tile true distribution of CCI)Fs, but will not

27 _dtcr the fact that the distribution of CCI)Fs is conditioned on the assumptions of the analysis.

28 If nK is hu'ge, displays of tile complete fiunily of CCDFs can be difficult to interpret. As discussed in the

29 previous section, mean and percentile curves can be used to summ_trize tile inl'onnation contained in the fmnily.

30 Appendix B of 40 CI:R 191 suggests that "the effects of the uncertainties considered can be incorporated into a

31 single [C('i)I:]" (tl.S. EPA, 1985; p. 38088), but 40 CI:R 191 dots not cont_dn specific guidance on which curve

32 should bc cotnparcd to the (_onlainment Requirements. In previous work, the mean curve has generally been

33 proposed for showing compliance with § 1_)1.13(a) (e.g., Cranwell ct al., 1987, 1990; l luntcr ct al., 1986). Only

34 mean curves are shown in V(flume 1 of this report. Complete f_unilies of curves and the associated summary

35 curves arc presented in Volume 4 of this report.
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Riskandthe EPA Limits

1 Whenever a distribution of curves is reduced to a single curve, information on uncerlainty is lost. Replicated

2 Monte Carlo analyses can characterizc the uncertainty in an estimated mean CCDF or other summary curve.

3 liowever, representing the uncertainty in an estimated value in this way is quite different from displaying lhc

4 variability or uncert,tinty in the population from which the estimate is derived, l:or ex;unple, the uncertainty in

5 lhc estimated mean curve in Figure 3-3 is less lh_m tile variability in lhc population of CCDFs that was averaged

6 to obtain this me;ro. "ll_erefore, results of the preliminary WIPP perfonnance assessments are displayed as both

7 complete families of CCDFs (as illustrated in Figure 3-2) and summary curves (as illustrated in Figure 3-3).

8 Because CCDFs are conditional on file assumptions of the analysis, no single curve or family of curves from

9 a single analysis can display conceptual model uncertainty. The WIPP performance assessment examines

10 conceptual model uncertainty by repeating the complete Monte Carlo analysis for each alternative conceptual

11 model, and comparing mean CCDFs. Only those portions of file analysis specific to the alternative conceptual

12 models (e.g., selected panunctcr v;dues or computational models) are altered. Ali other models and parameter

13 values arc the s_une in each analysis, and lhc two conceptual models are thus compared ceteris paribus (ali other

14 things being equal). The shift in lhc location of the CCDF provides a measure of ti:e uncertainty introduced by

15 the existence of alternative conceptual models, and provides the Project guidance on which alternative conceptual

16 models have lhc greatest potential to affect disposal-system peffonnance.

_7 3.2 Selection of Scenarios

18 40 CFR 191 does not include lhc tcnn scen;u'io in it,_definition of performance assessment, referring instead

19 only to events ;rod processes that might affect the disposal system during the next 10,000 years. Considering the

20 consequences of isolated events ,'rodprocesses, however, is not sufficient; lhc various combinations of events and

21 processes that define possible future states of lhc disposal system must be considered in a complete analysis.

22 Combinations of events and processes are referred to as scenarios in Bertr;un-Howery and llunter (1989), Marietta

23 ct al. (1989), Cmnwell ct al. (1990), Bertr;un-llowery et al. (1990), and WIPP PA Division (1991a).

24 3.2.1 Conceptual Basis for Scenario Development

25 The scenarios Si arc obtained by subdividing a set S (lhc s;unple space) that contains ali possible 10,000-

26 year time histories at the WIPP beginning at the decommissioning of the facility. Because resources lhr analysis

27 ,arc finite and the set S has infinitely many elements, an hnportant goal of scenario development is to recognize

28 ,'rodremove from full consideration those scenarios fl_r which lhc impact on compliance with 40 CFR 191B can be

29 reasonably anticipated to be negligible due to low probability, low consequences, or regulatory exclusion.

30 Five subsets of S provide a starting l_fint fi_rscenario development (Figure 3-4). The reasoning behind

31 selecting these subsets is provided in Section 4.2.3 of this volume. First, the base-case subset S B consists of ali

32 elements in S that fall within the bounds of what can be reasonably anticipated to occur at the WIPP over

33
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Figure 3-4. Decomposition of tile sample space S into higL-(._'vei subsets, where ,SB designates the base-case

subset, S M designates a minim_d disruption subset, S E de:_ignat_,s a regulatory exclusion subset,

S L designates a low-probability subset, and ,So designates (,SBLJS M k.)SEk.;S L)c.
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1 10,000 years, and represents tile undisturbed performance of the disposal system. Second, a minimal disruption

2 subset .SM consists of ali elements in ,5 that involve disruptions that result in no significant perturbation to tile

3 consequences associated with the corresponding elements in the base-case subset SB. Third, a regulatory

4 exclusion subset S E consists of ali elements in S that are excluded from consideration by regulatory directive

5 (e.g., human intrusions more severe than the drilling of exploratory boreholes). Fourth, a low-probability subset

6 S L consists of ele|nents of S not contained in S B whose collective probability is small (e.g., the probability of

7 SL is less than 0.0001) regardless of their potential consequences. Everything that remains in S after the

8 identification of SB, SM, SE, and S L now becomes a fifth subset S 0, where the subscript O represents

g "Other." In set notation.

o SO=(SBUSMU.SEUSL (3-8)

11 where the superscript c is used to designate the complement of a set.

12 Evaluation of compliance with tile Containment Requirements of 40 CFR 191B does not depend equally on

13 each of the five subsets of S. By definition, elements of S E are excluded from consideration. The relative

14 contributions of the other four subsets to a hypothetical CCDF for tile WIPP ,are shown in Figure 3-5. Releases

15 _L,_sociatcdwith the base case S B for the WIPP are zero for this analysis (see Chapter 5 of Volume 1 and references

16 cited there), and the consequences of both SB and SM therefore plot well below the EPA limits, at the extreme

17 upper left of the CCDF. Consequences of S L ,are by definition of sufficiently low probability (less than 10-4 in

18 104 years) that they plot below dae EPA limits, lligh-consequence elements of SL plot at the lower right of the

19 CCDF. Compliance depends primarily therel'c_reon the examination of So, and specifically on a set of additional

20 scen_os Si, i= I ..... nS, obtained by further refining (i.e., subdividing) the subset S O . S E, SL, and ,S M could

21 be defined to be mutually exclusive, but this distinction is not important here so they are represented in Figure 3-4

22 with non-empty intersections. As described in Section 4.2.1, SB and SO ,are constructed to be mutually

23 exclusive _md lt) have empty intersections with S M ,'rodS L .

24 Although the scenarios that affect compliance h)r the WIPP come from the set Si, performance assessments

25 must also include S B. The ()retail patlern of Figure 3-5 can be seen in the results of the WIPP preliminary

26 performance a.,_scss|nents, with S B determining the upper left ot"the CCDF and tile remainder being determined by

27 the Si.

28 This analysis does not exclude SL IYom consideration in the comparison with the EPA release limits. The

29 contribution from S L would always plol to the lower right of the CCDF, well below the EPA probability limits,

30 and therelore would not matte, in a compli_mce decision. S M is not included in WIPP PA so the probability of

31 S M is not accumulated as shown in Figure 3-5, i.e., only tile probability of S B is included. The net effect of

3,'2. excluding SM is to raise the CCDF" tow_trd the probability lim;ts; therefore, including S M would not negate a

37, compliance decision.

34 Consequences of S M cannot bc sccn on the CCI)F for the WIPP because releases from S B are zero.

35 Cen.,',equenccs of S L, which, if calc,,qated, would appear as an extension on the extreme lower right of the CCDF,

36 are also not displayed directly in the resulls of the WIPP perlbnn_mce assessments.
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Figure 3-5. Construction ofa CCI)F for comparison with tile EPA release limits. Note thai the h)cation of
eSB at the lower left of the plot is correct for the WIPP--where no releases are predicted t'rom the

undisturbed base case_but is not a generic requirement for ali sites.
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1 The WIPP perlormance assessment does not follow the exact EPA guidance in defining ,SL. Appendix B of

2 40 CFR 191 suggests that "... performance assessments need not consider categories of events or processes that

3 are estimated to have less than one chance iii 10,000 of occurring over 10,000 years" (U.S. EPA, 1985,

4 p. 38088). By suitably defiuing the events and processes selected for consideration (i.e., by making nS

5 sufficiently large), ali probabilities can theoretically be made less than the specified bound. Conceptually, the

6 WIPP perlbrmance _Lssessment avoids the potential problems raised by the wording of the guidance by placing a

7 bound on the total probability of ali occurrences that are removed from detailed consideration (i.e., the probability

8 pSL for ,SL) rather than tile individual probabilities for a number of different scenarios. In practice, the distinction

9 has little impact because, as discussed later in Chapter 4 of this volume, probabilities estimated for elements of

10 "SL are substantially below tile suggested cutoff.

11 3.2.2 WIPP Performance-Assessment Approach to Scenario Development

12 Recognition of the five subsets of S provides the basis for the WIPP performance assessment's approach to

13 scenario development. Because "SB, "SE, "SL, and ,SM may account for a large part of the sample space ,5 and

14 also have readily predicted effects on the CCDF used lhr comparison with the EPA release limits, 'SB, SE, "SL,

15 and ,SM are determined in the first stage of development before ,SO is subdivided into the scenarios ,Si shown in

16 Figure 3-4.

17 The WIPP pcrform_mce assessment uses a two-stage procedure for scenario development and the determination

18 of scenario probabilities. The purpose of tile first stage is to develop a comprehensive set of scenarios that

19 includes ,ali occurrences that might reasonably take place at the WIPP, and to determine the probabilities of these

20 scenarios. The result of this stage is a set of scenarios that summarize what might happen at the WIPP. These

21 scenarios provide a basis for discussing file future behavior of the WIPP and a starting point Ibr the second stage

22 of the procedure, which is tile definition of scen,'uios Si and the determination of the probabilities pSi at a level of

23 detail that is appropriate for use with the conceptual and computational models employed in the performance

24 assessment.

25 The first stage of the an_dysis focuses on the determination of the sample space ,5 and the subsets .fiB, gE,

26 "SL, SM and S O. Major groupings of scenarios within S O are also recognized at this time, and defined for

27 reference purposes as summary scen_uios. This stage of the analysis uses a scenario-selection procedure suggested

28 by Cromwell ct _d. (1990) that consists of tile following five steps: (1) compiling or adopting a "comprehensive"

29 list of events and processes that potentially could alTcct the disposal system, (2) classifying the events and

30 processes to aid in completeness arguments, (3) screening the events and processes to identify those that can be

31 eliminated from consideration in the performance assessment, (4) developing scenarios by combining the events

32 _mdprocesses that remain _dter screening, and (5) screening scenarios to identify those that have little or no effect

33 on the shape or lc,cation of the mean CCDF.

34 The purpose of the first step is to dcvelop the sample space S, which consists of ali possible 10,000-year

35 time histories flint inw_lvc the identified events and pr_esses. The s,'unple space 'S is subdivided into the subsets

36 S B, S E, S L, S M , and St) in Steps 2 and 3. The screening associated with Steps 2 and 3 also removes time
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1 histories from S that are physically unreasonable. In Step 4, a preliminary subdivision of the subset So into

2 additional sulmnary scem-u'ios is accomplished through a two-part process. In file first part, subsets of ,SO (i.e.,

3 scenarios) are defined that involve specific events or processes. However, these scenarios are not mutually

4 exclusive. In the second part, a subdivision of S O into mutually exclusive scenarios Si is accomplished by

5 forming ali possible intersections of the single event/process scenarios and their complements. The fifth and final

6 step in the process is a screening of the scenarios .Si on the basis of probability, consequence, and physical

7 reasonableness. The purpose of this screening is to determine if some of the .Si can be removed from the

8 analysis.

9 A second stage of scenario development is necessary because the summary scenarios developed in the first

10 stage are, in general, not defined at sufficiently fine levels of resolution for use in the construction of a CCDF that

11 adequately displays tile effects of stochastic, or Type-A, uncertainty (Section 3.1.2). The computational scenarios

12 described in Section 4.4 of this volume represent a substantially finer subdivision of .SO than that used to

13 construct the surmnary scenarios, but they are based on the same screening of events and processes conducted

14 during the first stage of scenario development. As in previous scenario construction for preliminary performance

15 assessments of the WIPP, inadvertent intrusion into the repository during exploratory drilling is the only

16 disruptive event considered in the 1992 assessment, and the computational scenarios reflect subdivisions based on

17 time and number of intrusion, tile activity of the waste intersected, and whether or not pressurized brine is

18 encountered in the C_tstile Formation below the repository.

19 The determination of both scenarios and scenario probabilities is a complex process with significant

20 uncertainties. To help assure that the WIPP performance assessment brings a broad perspective to this task,

21 expert panels have been formed to provide a diversity of views with respect to possible futures at the WIPP and

22 the probability of human intrusion. The formation of these panels and the results obtained from their

23 deliberations are documented in Hora et al. (1991) and the memorandum by Hora in Volume 3, Appendix A of this

24 relX)rl.

25 No inherently correct grouping exists of the possible time histories into scenarios; the probabilities associated

26 with individual scenarios .Si can always be reduced by using a finer grouping. As long as low-probability .Si are

27 not discarded, the use of more but lower probability Si will improve the resolution in the estimated CCDF shown

28 in Figure 3-1. Because a consequence must be calculated for each scenario .Si, the use of more Si results in more

29 detailed specification of tile calculations that must be performed for each scenario.

30 For ex;unple, a scenario Si for the WIPP might he defined by

31 Si ={x:x a singlc 10,000-year time history beginning at decommissioning of the facility under

32 consideration in which a single borehole occurs }. (3-9)

33

34 A more refined definition would be
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1 ,Sik ={x:x a 10,000-year history at the WIPP beginning at decommissioning in which a single borehole

2 occurs between (i-l)x 103 and ix l03 years and no boreholes occur during ally other time

3 interval }. (3-10)

4 Then,

10

5 Sik C ,Si, i = 1..... 1O, and Si = U Sik (3-11)
k=l

6

7 Thus, .si and L)kSik contain tile s_une set of time histories. However, file individual Sik are smaller sets of

8 time histories that are included ill the larger set Si. In terms of performance assessment, each .Sik describes a

9 more specific set of conditions that must be modeled than does .Si. The estimated CCDF in Figure 3-1 could be

10 constructed with either .Si or the ,Sik, although the use of the .Sik would result in less aggregation error, and thus,

11 provide better resolution ill the resultant CCDF.

12 The Si appearing in the definition of risk in Equation 3-1 should be developed to a level of resolution at

13 which it is possible to view the analysis for each S i as requiring a fixed, but possibly imprecisely known, vector

14 x of variable values. When a set .Si is appropriately defined, it should be possible to use the same model or

15 models and file s_une vector of variable v_dues to represent every occurrence (e.g., a 10,000-year time history for

16 the WIPP) in S i. Scenario definition must permit the consequences ¢S i appearing in Equation 3-1 to be

17 calculated with reasonable efficiency, while holding the amount of aggregation error that enters the analysis to a

18 reasonable level. Thus, although subdivision of ,5 into a large number of Si (e.g., on the basis of time of

19 intrusion) may result in increased resolution in the estimate of cS, it may also result in a computationally

2o impractical analysis. Performance assessments must balance these competing requirements.

21 3.3 Determination of Scenario Probabilities

22 The second element of the ordered triples shown in Equation 3-1 is the scenario probability pSi. As with

23 scenario delinition, the probabilities pS i have bcen developed at two levels of detail.

24 Preliminary probabilities lor the summary scenarios have been developed by Marietta et al. (1989) and

25 Guzowski (1991). Apostolakis et al. (1991) provide ali additional discussion of techniques for determining

26 probabilities in the context of perform,'mce assessment for radioactive-waste disposal.

27 Probabilities fi)r the computational scenarios used in the construction of CCDFs are discussed in Chapter 5 of

28 this volume, and are based on tile assumption thai tile occurrence of boreholes through the repository follows a

29 Poisson process (i.e., _u'e random iu time and space) with a rate constant _.. Formulas for determining pSi

30 dependent on this assumption _u'ederived in Chapter 5. The derivations are general and include both the stationary

31 (i.e., const_mt _) _md nonstationary (i.e., time-dependent _,) cases. The 1992 performance assessment estimates

32 consequences using both constant values for _. _mdtime-dependent values derived from expert judgment.
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1 3.4 Calculation of Scenario Consequences

2 The third element of the ordered triples shown in Equation 3-1 is the scenario consequence, ¢Si. Estimation

3 of ¢Si is done using a linked system of computational models described in greater detail in Chapters 7 and 8 of

4 this volume.

5 The models used in the WIPP performance assessment, as in other complex analyses, exist at four different

6 levels. First, conceptual models provide a framework in which information about the disposal system can be

7 organized and linked to processes that can be shnulated with quantitative models. An adequate conceptual model is

8 essential for both the development of the s,'unple space S O appearing in Equation 3-8 and the division of ,SO into

9 the scenarios Si appearing in Equation 3-1. As defined in Chapter 2, alternative conceptual models may exist that

10 are equally consistent with the available information. Consequences for each scenario must be estimated

11 separately for each alternative conceptual model included in the mmlysis.

12 Second, mathematical models are developed to represent the processes at the site. The conceptual models

13 provide the context within which these mathematical models must operate and define the processes they must

14 characterize. The mathematical models are predictive in the sense that, given known properties of the system and

15 possirle perturbations to the system, they predict the response of the system. Among the processes represented

16 by t, ;se mathematical models are fluid flow, mechanical deformation, radionuclide transport in groundwater,

17 rem,:val of waste through intruding boreholes, and human exposure to radionuclides released to the surface

18 environment. Mathematical models for these processes, and others, are described in Chapter 7 of this volume.

19 Third, numerical models are developed to approximate the mathematical models. Most mathematical models

20 do not have closed-form solutions, and numerical procedures must be developed to provide approximations to the

21 solutions of the mathematical models. In essence, these approximations provide "numerical models" that calculate

22 results that are close to the solutions of the original mathematical models. For example, Runge-Kutta procedures

23 are often used to solve ordinary differential equations, and finite difference mid finite element methods are used to

24 solve pm'tial differenti_d equations. In practice, it is unusual for a mathematical model to have a solution that can

25 be determined without the use of an intermediate numerical model. Numerical models used in the WIPP

26 performance asmssment are described in appendices to this volume.

27 Fourth, the complexity of the system requires the use of computer codes to implement the numerical models.

28 Figure 3-6 illustrates the sequence of linked codes used in the 1992 WIPP performance assessment. Each of the

29 models appearing in this figure is briefly described in Table 3-1; more information is available in Chapter 7 and

30 appendices to this w_lume, and in references cited there.

31 3.5 Monte Carlo Analysis Techniques

32 As discussed in more detail by tlclton et al. (1991) and in Volume 4 of this report, the WIPP performance

33 assessment uses Monte Carlo techniques for uncertainty and sensitivity analyses. In the context of this report,

34 uncertainty analyses evaluate uncertainty in performance estimates that results both from the existence of

35 alternative conceptual models and from the uncertainty atx_ut imprecisely known input variables. Sensitivity anal-
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Figure 3-6. Models used in 1992 WIPP performance assessment. Tile names for computer models (i.e.,
computer codes) ,are shown in capit,'d letters.
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1 Table 3-1. Summary of Computer Models Used in the 1992 WIPP l:'erfonnance Assessment

iii

2
3 Mtxlel Description
4

5 BRAGFLO Describes the multiphase flow of gas and brine through a porous, heterogenous reservoir.

6 BRAGFLO solves simultaneously the coupled partial differential equations that describe the mass

7 conservation of gas and brine ,along with appropriate constraint equations, initial conditions, and

8 boundary conditions (Chapter 7).

9 CCDFPERM Constructs probabilities for various computational scenarios associated with human intrusion by

10 exploratory driUing (Section 1.4.2 of Volume 3).

11 CUTTINGS Calculates the quantity of radioactive material (in curies) brought to the surface as cuttings and

12 cavings generated by ,'mexploratory drilling operation that penetrates a waste panel (Chapter 7).

13 GENII-S Estimates potential radiation doses to humans from radionuclides in the environment (Leigh et

14 al., in review).

15 GRASP-INV Automatically generates simulations of transmissiviiy fields (estimates of transmissivity values)

16 conditioned on measured tr,-msmissivity values and calibrated to steady-state and transient pressure

17 data at well locations using an adjoint sensitivity and pilot-point technique (LaVenue and

18 RamaRao, 1992).

19 PANEL Calculates rate of discharge and cumulative discharge of radionuclides from a repository panel

20 through an intrusion borehole. Discharge is a function of fluid flow rate, nuclide solubility, and

21 remaining inventory (Chapter 7).

22 SANCIIO Finite element progr_un that solves quasistatic, large deformation, inelastic response of two-

23 dimensional solids (Stone et ,al., 1985). Used in the 1992 performance assessment to determine

24 porosity of the waste as a function of time and moles of gas generated (Section 1.4.7 of

25 Volume 3).

26

27 SECO2D Calculates single-phase Darcy flow for groundwater-flow problems in two dimensions. The

28 formulation is based on a single partial differential equation for hydraulic head using fully

29 implicit time differencing (Chapter 7).

30 SECOTI ) Simulates fluid flow and tr_msport of radionuclides in fractured Ix)rous media (Chapter 7).

31

r
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1 yses determine tile contribution of individual input variables lo tile uncertainty in model predictions. As used

2 here, both these types of analyses provide infonnation about the effects of subjective, or Type-B, uncertainty. The

3 effects of stochastic, or Type-A, uncertainty m'e incorporated into the perlbnnance assessment tlu'ough the scenario

4 probabilities pS i appe,'wing in I:ktuation 3-1.

5 Monte Carlo analyses involve five steps: (1) selection of the variables to be exmnined and the ranges and

6 distributions Ibr their possible values; (2) generation of the smnples to be analyzed; (3) propagation of the smnples

7 through tl_eamdysis; (4) uncertainty ,'malysis; and (5) sensitivity analysis. These steps ,are described briefly in the

8 following sections. A more complete discussion can be found in Helton et al. (1991).

9 3.5.1 Selection of Variables and Their Ranges and Distributions

10 Monte Carlo analyses use a probabilistic procedure for the selection of model input. Therefore, the first step

11 in a Monte Carlo analysis is the selection of uncertain variables and of ranges and distributions that characterize

12 the uncertainty in their possible v',dues. These variables are typically input parameters to computer models, and

13 the impact of the assigned r,'mges ,'roddistributions can be great: analysis results are controlled in large part by the

14 choice of input. Results of u_cerminty and sensitivity ,analyses, in particular, strongly reflect the characterization

15 of uncertainty in the input da_a.

16 As discussed in detail in Volume 3 of this report, infonnation about the ranges and distributions of possible

17 v,'dues is drawn from a vm-iety of sources, including field data, laboratory data, literature, and, in instances where

18 significant uncertainty exists and site-specific inlkmnation is unavailable or insufficient at the time of the

19 an_dyses, subjective expert .j_,'l_ment. In general, data from these sources cannot be examined statistically and

20 incorporated directly in pcrfonnance-,'tssessment analyses, because data are r_u'elygathered with the specific model

21 application in mind. Spatial and temporal sc,'des over which the data are valid often do not match those of the

22 models' applications, and in many cases, real site-specific data are simply not available. Data may be sparse or

23 unavailable because measurements are infeasible (e.g., drilling sufficient boreholes to determine the regional

24 heterogeneity of u'ansmissivity in overlying aquifers), because direct measurements would in themselves create

25 risk (e.g., drilling of boreholes through the repository to determine the extent of an underlying brine reservoir),

26 because measurements m.c impossible (e.g., measuring future drilling technology), or for other re_sons.

27 The review process that leads from the available data to the construction of the cumulative distribution

28 functions (cdfs) used in the performance-assessment mudyses is described in detail in Volume 3 of this report.

29 Because of the nature of the av_dlable data and the type of analysis, this review process is unavoidably subjective,

30 and involves the expert judgment of the investigators and performm_ce-assessment analysts.

31 The ultimate outcolnc of the review process is a distribution function F(x) of the fonn shown in Figure 3-7

32 for each independent variable of interest, l:or a particular wuiablc xj, the ftmction F is defined such that

33 p,'ob(._< .lj -<x + A,)= F(x + Al:)- F(x) (3-12)
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Figure 3-7. Distribution function for an imprecisely known analysis variable. For each value x on the

abscissa, the corresponding v,'due F(x) on the ordinate is the probability that the appropriate value

to use in the aw,dysis is less than or equ,'d to x (Helton et "al., 1991).
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1 That is, F(x+Ax) - F(x) is equ,'d to the probability that file appropriate value to use for xj in tile particuh'u" analysis
2 under consideration l'_dlsbetween x and (x + ZXx).

3 3.5.2 Generation of the Sample

4 Various techniques are available for generating samples from the assigned distribution functions for the

5 variables (McGradl et al., 1975; McGrath and Irving, 1975a, b), including random sampling, stratified sampling,

6 and Latin hypercube s,'unpling. As discussed in more detail in llelton et al. (1991), the WIPP performance

7 _tssessment uses stratified s_unpling and Latin hypercube sampling.

8 Stratified sampling is a modification of random sampling in which a systematic coverage of the full range of

9 possible values is forced by subdividing the sample space into strata with assigned probabilities. The

10 decomposition of the subset S O shown in Equation 3-8 into scenarios Si _L.,_indicated in Equation 3-1 is a form

11 of stratified smnpling in which the scenario probabilities pS i are the strata probabilities. Stratified soanpling

12 forces the inclusion of low-probability, but possibly high-consequence, scenarios, and is used to incorporate

13 stochastic, or Type-A, uncertainty into the WIPP performance ,assessment.

14 Latin hypercube s,-unpling (McKay et al., 1979), in which the full range of each variable is subdivided into

15 intervals of equal probability and s_unples are drawn from each interval, is used to incorporate subjective, or Type-

16 B, uncert_finty, into the WIPP performance assessment. Specifically, a Latin hypercube s_unple of size 70 was

17 generated from the 49 variables in Tables 6.0-1, -2, and -3 in Volume 3 of this report. The restricted pairing

18 technique of hnan and Conover (1982) was used to prevent spurious correlations within the sample. The resultant

19 sample is listed in Volume 4 of dlis report.

20 3.5.3 Propagation of the Samplethrough the Analysis

21 The next step is the propagation of the s_unple through the analysis. Each element of the sample is supplied

22 to the m_xlel as input, and the corresponding model predictions are saved ff)r use in later uncert_finty and sensitivity

23 studies. The Compliance Assessment Mctlmdology (_ontroller (CAMCON) has been developed to facilitate the

24 complex calculations and storage of the input and output files from each progrmn (Rechard, 1989, 1992). This

25 methodology incorporates data bases, s_unpling procedures, model evaluations, data storage, uncertainty and

26 sensitivity an_dysis procedures, _md plotting capabilities into a unified structure. The structure and operation of

27 CAMCON is illusu'atcd in I-"igure 1-1.

28 Addition_d information on CAMCON and its use in the 1992 WIPP performance assessment is given in

29 Chapter 1 of this volume and in Rcchard (1992).
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1 3.5.4 Uncertainty Analysis

2 Once a sample h_t,_bccn generated and propagated through a model, uncertainty in tile model predictions call be

3 interpreted directly from the CCDF. Stochastic, or Type-A, uncertainty, is represented by the steps in an

4 individu_d CCDt;'. Subjective, or Type-B, uncertainty, can be represented either with a fmnily of CCDFs or with

5 a summary diagram showing mean and qum_tile curves, a,s shown in Figures 3-2 and 3-3.

6 Uncertainty in a predicted performance me,'t,_urecan be characterized with an estimated distribution function,

7 which can be displayed either as the above CCDF, a density function, a cumulative distribution function, or as

8 box plots (hnan and Conover, 1982), as shown in Figure 3-8. The endpoints of the boxes in Figure 3-8 are

9 formed by tile lower and upper quartiles of the data, that is, x.25 and x.75. The vertical line within the box

10 represents the median, x.50. The smnple mean is identified by the large dot. The bar on tile right of the box

11 extends to the minimtun of x.75 + 1.5(x.75 - x.25) and the maximum observation. In a similar manner, the bar

12 on the left of the box extends to the maximum of x.25 - 1.5(x.75 - x.25) and the minimum observation. The

13 observations falling outside of these bars are shown with x's. Box plots display the stone information as a

14 distribution function in a reduced forth (without explicit probabilities). They are convenient for presenting and

15 comparing different distributions in a single figure, especi_dly for displaying outliers (high consequence values).

16 3.5.5 Sensitivity Analysis

17 The final step i,_ a Monte Carlo study is sensitivity analysis, which provides information about the

18 sensitivity of the modeling system to uncertainty in specific input p_u'mneters. Sensitivity analyses can identify

19 those par,'uneters for which reductions in uncertainty (i.e., narrowing of the range of values from which the smnple

20 used in the Monte Cre'lo amdysis is drawn) have the greatest potential to increase confidence in the estimate of

21 dislx_sal-system perlbnnance. Identification of sensitive p,-u','uneterscan help set priorities for additional research;

22 however, because results of these analyses are inherently conditional on the models, data distributions, and

23 techniques used to generale them, the analyses cannot provide insight about the correctness of tile conceptual

24 models and &Itridistributions used. Qualitative judgment about the mcxleling system must be used in conjunction

25 with sensitivity analyses to set priorities for perlbnnance-assessment data acquisition and mcxlel development.

26 Sensitivity analysis techniques used in the WIPP pcrformm_ce m;sessmcnt include scatterplots and regression

27 analysis, and arc described in detail by l lelton ct _d.(1991). Results of the 1992 sensitivity analyses are presented

28 in Volume 4 of this report.
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Figure 3-8. Ex_unpic of box plots (hyI_thctic_d results).
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1 4. SCENARIO CONSTRUCTION

2 4.1 Evaluation of Events and Processes

3 The selection of scenarios for consideration in WiPP PA is based on tile formal five-step procedure described

4 by Cranwell et al. (1990). The five steps are (1) compiling or adopting a comprehensive set of events and

5 processes* that potentially could affect the disposal system, (2) classifying the events and processes to aid in

15 completeness arguments, (3) screening the events and processes to identify those that can be eliminated from

7 consideration in the PA, (4) developing scenarios by combining the events and processes that remain after

e screening, and (5) screening scenarios to identify those that have little or no effect on the shape or location of the

9 CCDFs. Section 4.1 summarizes work done on abe first three of these steps: the identification, classification,

10 and screening of events and processes, referred to jointly as "evaluation of event_ and processes." Evaluation of

.1.1 events and processes has not been significantly revised since 1991, and more complete discussions of specific

"12 events and processes are available elsewhere (Guzowski, 1990; WIPP PA Division, 1991a). Additional work is ;.n

.13 progress on evaluation of events and processes in response to reviewers' comments (e.g., Appendix B of Volume

.14 1 of this report), and will be incorporated in future PAs.

.is 4.1.1 Identifying Events and Processes

.16 The WIPP PA uses the list of potentially disruptive events and processes provided by CranweU et al. (1990)

.17 as a starting point h_r scenario development (Table 4-1). This list was developed by a panel of experts that met in

le 1976 and again in 1977 under the auspices of the U.S. Nuclear Regulatory Commission to identify events and

.19 processes that could compromise the performance of an engineered disposal system for nuclear waste constructed in

20 deep geologic media.** Concerns raised during the development of t.he WIPP have led to the inclusion of three

2"1 additional events and processes not identified by the panel: gas generation by the degradation of the waste, waste-

22 related explosions, and nuclear criticality.

Note that classification of a phenomenon as an event rather than a process, or vice versa, has no affect on
scenario development. The distinction in terminology is based on 40 CFR 191B (§191.13(a)), and has been
interpreted to describe the time interval over which a phenomenon occurs relative to the time interval of
interest. Events are relatively brief whereas processes may occur during a large portion of the time interval of
interest. The distinction is not rigid, however, and the terms are functionally interchangeable in scenario
development.**
As listed in Cranwell et al. (1990), the Scenario Identification Panel Members and their affiliations were
William S. Twenhofel, United States Geological Survey (USGS), Denver, CO; William W. Dudley, USGS,
Denver, Co; Randolph Stone, l.awrence Livermore National Laboratory, Livermore, CA; Frederick J. Pearson,
USGS, Reston, VA; llerbert R. Shaw, USGS, Menlo Park, CA; Donald Caldwell, United States Nuclear
Regulatory Cozmnission (IISNR(!), Washington, DC; Ben Ross, The Analytical Sciences Corp., Reading, MA;
Edward llawkins, USNR(', Washingt¢m, DC; and Martin Tierney, Sandia National Laboratories, Albuquterque, NM.
Working sessions of this panel were held on l)ecember 7-8, 1976, at Grand Canyon, AZ, and again on April 13,
1977, in Carlsbad, NM.
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Chapter 4. Scenario Construction

1 'l'ablc 4-1. Potentially Disruptive F,venls and Proccsscs
2

Natund Events and Processes
3

Celestial Btxlies Meteorite hnpact

Surficild [:vents and l_'ocesses Erosion/Sedimentation
Glaciation
Huvial Periixls

Sea-Level Variations
1lurriclmes
Scichcs
Tsunamis

Regional Subsidence or l,.Iplil't
Mass Wasting
l:l/_ding

Subsurface l:vents and l_'tx:esses l)iapirism
Seismic Activity

Volcanic Activity
Magmatic Activity
l::ormation of l)issolution Cavities

Fonnation of Interconnected Fracture Systems
Faulting

lluman-lnduccd Events lind Prix:esses
4

Inadvcllcn! Intrusions l?,xplosions
l)rilling

Mining
Injection Wells
Withdraw_d Wells

i Iydrologic Strcsses Irrigalion
l)amming of Strcluns and Rivers

Rcp_sitory- iuitl Wastc-lnduccd Caving and Subsidcncc
l-vents and Ih'_x:csms Shift! and Borehole Seld l)egnldatioli

Thermally Induced Stress Fracturing iii i lost
Rix:k

Fx.cavation-lnduced Stress i:racturing in l iost
Rix:k

(.;it,;Generation

Fxplosions
Nuclear Criticalily

5
6

7 Source: Ml_.iificd from (".ranwcii ct ai., 1990.
8
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Evaluation of Events and Processes
Classifying Events and Processes

1 4.1.2 Classifying Events and Processes

2 This step is optional, and h,'L,_not been carried out explicitly for WIPP PA. Cranwell ct al. (1990) included

3 classification in tile procedure to assist in organizing the events and processes, to assist in completeness

4 arguments, ,'rodto provide insights when developing conceptu,-d models of the disposal system.

5 4.1.3 Screening Events and Processes

6 Events and processes are screened using three criteria developed by Cranwell et al. (1990): probability of

7 tx:currence, consequence, and physical rexsonableness; and a fourth criteria specific to PAs conducted for 40 CFR

8 191B, regulatory requirements. Ali four are applied in the context of the 1985 version of 40 CFR 191B (U.S.

9 EPA, 1985), and screening will be reexamined when the regulation is repromulgated.

10 The "probability of occurrence" zuld "con_quence" criteria are b_L,_eddirectly on guid,'mce provided in Appendix

13 B of 40 CFR 191:

12 The [El)A] assumes that.., performance assessments need not consider categories of events or

13 processes that m'e estimated to have less than one chance in 10,000 of occurring over 10,000 years.

14 Furthermore, the performance m_sessments need not ewtiuate in detail the releases IYom _dl events and

15 pr¢_esses estimated to have a greater likelihotxl of tx:currence. Some of these events ,'rod processes may

16 bc omitted from the pcrlormance assessments if there is a reasonable expectation that the remaining

17 probability distribution of cumulative rele;L,_eswould not be significmitly changed by such omissions

18 (U.S. EPA, 1985, p. 38088).

19 As interpreted by the WIPP PA Department, individu;d events and processes (as well as "categories of evenCs

20 and processes") that have a probability of more than 1 chance in 10,000 of occurring over 10,000 years will be

21 retained lhr further evaluation. Lower-probability phenomena are identified but not considered further. Low-

22 consequence phenomena (i.e., those that would not significantly change the CCDF) are identified qualitatively in

23 the WII)P PA methodology and are eliminated regardless of probability (WIPI) PA Division, 1991a).

24 Consequences of these phenomena can be evaluated qu;mtitatively if uncertainties warr'_t.

25 The final screening criterion described by Cranwcll ct "al.(1990), "physic_d reasonableness," is not explicitly

26 described in 40 CFR 19lB. As used in WIPP PA, this criterion distinguishes between those phenomena to which

27 a meaningt'ul probability can be assigned (e.g., meteorite impacts) and those phenomena for which scientific

28 underst_mding is insufficient to assign meaningful and defensible qu_mtitative probabilities (e.g., the occurrence of

29 w)lcanic activity in a geologic setting where such an event is unprecedented). The distinction between "physical

30 re&,_onableness" and "probability of occun'ence" is not rigid, mid phenomena identified &s"physic_dly um'easonable"

31 c()uld also be eliminated on the basis of extremely low probability.

32 The "regulatory requirements" criterion is used only to screen events relatcd to human activities, mid is based

33 dircctly on guid_mcc in Appendix B of 4() CI:R 191:
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Chapter 4. Scenario Construction

1 ... inadvertent and intcrnlittent intrusion by exploratory drilling for resources (other thml any provided

2 by the dispo:;al system itsell) can be the most severe intrusion scen_u'io assumed by lhc implementing

3 agencies (U.S. EPA, 1985, p. 38089).

4 As interpreted by the WIPP PA Department, this allows the exclusion of ali deliberate human activities that

5 disrupt the repository, `a,_well as those inadvertent hummi activities thai could result in consequences (e.g., EPA

6 normalized cumulative relc_tses to the acce_,_ible environment, or other performance measures) greater than those of

7 exploratory drilling. Specifically, this criterion is used to screen acts of war, direct mining of the waste,

8 systematic drilling of multiple boreholes for resource production or other purl_ses, and modes of intrusion other

9 than exploratory drilling identified by an expert panel on inadvertent human intrusion into the WIPP (Hora et al.,

10 1991; memorandum by llora in Volume 3, Appendix A of this report).

_ 4.1.4 Summary of Screened Events and Processes

12 The following summary is taken from the 1991 PA (WIPP PA Division, 1991a), where each of the events

13 and processes listed in Table 4-1 arc described in derail. As shown in Table 4-2, events _md processes ,are either

14 retained for consideration in PA or screened ou_.on the basis of the lour criteria described in the previous section.

15 Events and processes ret_dned for consideration ,are either included in the base-case scenario for the system or used

16 Ibr developing scenarios describing disturbed performance.

17 Ali of the natural events and processes listed in "Fable 4-1 that have been retained ,are part of the undisturbed

18 perfonr_ance of the system, and none are included in the development of disturbed-performance scen_u'ios.

19 F'henomena such ,as erosion, sedimentation, climatic change (pluvial periods), seismic activity, and some shallow

20 dissolution _uecerutin to rx:cur during the next 10,(X)0years, and are part of the conceptual model for the base-case

21 scenario. Several other listed events (i.e., sea-level variations, hurricanes, seiches, and tsunmnis) are restricted to

22 coasUd areas, and are physically unreasonable at the WIPP location. Surfici_d geologic events, including regional

23 subsidence or uplift, m_,_s wasting, glaciation, and fltxxling, and ali subsurface events except seismic activity and

24 shallow dissolution oi the Rustlcr-Salado contact are screened out as physically unreasonable or of low

25 probability.

26 Of the human-induced events and processes, inadvertent explosions at the location of the waste panels are

27 excluded by regulatory requirements; inadvertent explosions near the waste panels during warfare and nuclear

28 testing mc screened out on the basis of low probability Irrigation and damming of valleys close enough to the

29 WIPP to have an impacl arc low-probability cvcnls because of poor water and soil quality and limited water

30 supplies. Based on the geologic setting and previous resource evaluations, both exploratory drilling for resources

31 and the drilling of injcctitm wells _u'e realistic events Ibr the WIPP, and are ret_fined for scenario development.

32 Intrusion of injection wells into the waste-emplacement region is not modeled explicitly in PA, because drilling

33 technology and therefore consequences arc `a'_sumed to be the s_nne as for exploratory drilling. Expelljudgment on

34 the probability of intrusion by injection wclls is not available (llora, memo in Appendix A of Volume 3).

35 Injection wells that do not penetrate the repository are screened out on the basis of low conscqucnce.
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Evaluation of Events and Processes
Summary of Screened Events and Processes

1 In the category of waste- and rclx)sitory-induced evenL_and processes, gas generation and shaft-seal degradation ,are

2 part of tile conceptu_d model of the base-case sccmu'io. Borehole se_d degra_ltion is addressed through parameter

3 uncert_finty during modeling. Excavation-induced fracturing in tile host rock is h_mdled by including the disturbed

4 zone surrounding mined opctfings in the conceptual mcxlel of tile base-case scen_u'io. Caving into the rooms or

5 drifts may occur in the short tcnn _d'ter decommissioning, but this process has no long-term consequences on

6 performance because of the mechanic_d behavior of salt. Thermally induced fracturing of the host rock is not a

7 physically reasonable phenomenon because of the low thermal output of WIPP waste. Subsidence caused by the

8 mined openings and explosions caused by the ignition of gases created by waste degradation have no effect on the

9 long-term performance of the disposal system and can be eliminated from scen_u'io development. Nuclear

10 critic_dity requires additional evaluation before a screening decision is made.

11 As shown in Table 4-2, a tokai of 10 events and processes are retained Ibr consideration following screening.

12 Seven of these are essentially certain to occur, and are included in the conceptual model for the base-case scenario

"13 (see Section 4.2.3.1). The other three--exploratory drilling, potash mining near the waste panels, and water

14 wells_;u'e used to develop sulmnary scenarios describing disturbed performance of the system. Exploratory

15 drilling is subdivided into two possibilities: drilling into a waste-filled room or drift and a brine reservoir in the

16 underlying Castile Formation (Fvent El), and drilling into a waste-filled room or drift without penetrating a brine

17 reservoir (Event E2). Mining (Event TS) is limited to potash extraction by either conventional or solution

18 methcxls in areas beyond the boundaries of the waste panels; drilling of withdrawal wells (Event E3) is lhnited to

19 water wells in are_ts where water quantity and quality will permit water use. Both mining and water wells will be

20 evaluated in future perlbnnance assessments for their effects on groundwater flow in the WIPP area.
21

22 4.2 Summary Scenarios

23 4.2.1 Development of Summary Scenarios

24 As explained in the 1991 PA documentation (WIPP PA, 1991a, Section 4.1.7), logic diagrams bas_ on the

25 approach defined by Cranwell ct al. (1990) are used to combine events and processes that remain after screening

26 into summary scen_u'ios. As the logic diagr,'un for the WIPP performance assessment (Figure 4-1) shows, no

27 temlx_ral relationship between events and processes is implied by their sequence across the top of the diagram; at

28 each junction within the diagr;ml a yes/no decision is made as to whether the next event or process is added to tile

29 scenario. As a result, each scenario consists of a combination of occurrence and nonoccurrence of ali events and

30 processes that survive scrcctling (Cranwcll ct al., 1990). To simplify sccnarit) notation, only lhc events and

31 processes that occur _ue used to identify the scenario. Based on the assumption thai the events and processes

32 remaining after screening define ali possible futures of the disposal system that ,are imporumt for a probabilistic

33 assessment, the logic diagr_un produces scenarios that are comprehensive and mutually exclusive because ali

34 possible combinations of events and processes are developed, and each scenario is a unique set of events and

35 processes.

36 Figure 4-1 shows ali o1"the scenarios (the possible combinations oi" the four.events) that survived the

37 screening process for the WIPP (Section 4.1.4):
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Chapter 4. Scenario Construction

TS E1 E2 E3

I I I ....I
:lBaseCaseI SB= TS c n E1 c n E2 c n E3 cJ[

1 1[ oE3 $1= TScc_ElcnE2cnE3

I : i[.._ $2= TSCc_ElCnE2c_E3 c

: E2E3 $3= TSCc, ElCnE2 c_E3

• _[_ S4= TSOnEInE2CnE3 c

+ 1 1[ ,, -E1E3 S5= TSCnElnE2 cnE3
' _[_] $6= TSCc_ Eln E2nE3 c

No 1[ : E1E2 E3 S7= TSCn El c_E2 n E3

-_ TS SB= TSn ElCn E2 cn E3 c

Yes + _ _ -TSE3 $9= TSnElCnE2 cnE3
- TSE2 $10= TSh ElCn E2n E3 c
- TSE2E3 $11= TSnElCnE2nE3

- TSE1 $12= TSnElnE2 cnE3c

I = TSE1E3 ,$13= TSnElnE2 cnE3: TSE1E2 $14= TSnElnE2nE 3c
- _ -TSEII=2E3 $15= TSnElnE2nE3

x = 10,000 yr Time History

TS= {x: Subsidence Resulting from Solution
Mining of Potash}

E1 = {x: One or More Boreholes Pass Through a
Waste Panel and into a Brine Pocket}

E2 = {x: One or More Boreholes Pass Through a
Waste Panel Without Penetrating

a Brine Pocket}

E3 = {x: One or More Withdrawal Wells near
Repository Where Water Quality
Will Permit Water Use}

Superscript c (e.g., TS c) Denotes Set Complement

TRI-6342-3436-o

l:igurc 4-1. l)olcmial _cenario,_ for the WIPP disposal system.
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Summary Scenarios
Development of Summary Scenarios

1 • E 1, the inadvertent drilling of mi exploratory borehole into a waste-filled room or drift and a brine reservoir

2 in the underlying Castile Formation,

3 ° E2, the inadvertent drilling of an exploratory borehole into a waste-filled room or drift that does not

4 intersect a brine reservoir in the underlying Castile Formation,

5 ° E3, drilling of water withdraw_d wells in areas where water qu_dity will permit water use, and

6 * "FS, mining for potash by either conventional or solution methods in ,areas beyond the boundaries of the

7 waste p_mels.

8 For the 1992 PA calculations, only the base-case scenario and scenarios containing the El and E2 events were

9 considered; therefore, only Iour summary scenarios were evaluated this year: the base case (expected behavior of

10 the disposal system without disruption by human intrusion), El, E2, mid E1E2. The TS event will be added to

11 later PA calculations for 40 CFR 191B. The E3 event will be evaluated in safety assessments because it provides

12 a potenti,'d pathway through which htun,'m doses could occur.

13 4.2.2 Screening of Summary Scenarios

14 The purpose of scenario screening is to identify those scenarios that will have no or a minimal impact on the

15 shape and/or location of the mean CCDF. The criteria used to screen combinations of events and processes

16 (scenarios) ,are similar to those criteria used to screen individual events and processes (Section 4.1.3). These

17 criteria are physical rc,'tsonableness of the combinations of events ,'rod processes, probability of occurrence of the

18 _en,-uio, _mdconsequence.

19 The probability of occuncncc lot a sccn_u'io is dctennincd by combining the probabilities of occurrence and

20 nonoccurrence from the events and prcv.:csses that make up the scenario. A mcchanic,'d approach to determining

21 sccnario probabilities can bc implemented by assigning thc probability of (x:currcnce and nonoccurrence for each

22 event and process to the appropriate "yes" mid "no" legs at each bifurcation in the logic diagnun (Figure 4-1). The

23 probability of a scenario is the product of the probabilities along the pathway through the logic diagrmn that

24 dcfines that scenario. Based on the probability criterion in Appendix B of 40 CFR 191 for screening out

25 individu',d events and processes, scemu'ios with probabilities of occurrence of less than 1 chance in 10,000 in

26 10,000 yem's need not be considcrcd in determining compliance with 40 CFR 191B, and therefore, consequence

27 calculations arc not necessary.

28 Consequence in this step of lhc pnx:cdurc means integrated discharge to the accessible environment for 10,(D0

29 years. By inferring that the guidance in Appendix B of 40 CI-:R 191 for individual events and processes also

30 applies to sccaarios, scenarios whose probability of occurrence is greater than the cutoff in Appendix B can be

31 eliminated from further consideration if their omission would not significantly change the remaining probability

32 distribution of cumulative releases. Because the degree to which the mean CCI)F will be _dTccted by omitting

33 such scenarios is difficult to cstimatc prior to constructing CCDFs, only those scenarios that have no releases or

34 very small, low-probability releases should be screened out from additional consequence calculations. If
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Chapter 4. Scenario Construction

1 significm_[ changes arc made lo tile data base, tile conceptual models, or mathenlalical models of tile disposal

2 system, the omitted scenmios should be re,_reened.

3 In implementing this step of the procedure for this preliminary WIPP pcrfonnance It,;sessment, no scenarios

4 were screened out. Because parmncter values did not define the events, ali combinations of events in the scenarios

5 ,are physically rc;monable. Because final scenario probabilities have not bccn estimated, no scenarios were screened

6 out on the basis of low probability of occurrence. Fin;d c;dculations of consequences have not bcen completed, so

7 no scenm'ios were screened out on tile basis of this criterion.

a 4.2.3 Retained Summary Scenarios

9 'l'l.fis section describes lhc sccnm'ios ret_fincd for consequence analysis thai are considercd in file 1992 PA

10 calculations.

11 4.2.3.1 UNDISTURBED SUMMARY SCENARIO (SB)

12 Guidance from 40 CFR 191

13 The lndividuld Protection Requirements of 40 CFR 191B (§ 191.15) call for a re&,_onableexpectation that the

14 disposal system will limit amluai doses to individuals for 1,000 yelu's after disposal, assuming undisturbed

15 pcrfonnance of the disposal system, t lndisturbcd perlbnnance is defined in 40 CFR 191B to mean "the predicted

16 behavior of a disposed system, including consideration of the uncertainties in predicted behavior, if tile dislx_sal

17 systcm is not disrupted by human intrusion or tile occurrence of unlikely natund events" (§ 191.12(p)). Duration

18 of this performance is not limited by the definition.

19 Although undisturbed pcrformancc is not mentioned in the Cont,'dnmcnt Requirements (§ 191.13), undisturbed

20 performance is not precluded from the containment calculalions and, for the WIPP, is the base case of the scemuio-

21 dcvclopmcnt mcth_lology (Cranwcll ct al., 1990; Guzowski, 1990). The base-case scenario describes the dislx)sal

22 system from the time of tlccommissiotling and incorporates ali expected changes in the system and associated

23 unccrtaintics for the 10,0(X) years of concern for § 191.13. Subpart B of 40 CFR 191 does not provide a definition

24 of tmlikcly natural events to bc excluded from tmdislurbed performance nor, by implication, likely natural events

25 Iobc included. Because of the relative stability of the natural systems within the region of the WIPP disposal

26 systcm, ali t,aturally occurring events and processes thai will occur arc part of tile base-case sccnario and iu'e

27 nondisruptivc. These conditions rcprcscnl undisturbed pctlbrmance (Marietta ct Iii., 1989; Bcrtram-liowery ct al.,

28 1990). They include the events and processes retained lk)rundisturbed conditions, which are iistcd in Table 4-2.
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Retained Summary Scenarios

1 Base-Case Description

2 After the repository is filled with waste, the disposed rcx_ms and drifts in tile panels are backfillcd and seals are

3 cmplaccd in the shafts and access drifts to the pmlels (Figure 4-2). While excavations arc open, file s_dt creeps

4 inwm'd because of the decrease in conlining pressure on the s_dt_m_undtile rcx_ms. Portions of the access drifts and

5 the lower parts of shafts are filled with preconsolidated, crushed salt (Stormont et ,al., 1987; Borns and Stonnont,

6 1988; Nowak et al., 1990). Because of file high lithostatic pressures al the repository depth, salt creep is expected

7 to exert sufficient pressure on the crushed salt to consolidate the material into low-conductivity seals with

8 properties similar to those of the host rock. Portions of the upper parts of the shad'ts are also filled with salt, but

9 pressure is not expected to bc sufficient here to cause the s_une degree of consolidation as is expected in lower

10 portions of the shrifts.

11 Gas generation is an imlx_rtant process for the undisturbed case. Some waste and some w_,_te containers will

12 be composed of organic material. Because microbes trmlsported ililo file repository with the waste are expected to

13 be viable under sealed-repository conditions (Bru'.;h and Anderson, 1989b), orgmlic material in the repository will

14 biodegrade witll concomitant generation of g_t,_es. In addition, moisture in the repository, either brought in with

15 waste or seeping in from the Salado Formation, can corrc_e metals in the waste and metallic waste containers

16 themselves, with gas generated as a by-pr_xluct. Radiolysis also will generate g,'tses.

17 Sufficient quantities of g_t,_will be generated to result in elevated pressures in the repository, approaching and

18 perhaps exceeding lithostatic pressure (approximately 15 MPa). Elevated pressures may oper'_ fractures in

19 anhydrite layers above and below the waste-disposal panels, which arc relatively more brittle th,'m the plastic

20 halite.

21 Two [x_tcntial pathways for groundwater flow and radionuclide transport dominate the undisturbed disposal

22 system (Figure 4-2):

23 • In the first path, the pressure gradient between the waste-disposal panels _md the Culebra causes brine and

24 radionuclides to migr:_tc from the waste-disposal panels to the base of the shad'ts mid up lhc shrifts toward

25 the Culebra. This migration may occur directly through panel seals and tile backfill in access drifts, but is

26 more likely to occur through anhydrite interbcds (primarily MB 139 below the panels, but possibly also

27 MB I38 and intcrbcds A and B above tile panels). Contmninated brine may enter the interbcds either

28 through fractures in salt in the DRZ, or directly as a result of rtx_ms and drifts intersecting the interbeds

29 during construction or room closure. Migration to the base of the shafts could then _cur in fractures in the

30 anhydrite layers. Migration up the shafts occurs through the shaft-seal system.

31 • The second major path for brine and radionuclide migration from the undisturbed repository is laterally

32 through anhydrite iutcrbcds toward lhc subsurface boundaJy of the accessible environment in the Salado

33 Formation. Brine cnlcrs the intcrbcds as described for the first path, and is driven outwm'd from the pmlels

34 by elevated pressures in the waste resulting from gas generation.
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Figure 4-2. Conceptu;dmodel used in simulating undisturbedperform;race.
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RetainedSummary Scenarios

1 A third pathway lhr radionuclide transport from the undisturbed disposal system was considered in previous

2 analyses (Lappin et al., 1989), in which brine migrated vertically from the panels through the intact Salado

3 Formation toward the Culebra. Although this pathway has a larger pressure decline over the shortest distance than

4 either of those discussed above, and also has the largest cross-sectional area through which migration could occur,

5 low permeabilities of the intact halite result in extremely long travel times (400,000 years for the first arrival of

6 radionuclides at the Culebra, as calculated by Lappin et al. [1989]). Because of the improbability of developing

7 interconnected, vertical fractures in the plastic halite, this pathway is not modeled in performance assessment.

8 4.2.3.2 HUMAN-INTRUSION SUMMARY SCENARIOS

9 Guidance from 40 CFR 191

10 Appendix B of 40 CFR 191 provides guidance on a number of factors concerning human intrusion. Active

11 controls cannot be assumed to prevent or reduce radionuclide releases for more than 100 years after disposal (U.S.

12 EPA, 1985, p. 38088). Passive institutional controls can be assumed to deter systematic and persistent

13 exploitation and to reduce the likelihood of inadvertent intrusion, but these controls cannot eliminate the chance of

14 inadvertent intrusion. As discussed in Section 4.1.3, Appendix B (U.S. EPA, 1985, p. 38088) also suggests that

15 exploratory drilling for resources can be the most severe form of human intrusion considered, and that the

16 likelihood arid consequence of drilling should be based on site-specific factors. In keeping with the guidance, this

17 assessment includes scenarios that contain human-intrusion events.

18 Intrusion Borehole through a Room or Drift into Pressurized Brine in the Castile Formation
19 (Summary Scenario El)

20 Scenario E1 (Figure 4-3) consists of one or more boreholes that penetrate through a waste-filled room or drift

21 and continue into or through a brine reservoir in the underlying Castile Formation in which brine pressure is

22 between hydrostatic and lithostatic for that depth (Marit:tta et al., 1989). Radionuclides may be released to the

23 accessible environment in two ways: some radionuclides will be brought to the ground surface during drilling as

24 particulate material entrained in drilling fluid; additional radionuclides may reach the subsurface boundary of the

25 accessible environment following long-term groundwater transport up the borehole and laterally down a

26 potendometric gradient in the Culebm Dolomite Member of the Rusder Formation.

27 Radionuclides released during drilling result from the drill bit directly intersecting waste. Material ground up

28 by the drill bit (cuttings) is transl_rted to the surface by the circulating drilling fluid. Additional material may be

29 ercxled from the w_dls of the borehole by the circulating drilling fluid (cavings) or by the spalling of solid material

30 into the hole as the panel depressurizes. Cuttings, cavings, and spallings are collectively referred to as cuttings in

31 performance-a,;sessment documentation.

32 After drilling is complete, the hole is assumed to be plugged and abandoned. Ali borehole plugs and drilling

33 mud remaining in the borehole, except for a plug above the Culebra, are assumed to degrade into material with
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Figure 4-3. Conceptual model lk)r scen_u'io !:1. Arrows indicate assumed direction of flow. Exploratory borehole
penetrates pressurized brine below the repository horizon. Rr: is tile release of materi_d directly from
the drilling operation. Racc, is file rele_L_eal the subsurface bound_u-y (li"the accessible environment.
A plug above tile Culcbra l)olomite Member is assumed lo rem;tin intact h)r 10,000 ye_u's.
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1 properties shnilar to those of silty sand. Plug degradation is in keeping with guidance provided by Appendix B of

2 40 CFR 191: "consequences of ... inadvertent drilling need not bc more severe tlum ... creation of a groundwater

3 flow path with a permeability typic_d of a borehole filled by file soil or gravel that would normally settle into an

4 open hole ovcr time--not the pcrmcability of a carefully sealcd borehole" (U.S. EPA, 1985, p. 38089). The

5 borehole is assumed to rcm_dn propped open by the material filling it, preventing closure of the hole by salt creep

6 in the Salado Formation. A single plug above the Culebra is assumed to rem_dn intact lhr Scenario El, diverting

7 ali upward flow into the Culebra and maximizing radionuclide transport into that unit ,'rod toward the subsurface

8 boundary of the accessible environment. Rate of flow depends on the head diflbrence between the Culebra and the

9 injected brine and on the hydraulic properties of the borehole fill. Radionuclides from the room may be

10 incorporated into the C_,_tile brine if it circulates through the waste adjacent to the borehole.

11 Intrusion Borehole into a Room or Drift (Summary Scenario E2)

12 Scenario E2, like Sccn_u'io El (described above), also consists of one or more boreholes that penetrate to or

13 through a waste-filled room or drift (Figure 4-4). l.Inlikc Scenario El, however, the borehole does not intersect

14 pressurized brine or any other important source of water (Marietta ct al., 1989). Releases of cuttings at the ground

15 surface during drilling arc identical to those described for Scenario El, as are the assumptions about borehole

16 plugging. Rate of flow into the Culebra is determined in Scenario E2 by the head gradient between the relx_sitory

17 and the Culebra and tile hydraulic properties of the borehole fill.

18 Intrusion Borehole through a Room or Drift into Pressurized Brine in the Castile Formation and
39 Another Intrusion Borehole into the Same Panel (Summary Scenario E1E2)

20 Scen_uio 13"11:.'2consists of exactly two boreholes that penetrate waste-filled rooms or drifts in the s_une p_mel

21 (Figure 4-5) (Marictta ct al., 1989). ()ne borehole also penetrates pressurized brine in the Castile Formation,

22 whereas the other borehole dots not. Assumptions about the degradation of borehole plugs are the s_une as those

23 described for Scenarios El and E2, except that in this case specific plugs are assumed to remain intact so as to

24 maximize flow from the Castile brine reservoir through the waste and into the Culebra. The borehole that

25 penetrates the pressurized brine (the El-type borehole) remains plugged between the waste and the Culcbra; the

26 other borehole (the E2-type borchole) remains plugged above tile Culebra. Brine flow in Scenario EIE2 is driven

27 by the head difference bctwccn lhc Castile brine rc_rvoir _mdthe Culebra.

28 Radionuclides _u'e released directly to the surface during drilling of the two holes as described with El and 1:.2;

29 addition_d releases from this system arc dependent on the sequence in which the holes are drilled. The plug in the

30 borehole that penctralcs the pressurized brine rcscrwfir allows brine flowing up the hole to enter the relx_sitory but

31 not leave the repository until the second hole penetrates the s_une panel. Once the second hole is drilled, a

32 pathway is formcd for brine and gas from the pressurized brine rcservoir to llow tlu'ough waste panels and nearby

33 members to this new hole and up to the ('ulcbra l)olomitc Member. If the hoic that does not penetrate pressurized

34 brine is drilled first, gas andA_r fluid pressure is rclieved; this is followed by brine flow and radionuclide transport

35 up the holc as a result of brine inflow into the panel from the host rock, possibly enhanced by creep
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1 closure of rooms and drifts, l:low is diverted into the Culcbra by tile plug located above this unit. The

2 subsequent drilling and plugging of the borehole thai pcncu'ates tile pressurized brine reservoir results iii flow

3 through the repository and up the other borehole. If driving pressure is depleted, Scenario ii:.1I:.2reverts to

4 Scenario E2, because the borehole that penetrates the pressurized brine no longer contributes to llow and transport

5 (M;trictta ct al., 1989). l:or modeling convenience, analyses of Scenario ELF,2 assume that both boreholes are

6 drilled at or close to the same time.

7 4.2.4 Computational Approximations of Scenarios El, E2, and EIE2

8 The 1992 PA calculations use the same conceptual approximations lk_rScenarios I!:1,E2, and El!1:2 that were

9 used in the 1991 calculations (WIPP PA l)ivision, 1991b, Sections 5.1.1 and 5.1.2). E2-type intrusions are

10 simulated explicitly using the BRAGH.O, SANCHO, and PANEl. codes (Sections 7.2, 7.3, and 7.4, and

11 Appendices A and B of this volume).

12 li:.lE2-typc intrusions arc not simulalcd explicitly because the axisymmctric cylindrical geometry used for

13 BRAGH.O cannot rcadily accomnlodalc two intrusion boreholes (WIPP PA l)ivision, 1991b, Section 5.1.1).

14 El E2-type boreholes arc simulated therefore using a single borehole and the assumption that _dl brine in the panel

15 mixes with ali Castile brine flowing up the borehole. This assumption duplicates the primary feature of Scenario

16 l:lE2_all radionuclides in a single panel are potentially available for transport up the borehole. Because the flow

17 path between the two boreholes is omitted, the simplification may somewhat overestimate both the amount of

18 w_t,_tedissolved and the rate at which flow occurs through the w_ste and up tile borehole.

19 l-l-type intrusions arc also not simulated explicitly, in this case for computational efficiency. C.onsequences

20 of Fl-type intrusions are instead assumed to bc the s_une as the consequences for E2-type intrusions occurring at

21 the s_une time. Probabilities are determined separately for the two types of intrusions (Section 5.3 of this

22 volume); the contributions (51"Scen_u'ios !:1 and 1:.2to the over,di CCI)F _u'etherefore not identical.

23 Justification for this approximation is b_tscd on the assumption thai brine llowing up the F I borehole from

24 the Castile reservoir dots no,t circulate through the waste. Ali radionuclides entering the borehole are assumed to

25 be dissolved in brine that entered lhc waste from the f_u"field of the Salado Formation or that was initially present

26 in thc panels. Comparison in the 1991 PA (WIPP PA l)ivision, 1991b, Section 5.1.2) of the consequences of

27 El- and l'.'2-type intrusions for 60 realizations intlicaleS thai cumulalive flow of brine from the panel into the

28 borehole is in most (but m)t all) realizations greater for the !:2 borehole than for the !:.1 borehole, l.arger brine

29 flows from lhc waste (nnd thcrcforc lnrgcr potential radionuclidc rclca.,-;cs)c_ccur for the E2 borehole because the

30 elevated Castile brine pressure present in the I:1 borehole retards brine inflow into the waste from tile l'_u"field of

31 the Salado i:ormation. Brine flows from the waste into lhc I'_1 borehole cxcccd those into tile 1,.'2borehole only

32 for those rcalizaliuns in which tolal flow is small because the panel was not brine-saturated al tile time of

33 intrusion. These small totnll flows make only a small cortlribution I(5the total radionuclide release, and do not

34 inwdidalc file approximalion.
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1 5. DRILLING INTRUSION PROBABILITIES

2 5.1 Introduction

3 ReprcsenUltion of a performance assessment as a set of ordered triples and the construction of CCDFs (Section

4 3.1) Ix)rh involve file idea of scenario probabilities; in turn, file idea of scenario probabilities makes sense only if

5 an underlying smnple space is defined. Current performance assessments that address tile EPA release limits use a

6 ,sample space g defined by

7 S={x:x a single 10,000-year history of the facility under consideration, beginning at

8 decorum issioning }. (5- hO

9 Each history, x, is assumed to be complete in tile sense that it provides a full specification, including time of

30 (uccurrence, for everything of importance to performance assessment. The summary scenarios (base c_u_e,El, E2,

11 and E1E2) are fl_endelined _tssubsets of g. Specifically,

12 E1 = {x :x a single 10,000-year history in which at least one borehole penetrates a waste-filled room or

13 drift and a pressurized brine reservoir}, (5-1b)

14 E2 = {x: x a single 10,000-year history in which at least one borehole penetrates a waste-filled room or

15 drift without penemlting a pressurized brine reservoir}, and (5-1c)

16 E1E2 = {x:x a single 10,000-yem" history in which at least one pair of boreholes penetrates waste-filled

17 rooms or drifts in the same panel; one of the boreholes in this pair penetrates a pressurized

18 brine reservoir while the other &yes not}. (5-ld)

19 Each summary scenario is further divided into disjoint subset Si called computational scenarios. For ex,'unple,

20 E1=-U 5i, (5-2)
i

21 where tile 5i appear in the ordered-triple representation in Fquation (3-1). In the terminology oi" probability

22 theory, the Si are evcnts (as ,are the summary scetmrios: base case, El, E2, and EIE2), and tile pS i are

23 probabilities h_r these events. However, to avoid confusion engendered by tile diflercnt disciplines' use of file

24 word "event," the Si will be called scenarios and the pS i s will simply be called probabilities. The purrK_se of this

25 chapter is to show how the pSis are calculated in the 1992 performance-assessment exercise; but bclore

26 proceeding, it is important to recognize several propcrties of the gi s (computational scenarios) and the pSis

27 (computational scemuio probabilities).
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Chapter 5. Drilling Intrusion Probabilities

1 It is the discretization of tile s,'unple space Si into the sets ,Si that leads to file steps in file estimated CCDFs

2 (Secdon 3.2). "Ib consU'ucl (,(,I t,s of tile form shown iii Section 3.2, tile time hislories associated with a given

3 sununary scenario must be sorted into disjoint sets such Ihat

4 • each Si is sufficiently homogeneous that it is reasonable to use tile s_une consequence result cS i for ali

5 elements of Si

6 • a probability pSi c_mbe detennined for each Si

7 * the computational costs for estimation of pSis _mdcS i s are acceptable.

8 5.2 Probability Computations

9 This section describes a decomposition of summary scenarios involving drilling intrusious into

10 computatiotud scen_u'ios on the b_L',;isof number of intrusions ,'rod their times of (_currence and derives formulas

11 necessary to convert from drilling rates to scemu'io probabilities. For these derivations, the occurrence of

12 individual drilling intrusions is assumed to be random in time and space, although the drilling rate need not be

13 assumed conskant or, for that matter, continuous fllrough time.

14 The symbol Sk (a, b) will be used to denote subsets of the s,'unple space defined by

15 Sk(a,b)={x:x an element efg that involves exactly k drilling intrusions in tile time interval

16 I.,i,1}. (54)

17 One objective of this section is to present the probability p[Sk(a,b)] for Sk(a,b). Membership in Sk(a,b)

18 only places a restriction on intrusions in tile dme interval [a, bi and thus does not preclude intrusions in other

19 time interv,'ds. As a result, an addition,d objective will be to present the probability pl_in__lSn(i)(ti_l,ti)l for the

20 set ['ln=tSn(i)(ti_l,ti), where to <tl <'"<tn and each n(i), i= 1,2..... n, is a nonnegative integer. This

21 corresl_mds lo dctennining the present of a scen_u'io in which exactly n(1) intrusions occur in time interval

22 [t0,l l], exactly n(2) intrusions occur in time interval [tl,t 2], and st, on. llelton (in press) has suggested a

23 general form for tiiese inu'usion probabilities; the core of ide_t,_behind his suggestion is outlined below.

24 The probability of having exactly one intrusion in tile time interval [u, vi is approximated by a l'unction F

25 such that

o,,,/]: ,,1+o[(v-,,I]

27 where ti_epreceding notation is a shorthand lhr tile statement that tile ratio

2a ')]- ''("' ') (5-5)
(v-.) 2
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Probability Computations

1 is bounded as v - u approaches zero. More preci_ly, the statement in Equation 5-4 is satisfied on a time interval

2 [a,b] if there exists a number B and a sequence of times a=t 0 <t 1 <...<tn =b such that, if l<i<_n and

3 Ii-I < t_< v < b, then

4 P["_;I(U' V)]- F(U' v) I_v-u-) 2" < B. (5-6)

5 "lhc expressions in Equations 5-4 and 5-6 are providing a mathematic_ form for the statement "F(u, v) is a good

6 approximation to P[SI(U, v)] when v- u is small."

7 The function F in Equation 5-4 can be defined in a number of ways. The simplest definition is

8 F(u, v) = )_(v- u). (5-7)

9 In this case, F corresponds to a Poisson process with a time-independent rate constant k (i.e., a homogeneous

10 Poisson process) mid

11 P[Sk (a,b)] = [_'(b-a)]/¢ exp[-k(b- a)]. (5-8)k_

12 The probability of intrusion by drilling w_s modeled ,-tsa homogeneous Poisson process in the 1991 series of PA

13 calculations. The constant _, was taken as an imprecisely known par,'uneter with upper bound equal to the

14 maximum drilling rate required by EPA standards; i.e., _, was uniformly distributed between zero and _,max, with

_tnax l= 30 / (area of waste panels)•15 km 2 • 10,000 yr (5-9)

=3.28x 10-4 yr-I

16 "lhe next step in generalizing beyond Equation 5-7 is

17 F(u,v)=X(u)(v-u), (5-10)

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

19 Poisson process) _md

' /' If"120 p[Sk(a,b)]=_ (s)ds exp - X(s)ds . (5-11)
•,a j

21

5-3



Chapter 5, Drilling Intrusion Probabilities

1 'lllis result can be used ,o comfmtc the probability of a general scenario iii which exactly n(l) intrusions occur ill

2 time interval [/0,tl ], cxactly ,,(2) intrusions iv..'cur in time interval [Ii,t2 ], and si)I,II. If this gcncrld sccnario is

3 denoted by S (n), where

n: [.(1),,,(2)....."('0].lidto=., ,,,:--I,,

5 file.

6 /,[S(n)] = fi )ds exp - k(s)ds (5-12)
i=1 _ a

7 Computational scenarios lind corresponding probabilities for st|mmary scenarios El and i'_2can be generated by

8 specification of thc time intcrvlds [ti-i, til and the n(i) appearing in i:.quation 5-12, and by suitably dcfining the

9 function X(t) appearing in thai equation.

10 in the preferred conceptual model for lhc 1992 series of PA calculations, probability til"intrusion by drilling is

11 modeled its an inhomogcncous l:_oisson process using l:.quations 5-1 ! and 5-12; lhr comparison, lhc 1992 PA also

12 uses a homogeneous Poisson process (l:.quation 5-9) It,; an alternative conceptual model tbr drilling intrusions.

13 For the preferred conceptual model, the time-dependent drilling rates, k(t), are calculated with an algorithm

14 proposed by llora (soc Section 5.2; also llora's memo in Appendix A of Volume 3 of this report) using

15 infonnation obtained in an expert judgment process concerning effects of hunlltn intrusion into the WIPP. Note

16 thai l lora's Idgorithm gives drilling rates in units of

number iii"boreholes

17 km 2 • 10, (XX)yr

18 lind the time-dependent drilling rates used iii l:quations 5- ! I and 5-12 arc scldcd from l lora's values by multiplying

19 by illeli irl" 11112Wt|SlC f_ilncis (i'_quation 5-9). As stated above, X(t) may also have til be scalcd to reflect, for

20 12xamplc, lhc l'ractilm of the ar12aof wlt.stc plmcis that overlaps brine pockels.

21 (kunputatitmld sccnaril_s for the 1'_il,2 summary sc12nario can be del'in12d in a manner similar to the ones

22 employed for the 1,]1and I,_2seen;trios. ()nec defined, the probabilities of these compulational scenarios arc best

23 calculated using lhc basic result iii i.tlUlition 5-11 togcflicr with the sccimrio

24 q¢'.l'+-(ti_l,ti) = {x'._ lm clement of S in which ii waste plmcl is penetrated by one or more

25 borcholcs thai pass flirough a pressurized brine pocket in file time interval (ti-l,ti)

26 and by one or more bt_rcholcs thai do not pass through a pressurized brine pocket iii

27 lhc time interval (ti_l,ti)}.

28 ql_t:n, iii extension of thc derivations lm pages 2-23 til 2-27 of lhc 1991 Vlflumc 2 (WIPi _ PA I)ivision, 1991b),

5-4



Probability Computations

1 p[_P+'-(ti_ l, li) ] = 1 " _tt" _'-e(l)dt , (5-13)• -exp| _e(t)dt l-exp
_ ti 1 'ati-I

2 where

3 _',P = the number of waste pmlels

+ ( aBP I_,(t)4 _'t (t) = nP',-_'OT)

(aTOT(t)-aBP / nP)z.(t)5 _-t (t) = aT'OT .

6 aBP = area of pressurized brine Ix_cket under waste p,'mels (m 2)

7 aTOT(t) = arcaof/til waste pm_cl (m2)

8 aTOT = toted ro'ca of waste panels (m2).

9 Variable activity loading in the repository was described using the same representation used in the 1991 PA

10 (Helton ct _d., 1992, Chapter 2). Intrusion probabilities were calculated using the code CCDFPERM (Volume 3,

11 Section 1.4.2 of this report).

12 5.3 Lambda Function Generation

13 The 1992 perlormancc assessment is lhc first to incorporate the judgments of experts on possible future

14 modes.of intrusion into the WIPP _uitlon how markers may mitigate the effects of these intrusions; 40 CFR 191,

15 Subpart B, (tl.S. EPA, 1985) requires consideration of both these questions. Specifically, 40 CFR 191, Subpart

16 B, indicates that the DOE "should consider the effects of each pm'ticular dislx_sal system's site, design, ,and p_sive

17 institutiomd controls in judging the likelihood and consequence of... inadvertent hum_m intrusion" (Appendix B

18 of U.S. EPA, 1985). The discussion that follows in Sections 5.3.1, 5.3.2, and 5.3.3 describes WIPP PA's

19 methodology for addressing the mitigating effect oi" passive mm'kcrs. This approach may be refined _uld mtxlified

20 _,_the performance assessment process matures. The following material, hu'gely excerpted from Hora (memo in

21 Appendix A, Volume 3 of this report), is intended to give an overview of the expert-judgment processes and

22 reasoning that entered into the construction of a probabilistic model of" inadvertent intrusion by exploratory

23 drilling.

24 5.3.1 The Expert Judgment Process

25 I)uring 1990-1992, experts external to SNI. were assembled to study the likelihood of potential inadvertent

26 human inu'usion into the WIPP. These experts formed two groups--one group (c_dled the Futures Panel) studied
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Chapter 5. Drilling Intrusion Probabilities

1 what future societies might be like and how they might inadvertently intrude into nuclear waste (llora ct Iii.,

2 1991). The second group (called tile Markcrs Panel), after considering the findings of the l'irs[ group, studied how

3 m_u'kers might be used to warn future societies alx)ut the presence and dangcr o1'the buried waste (memorandum by

4 |Iota in Volume 3, Appendix A of this report). Both groups provided probabi!ittcs and probability distributions

5 for critical aspects of the human intrusion problem.

6 The Futures Panel was divided into four teams. Each team was co,nposed of four experts from various fields

7 of social mid physical science. Fach team was asked to address the stone set of questions. The results of their

8 work suggests that future societies may undertake activities that could lead to inadvertent intrusion into the WIF'P.

9 "ll_ese reruns judged thai a number of factors (such as level of technology, demand h)r resources, population level,

10 and ability to retain knowledge about nucle_u" waste) would influence the likelihtx)d of inadvertent intrusion.

11 Because the reruns used different structures for analysis m_dconsidered different lactors that would inlluence the

12 likelihcmd of inadvertent intrusion, the result,_ of their endeavors had to be interpretcal individu_dly in order to be

13 used in the construction of l,_unbda Functions.

14 As the Futurcs F'ancl was completing its effort, the Mm'kers Panel, consisting of 13 experts, was organized

15 into two teams to study markers for the WIPP site. These markers may be incorix_rated into the relx_sitory design

16 to serve as wlu'nings to ftHure societies about the prcscnce of nucle_u"w_L,_te.Each team was asked to consider the

17 findings of the l:uturcs reruns, to suggest design characteristics for a marker system, and to assess the efficacy of

18 such a system of markers in deterring inadvertent human intrusion. Based on the assumption that the ability of a

19 marker system to deter intrusions rests on the survived of the marker system over an extended pericxl of time and

20 tile ability of potential intruders to detect the markers _mdto underst_md the messages that they c_u'ry, the M,'u'kers

21 P_mcl membcrs were asked 1oprovide estimates of probabilities for several events:

22 • First, the probability that a mmkcr and its message(s) would remain intact. ('llfis first probability estimate

23 was requested for vm'ious times i,_the future.)

24 • Second, ii the marker and its messages remain intact, the probability that the ix)tcnti;d intruders are able to

25 understand the message and thus become forew_mlcd of the inherent dangers of intrusion. (This second

26 probability estimate was requested for sevend different types of intrusion.)

27 The abawe two probability estimates were made under various assumptions about the s:ate of technology in the

28 future.

29 As noted above, the l:uturcs Panel posed several types of activities that could lead to inadvertent intrusion

30 into the WIPP (drilling, mining, archacologicld investigation); but on tile basis of guidance in Appendix B of 40

31 (:I:R Part 191 (! J.S. I:PA, 1985), ii was cot_cludcd thai lhc preliminary performance assessment need not consider

32 intrusion modes such its mitring or archaeological invcstigation thai may result in more severe consequences than

33 exploratory drilling for rcsourccs. Morcovcr, the guidance _dso provides an upper Ix)und for the drilling intensity

34 to bc used in the pcrformancc asscssmcnt. Three modes of exploratory drilling were identified by the experts

35 exlunining human intrusion issucs. These modes _u'eexploratory drilling fl_r mineral resources (primarily fossil

36, fucls), drilling water wclis, and drilling for injection disposal wells. Because the rcpository is well below the

37 water table in an area where water qualily is poor, drilling for water was judged lo be an insignificant threat when
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The Expert Judgment Process

1 compared to drilling Ibr mineral resources (see Section 4.1.3 of this volume). Drilling Ibr disposal wells was

2 identified as a possible threat by one of the four Futures te_uns, but probabilities were not provided. Thus,

3 exploratory drilling for resources is file only mode of intrusion considered in the 1992 preliminary comparison.

4 5.3.2 Algorithm for Generating Lambda Functions

5 The time-dependent drilling rates, or hunbda functions, thai _u'ise in modeling tile probability of drilling

6 (Section 5.2 of this volume) were calculated in the 1992 PA exercise using an algorithm constructed by Hora

7 (memo in Volume 3, Appendix A of this report). The purpose of this algorithm was to assemble quantitative

8 expert judgments concerning future human intrusion into the WIPP.

9 The existence of markers m_d the ability of a society to interpret tile wanungs left at the WIPP may depend

10 upon the state of development of that society. In this exercise, the state of development of the society was

11 represented by the level of the technological development of the society. The level of technological development

12 (high, medium, or low) was randomly generated from probability distributions provided by the Futures teams.

13 Prior to this step, however, the Futures te,'un whose level of technology was to be smnpled had to be chosen.

14 This w_ts necessary because tile four teams studying potential futures developed mmlyses independently and in

15 different ways and there was no simple way to combine their findings. For this reason, a team was randomly

16 selected on each generation of a lambda function. The assessments from each tc,un represent their collective

17 judgment. In conu'ast, members of one oi"tile Markers te,'uns individually provided probability assessments while

18 the other temn provided a consensus set of probability distributions. Thus, when one of the two Markers teams

19 was randomly chosen, it could "also be necessary to select rmidomly one of the te,'un members for that iteration.

20 This pr(x:edure avoided making unfounded assumptions atx)ut how to combine disparate distributions.

21 Next, using a given level of technology, the frequency (f) at which attempted inadvertent intrusion occurs in

22 the absence of markers or monuments was elicited from the Futures experts. This time-dependent frequency is

23 called the raw drilling intensity; it does not lake into account deterrence by markers. Thus, to gain an estimate of

24 the effective drilling intensity X, the raw drilling intensity was modified in the tk_llowing way: For each of tile

25 several points in time that the raw drilling intensity was evaluated, tile probability of the markers existing (Pl)

26 and tile probability of the markers dctcn'ing an intrusion attempt given that the markers exist (P2) were ev,'duated.

27 These two probabilities modify tile raw drilling intensity to give the effective drilling intensity,

2_ _.= f(l - p_p2).

29 The _dgorithm for generating inadvertent intrusion can then be succinctly described by the following steps:

30 1. Randomly select one of the four Futures reruns.

31 The following steps use distributions conditioned on tile outcome of step 1:
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Chapter 5. Drilling Intrusion Probabilities

1 2. Randomly select a level of technology in die future. When probabilities of levels of technology are

2 time-dependent, a rank correlation of 1 will be used to generale the level of technology in the several time

3 periods.

4 3. Generate a random variable to determine the intrusion intensity. When intrusion intensities vary with

5 time perknls, a r_mkcorrelation of 1 will be used to generate the intrusion intensities in the several time

6 periocL,¢.

7 4. Randomly select one of the Markers teams and a Marker team member, if necessary.

8 5. For each time period generate the probability that markers are extant given the level of technology.

9 6. For each time period, generate the probability that the markers deter intrusion given that the markers are

10 extant, the level of technology, and the mode of intrusion.

11 7. Compute the effective drillin_ intensity for each time period.

12 Note that in step 3, a single random number is used to select an intrusion intensity for ali periods. This
13 assumption results in the variability of the performance measure being maximized among tile Monte Carlo

14 iterations.

_5 5.3.3 Use of the Lambda Functions

16 The effective drilling intensity, X(t), is used to generate probabilities of computational scenarios for human

17 intrusion by drilling in the manner described in Section 5.2. tlowever, the algorithm described in Section 5.3.2

18 does not provide direct input to sensitivity and uncertainty analyses; instead, the code hnplementing the algorithm

19 is run m,'my times in order to generate a f,'unily of equally likely realizations of the lambda functions, and it is this

20 family of realizations that is s_unplcd in the Monte Carlo calculations (see Section 5.2, Volume 3 of this report).

21 A f_unily of 70 rc_dizations was generated for the 1992 series of calculations; one of these realizations is shown on

22 Figure 5-1 and the remainder _u-edisplayed in Appendix D of Volume 3. The realizations of X(t) can be regarded

23 as a r_mdom s_unplc from an effectively infinite population of drilling intensities implicitly dcfinod by the expert-

24 judgment data and the reasoning thai went into the construction of Hora's algorithm (Section 5.3.2). The

25 variability shown by members of this artificial population (see Appendix D, Volume 3) represents the assessed

26 uncertainty in future drilling intensities and file effectiveness of markers.
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Figure 5-1. A realization of effective drilling intensity _.(t) (dm;hed line) and its associated integrated effective
drilling intensity (solid line) as functions of time. This is one of 70 realizations used in 1992
sensitivity and uncertainty analyses.
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1 6. DATA AND CDFS

2 6.1. Conventions

3 Volume 3 of this report provides distribution functions for par,'uneter values used as input to the 1992 PA

4 calculations, and references for the primary data sources on wl_ich the distributions are based. Volume 3 uses

5 standard terms of probability theory and statistics or nonstandard terms to characterize model parameters. Very

6 brief explanations of these terms are provided below; more detailed explanations are provided in Section 1.2 of

7 Volume 3.

s 6.1.1 Probability DistributionFunctions

9 For a continuous, uncertain parmneter, say X, the probability density .function (pdf) is a function f(x) > 0

10 with the properties

11 _:f(x)d.x = probability that uncertain paranwter X lies in interval (a, b)"

12 f+_f(x)dx =1

13 The cumulative distribution function (cdf) ,'tssociated with f(x) is defined by

14 F(x) = f(s)ds = probability that uncertain parameter X is less than or equal to x.
oo

15 Uncertain parameters may also be called "imprecisely lolown pa',ameters" elsewhere in this series of reports.

16 Probability density functions (pdfs) ,'rod cdfs can be similarly defined tbr uncertain parameters that take on a

17 denumerable number of values, x i, i = 1,2..... The sequence {_ }, i = 1,2..... such that J_ > 0 and

_8 _s';. = 1,
i

19 is the discrete analogue of the continuous pdf, and

20 F(X)= Z. _"
ali xi <x

21 is the discrete _maloguc of the continuous cdf.
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Chapter6. Data and CDFs

1 6.1.2 Empirical Distribution Functions

2 Empirical cdfs ,are histogr,'uns or piecewise-constant functions that _u'ebased on percentiles derived from a set

3 of measurements (data), or a set of subjective estimates of experts. For independent measurements (data) of some

4 quantity, the empirical cdf is _m unbiased estimator of the unknown population cdf of that quantity (Biota, 1989,

5 p. 216); this property does not always apply to empirical cdfs derived from subjective estimates of experts.

6 6.1.3 Range

7 The range of a disu'ibution is denoted by (a, b), the pair of numbers in which a and b are respectively the

8 minimum and maximum values that can reasonably be taken by the uncerudn parameter X.

9 6.1.4 Mean and Sample Mean

10 The meae, value (or, simply, mean) of a distribution is one me_L,_ureof the central tendency of a distribution;

11 it is amdogous to the _u'ithmetic average of a series of numbers. The population mean, la, is defined by

12 la = I?oo af(x)dx for continuous distributions, or

13 ___xif i for discrete distributions.

allxi

14 The sample mc_m, denoted by ._, is the arithmetic average of values in an empiric_d data set. A s_unple mean

15 can also be _L'_signedto empirical cdfs derived from subjective estimates of experts.

_6 6.1.5 Median and Sample Median

17 The median value of a cdf is denoted by x50 and is that value in the range at which 50% ttf _dl values lie

18 above and bcl(tw (i.e., the 0.5 quantilc). Sample medians, here denoted by x50, can bc obtained directly from

19 empirical cdfs.

2o 6.1.6 Variance and Coefficient of Variation

21 The variance of a distribution, o 2, is the second moment of the distribution about its mean, i.e.,

2

F22 _2 = (x-la) f(x)dx for continuous distributions, or
o,o
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Variance and Coefficient of Variation

1 _ (xi - l.t)2./_ for discrete distributions.
ali xi

2 The standard deviation, o, is the positive square root of tile variance. The coefficient of variation, the ratio

3 of standard deviation to mean, o/l.t, is a convenient measure of the relative width of a distribution.

4 qlae sample variance. S2, of a set of measurements of parmneter X, say X l, X 2 ..... XN is the sum

N
1

n=l

6 The sample variance of independent measurements of some quantity is an unbiased estimator of the population

7 variance of that qu,'mtity (Blom, 1989, p. 197). (A vari,'mce can also be formally calculated for empirical cdfs

8 derived from subjective estimates of experts; this is not a s,'unple variance, however.)

9 6.1.7 Categories of Distributions

10 , Distributions used in the 1992 PA ,are grouped into five categories:

11 • continuous, analytical distributions (normal, lognormal, uniform, or loguniform)

12 * discrete, analytic_d distributions (Poisson, binomial)

13 * constructed empirical distributions based on measurements

14 * constructed empirical distributions based on expert judgment

15 * miscelhmeous categories (null distributions; i.e., constants and tabular functions).

16 6.1.7.1 CONTINUOUS DISTRIBUTIONS

17 Four continuous_ analytical distributions ,are frequently used in tim 1992 PA:

18 • Normal. Normal designates the normal pdf, a good approximation to the distribution of many physical

19 parameters.

20 • l,ognormal, l,ogm_rmtd designates a lognormai pdt', a distribution of a variable whose logarithm follows

21 a normal distribution.

22 * Unifl, rm. Uniform designates a ixlt" that is constant in the interval (a, b) and zero outside of that interval.
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1 • Logunih_rm. l.ogunilk_nn designates a loguniform pdf, a distribution of a variable whose logarithm

2 tbllows a uniform distribution.

3 6.1.7.2 DISCRETE DISTRIBUTIONS

4 A frequently used discrete disU'ibution is tile Poisson distribution. The Poisson pdf is oflen used to model

5 processes taking piace over cot_tinuous intervals of time such as the m'riwd of telephone calls at a switch station

6 (queuing problem) or the number of impcrlbclions per unit length produced in a boll of clolh. The i¥,isson pdf

7 was used in the 1991 probability model for human intrusion by exploratory &filing. The 1992 probability model

8 for human intrusion incorporates effects of deterrence by markers; this model is based on generalized Poisson

9 distributions.

10 6.1.7.3 CONSTRUCTED DISTRIBUTIONS (DATA)

11 A constructed distribution of the Data type is simply an empirical cdf constructed from sets of measured data

12 lm_ints in the data base. For intrinsically discrete data, tile empirical cdf is a piecewise-constant function

13 resembling a hislogram. For intrinsically continuous data, tile empiric_d cdf is always converted to a piccewise-

14 linear function by joining the empirical pcrcenlile Ix_ints with straight lines; this is done to ensure thai, in Monte

15 C_u'lo s_unpling, the distribution of s_unpled parmneter values will cover ali of the range of the distribution

16 ('l'ierney, 1990, p. 1I-5).

17 In some cases, the PA l)eparUnent may modify constructed distributions of the Data type by extending the

18 range of the _lta set to include estimated 0.01 and 0.99 quantiles. Because the rmlge of measurements in a _lla set

19 may not reflect tile true range of the random variable underlying the measurements, the PA l)eparUnent may

20 estimate the range by ._' + 2.33s, where E is the sample mcml and s is lhc sample standard devialion.

21 6.1.7.4 CONSTRUCTED DISTRIBUTIONS (SUBJECTIVE)

22 Constructed distributions of the Subjective type are histogr_uns based on subjective eslimales of range (tile 0

23 mid 100 percentile) and at least one interior percentile point (usually the 50 percentile or median). The subjective

24 estimates of percentile points are usually obtained directly from experts in the subject matter of the parameler of

25 concern, llistograms for intrinsically continuous parameters are always converted lo piccewise linear cdf,,; by

26 .joining the subjective percentile poinls with straight lines.

27 6.1.7.5 MISCELLANEOUS CATEGORIES

28 Null categories of distributions are described below:

29 • Constant. When a distribution lypc in listed as constant, a distribution has not been assigned and a

30 constant value is used i_1ali PA calcul_lli_ms.

6-4



Conventions
Categories of Distributions

1 • Spatial. The spatial category indicates that the parmneter varies spatially. This spatial vmiation is

2 usually shown on an accompanying figure. The median value recorded is a typical value for shnulations

3 that use the par,'uneter as a lumped parameter in a model; however, the value varies depending upon the

4 scale of the mt_del. The range of a spatially varying parameter is also scale dependent.

5 • Table. Tile table category indicates that the parameter varies with another property and the result is a

6 tabulated value. For example, relative permeability varies with saturation; its distribution type is listed as

7 table (also, the medium value is not meaningful and is therefore omitted in the table).

8 6.2 Selection of Parameter Distributions

9 6.2.1 Requests for Data from Sandia Investigators and Analysts

10 The PA Deparunent follows a well-defined procedure for acquiring and controlling the parameter distributions

11 used in con_quence and probability models:

12 • Identify Necessary Data. Each year, the PA Department identifies data that are necessary to construct

13 parameter distributions for the preliminary performance assessment. Members of the department may

14 compile data from published reports, personal communications with investigators, and other sources.

15 • Request Median Value and Distribution. The PA Department then requests that the investigators

16 provide either new data or a median value and distribution for each parameter in a large subset of the

17 parameters. Some model parameters ,are specific to the PA calculations and so individuals in the PA

18 Department are considered the experts for these par,'uneters (e.g., probability model parameters). Initially,

19 Sandia investigators are responsible for providing data, or if data are unavailable, distributions for ali

20 parameters. As this procedure for acquiring data is repeated, a few parameters are evaluated through formal

21 elicitation.

22 • Update Secondary Data Base. The PA Department enters the endorsed or elicited data for ali

23 parameters into the second_u'y data base. The PA DeparUncnt then either constructs parameter distributions

24 or uses distributions provided by the investigator; the PA Department selects a subset of these parameters

25 to sample in each annual PA exercise, keeping ali other values constant at their median values, unless

26 specifically noted.

27 * Perform Consequence Simulations and Sensitivity Analyses. The PA Department runs

28 consequence simulations and sensitivity analyses with selected subsets of panuneters from the updated

29 secondary data base. The sensitivity analysis evaluates the sensitivity of a par_uneter in determining

30 variation of the result (i.e., CCI)F).

31 • Determine Whether Parameter Is Important in Analysis. By means oi" the sensitivity analyses,

32 the PA Department can dctennine whether the panuncter _.,;specified is significant in the calculations.
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1 6.2.2 Construction of Distributions

2 The I'A Department follows the five-step pr(_cedureoutlined below to construct probability distributions
3 (cdif):

4 1. Determine whether sitc-sl_cific data h_r the parmneter in question exist. If tlaui exist, go to step 3.

5 2. Request thai the investigator supply a specific shape (e.g., normal, Iognormal) and _t,_sociated numerical

6 pm'mnctcrs for lhc distribution of the parameter. If specific shape and distribution pm'ameters cannot be

7 supplied, go to step 4; otherwise go lo step 5.

8 3. Dctennine the size of the combined data sets. Is sample size is sufficiently hu'ge, PA staff constructs

9 distribution (go lo step 5).

10 4. If sample size is small, or investigator cannot provide a specific distribution, request thai the investigator

11 provide subjective estimates of die range and det_dls on the distribution of the parameter.

12 5. Assign distribution.

13 6.2.3 Some Limitations on Distributions

14 The major limitations on lhc validity of the probability distributions assigned to parameters in the 1992 PA

15 are believed to be a consequence of two things:

16 * The equating of spatial wtriability with model pm'amcter uncertainty, particularly for thai class of

17 parmneters c_dled material-properly parameters.

18 • The neglect of COITClationsbclwccn modci parameters.

19 "l'hcsc iimit_lli()ns are discussed in dcl_fil in Vt_lumc 3 (Section 1.3.3).
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1 7. CONSEQUENCE MODELING

2 7.1 Radioactive Decay

3 The qum_tity of radioactive material that reaches the accessible enviromnenl depends in p,'u'ton the growth m_d

4 decay of tile component radionuclides in the waste. The Bateman equations (Wehr et td., 1984) are used to

5 calculate this decay within tile repository. The Batemm_ equations in terms of activity are:

6 _dNi = -;kiN i + _.iNi_l, (7-1)dt

7 where Ni is the activity of radionuclide i, t is time, and _,i is the disintegration constant of radionuclide i.

8 For given initi_d inventories NI °), the solution can be written ,'ts

i

9 Ni(t ) = ___ai,je-LJ t , (7-2)
j=l

10 where tile coefficients ai,j are defined by the recurrence relations

i-I

11 ai,i = N}0)- _ ai,j (7-3)
j=l

12 m_J

13 (ii,j _ _.i
_.'_jtli-l,j i > j. (7-4)Z.i

14 7.2 Multiphase Flow Through Porous Media

15 A computational model called BRAGlq.O (BRine And Gas FIX)w) that simulates two-phase fluid flow

16 through porous, heterogeneous reservoirs has been developed for WIPP PA. As discussed in Appendix A of this

17 volume, BRAGIq.O uses fitfitc-diffcrencc methods to solve the coupled nonlinear partial differential equations

18 (l:'I)l:s) describing the mass conserwltion of the gas and brine components distributed between the gas and liquid

19 phases.

20 The PA Department uses BRA(;FI.() iu Monte (_arlo consequence analyses to quantify the flow of brine and

21 g_L,_through the repository and surrotmding strata for both the tmdisturbcd, base-c_Lsescenario mid htun_m-intnlsion

22 scenarios. For the 1992 PA, the code is used to model fluid flow within the S_dado Formation _mdthe repository,

23 including a representation of the shaft system for undisturbed performance. The C.ulcbra l)ol_m_itc Member of the
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1 Rustler Formation and a hypothetical pressurized brine reservoir in the Castile Formation are included in the

2 model because of their potential roles as a sink and a source, rcspcctivcly, for fluid flow.

3 7.2.1 Features and Capabilities of BRAGFLO

4 BRAGFLO is capable of describing three-phase (e.g., water, gas, and oil) fluid flow through porous media in

5 one, two, or three dimensions. Only two phases (brine and gas) are mtxleled lhr WIPP PA; calculations to date

6 have only been performed in one and two dimensions. The code uses spatially varying meshes and solves the

7 coupled nonlinear PDEs using nonlinear Newton-Raphson iteration, automatic time-stepping, and direct or

8 iterative solvers.

9 Additional features of BRAGI_.O arc the capability to incorlx_rate the following: the effect of halite creep on

10 waste porosity using output from the SANCIIO code (see Section 7.3 and Appendix B of this volume);

11 anisotropic permeabilities; nonideai gas behavior (Redlich-Kwong-Soave); rock compressibility; and kinetic or

12 reactant-dependent gas generation as _ function of fluid _turations.

13 Multiphase flow is simulated as simultaneous immiscible displacement in lx_rous media. Regions within the

14 model domain (e.g., waste, seals, and lithologic units) are represented as solid continua of interconnected void

15 space, and porosity is expressed as the ratio of void volume to total volume for each region. Flow occurs

16 according to heuristic extensions of Darcy's Law, in that the rate of flow of a homogeneous fluid through a porous
17 medium is proportional to the hydraulic gradient and to the cross-sectional area normal to the direction of flow,

18 and inversely proportional to fluid viscosity (see Appendix A of this volume for additional discussion).

19 Permeability is the constant of proportionality in Darcy's law. tqow is assumed to be laminar, and fluids are

20 viscous and Newtonian. Forces that affect fluid flow are those due to pressure, gravity, capillarity, and viscous

21 shear. Fluid saturation is defined to be the ratio of fluid wflume to void volume. At least one fluid phase is

22 present at ali thnes, and 'ali void volume is occupied by fluid.

23 Effects of capillary pressure and relative permeability occur when two (or more) fluid phases are present in a

24 lx_rous medium. Curvature of the interface separating fluid phases and surface tension cause a capilhu'y pressure

25 difference across the interface. During fluid flow, interference between the phases delbnns the interface. Relative

26 permeability describes this interference on a macroscopic scale, and varies with fluid saturation. Relative

27 permeability is expressed as the ratio of the permeability of the rock (or other material) with the fluid in question

28 at a given saturation to the permeability of the rock when 100 percent saturated with the fluid.

29 Residual saturation of a fluid phase is defined as the smallest saturation of fluid required to form continuous

30 pathways through the medium, lt is the minimum saturation at which the phase will flow in response to a

31 pressure gradient. Below residual brine saturation, brine exists as a thin film around rock grains or as isolated

32 pockets, and gas is present in sufficient volume to form an interconnected pathway. The relative permeability for

33 brine is zero. Above residual brine saturation and below residual gas saturation, both brine and gas lbrm

34 continuous pathways thn_ugh the porous network, and relative permeabilities lhr both ph_t,_esare greater than zero.
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Features and Capabilities of BRAGFLO

1 When brine saturation is sufficiently high that gas _turation falls below residual, gas exists only as isolated

2 pockets surrounded by brine. Gas flow does not occur, and relative penneability fl)r gas is zero.

3 7.2.2 Interaction of Important Repository Processes

4 The coupling of processes simulated by BRAGFLO is illustrat_ schematically in Figure 7-1. The material

5 properties that describe the repository system are represented in the center of a triangle, the apices of which

6 represent the physical processes that operate within the system. Arrows indicate the major interactions. Thus, the

7 amount of brine present in the room is a function of two-phase flow, and is a contributing factor in the rate and

8 amount of gas generation. The rate and amount of gas generation are contributing factors to two-phase flow, as is

9 brine consumption by corrosion reactions that generate gas. Changes in waste porosity result from halite creep; it

10 affects both two-phase flow and, therefore, gas generation through its influence on brine solubility. Completing

11 the coupled interactions, both two-phase flow and gas generation affect halite creep (through their impact on

12 pressure within the panels) and therefore have an effect on changes in waste porosity.

13 7.2.3 General Assumptions Used in 1992 PA Two-Phase Flow Modeling

14 The following is a list of major assumptions used in two-phase flow modeling for the 1992 PA:

15 • Rock permeabilities (1) varied with material type, (2) were uniform within a material, and (3) did not vary

16 with time.

17 ° Void volume of waste was estimated as a function of pressure using SANCIIO (Section 7.3 of this

18 volume).

19 ° Gas potential was based on an extrapolation of inventory volume fractions of combustibles and

20 metals/glasses to design capacity (Section 2.3.2.1 of this volume; Volume 3, Section 3.4 of this report).

21 • Gas generation occurs by corrosion of ferrous metals and biodegradation of combustible materials only, and

22 the contribution of radiolysis is assumed to be negligible (Volume 3, Section 3.3 of this report; WIPP PA

23 Division, 1991c, Section 3.3).

24 • Ali gas was assumed to have the physical properties of hydrogen, which will be a principal component

25 resulting from corrosion of ferrous metals (Volume 3, section 1.4.1 of this report).

26 • As long as corrodible or biodegradable waste remains, g,'_sgeneration is a function only of brine saturation

27 (WIPP PA Division, 1991c, Section 3.3).
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General Assumptions Used in 1992 PA Two-Phase Flow Modeling

1 • Water is consumed during corrosion of tbrrous metals; biodegradation reactions require tile presence of water

2 to occur but have no effect on tile net water balance (WIPP PA l)ivision, 1991c, Section 3.3).

3 • No reactions affect gas after it is generated (WIPP PA I)ivision, 199 lc, Section 3.3).

4 • The solubility of gas in brine is assumed to be negligible.

5 • The Salado t:onnation is assmned to be initially 100 percent brine saturated.

6 ° Initial pressures in the Salado Fonnation vary hydrostatically from a smnpled pressure at the elevation of

7 MBI39 (Volume 3, Section 2.4.3 of this report).

s 7.3 Waste-Filled Room Deformation

9 Consequence models of multiphase flows within a waste-filled room (Section 7.2) require that the effective

10 porosity and penneability of waste and backfill materials be specified. Realistic estimates of effective porosity and

11 permeability must in turn account for three phenomena:

12 • waste-material composition (metallics, sludges, combustibles)

13 • geomechanical closure of the room

14 • backl,ressure of gases generated in the room by chemical and biological degradation of waste materials.

15 Thus, the ideal model of multiphase flow within a waste-filled room would couple the two-phase flow model

16 described in Section 7.2 and Appendix A with a model that can simulate the geomechanical closure of the room.

17 This ideal model, however, is not practically achievable. Direct solution of the fully coupled equations of

18 two-phase flow and geomechanical closure in the repetitive manner required by the PA methodology is unrealistic

19 using pre_nt resources; the PA Department instead has chosen to examine the sensitivity of the system to closure

20 using simplifications of the coupling that capture closure approxhnately while keeping calculations of two-phase

21 flow manageable. In the 1991 series of PA calculations, a simple approximation was made: Effects of room

22 closure and gas pressure were ignored and room material-property par,'uneters were assigned time-independent

23 values that were based on the assumed waste-material composition. (See Sections 3.4.7 and 3.4.8 of WIPP PA

24 Division [1991c]).

25 The present (1992) series of c',dculations includes effects of room closure and gas generation in an indirect

26 way. A separate (i.e., uncoupled) calculation of the effective porosity of a waste-filled room as a function of

27 time and toted moles of gas generated was made (Mendcnhali and Lincoln, February 28, 1992, memo in Appendix

28 A, Volume 3 of this report); data from this calculation were used to fit a porosity "surface" (Figure 7-2) that was

29 then used as a constndnt on room porosity in the equations of two-phase flow (see Appendix A on BRAGFI.O).
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Waste-Filled Room Deformation

1 The rtx)m defonnation component of the sep_u'ate c,'dculation was accomplished with SANCIIO, a finite element

2 computer prognml h)r simulating tile quasistatic, large-defonnation, inelastic response of two-dimensioned solids;

3 a brief description of the SANCIIO code is provided in Appendix B. I)c_ails of room-delormation and gas-

4 generation components of tile separate c[dculation and v,'dues of mcchanic_d and materi_d-propcrty panuneters used

5 in the sep_u'ate calculation _u'eprovided in Volume 3 of this report.

6 7.4 Waste Mobilization

7 Following tile occurrence of an E2 or EIE2 scenario (Section 4.2.3.2), flow of brine through a collapsed

8 WIPP panel and up an intrusion borehole may result in mobilization of dissolved, radionuclide-bearing comlx_unds

9 and their transport towar&,; tile Culebra Dolomite Member of the Rustler Formation. The consequence mtxlel that

10 simulates the prt_ess of waste mobilization is currently implemented iii part of a computer code called PANEl_,.

11 The mathematical model on which PANEL is based is described iii Section 1.4.4 of Volume 3 of this series of

12 reports, and represents an extreme simplification of a potentially complex situation that ill reality involves a

13 mixture of waste forms having widely varying physical and chemical compositions in contact with

14 inhomogeneous flows of brine. The discussion that follows (1) details tile assumptions that were made ill order to

15 arrive at the simplified mathematical model oi" waste mobilization (Section 7.4.1) and (2) briefly presents the

16 simplified model of waste mobilization (Section 7.4.2).

17 7.4.1 Assumptions

18 Eight assumptions about panel geometry, waste and backfill composition, brine discharge, and brine-waste

19 chemical reactions _u'eimplicit iii the PA DeparUnent's CUtTenlmodel of waste mobilization:

20 1. A collapsed WIPP panel (rooms and drifts) is ide,'dizcd as a single, connected cavity of constant volume

21 (Figure 7-3).

22 2. Waste and backfill within the collapsed WIPP panel (cavity) ,are treated as a homogeneous porous

23 medium of constant porosity and infinite pcnneability; radionuclide-bearing compounds are uniformly

24 distributed tlu'oughout tile cavity.

25 3. The idcalizcd p_mci (cavity) is connected to sources and sitlks for brine by ()tie or more discrete inlets ttr

26 outlets (boreholes): brine may also flow across walls of the cavity (Figure 7-3).

27 4. Steady-state discharge ot" brine through the idealized panel is assumed to ht)ld for "alitime; that is,

Z =ZQo,,,=ol,

29 where tile net discharge, Q(t), is calculated with the inodel for multiphase flow (Section 7.2).
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2 Figure 7-3. Idealized collap_d WIPP panel in PANEL model.

3 5. The pore spaces of the idealized panel are fully saturated with brine at ali times; that is, mobilization of

4 radionuclide-bearing compounds in the gas phase is ignored.

5 6. Chemic_ equilibrium and uniform mixing of liquid-phase compounds throughout the idealized panel are

6 achieved on time scales that are much sm,'dler than the mean residence dme of the brine in the cavity.

7 7. The solubility limit lhr a given isotope (e.g., I_I-234) of a given element (e.g., uranium) is assumed to be

8 proportional to the solubility lhnit of the element; the constant of proportionality is ',aken as the ratio of

9 the mass of the isotope that currently remains in the cavity to the sum of the masses of ali currently

10 remaining isotopes of the element.

11 8. Mobilization is limited to dissolved radionuclides; suspended radionuclides (colloids) are not considered to

12 be mobilized by the brine.

13 Assumptions 1 and 2 imply that the total pore space in the idealized, collapsed WIPP panel is constant and

14 equal to _ V, where _ is the constant porosity and V is the cavity volume; assumption 5 implies that the total

•,,5 pore space is filled with brine at ali times. Assumptions 3 and 4 imply that the mean residence time of brine in

16 the repository is given by

eV
17 1:=_,O

"7 o
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Waste Mobilization
Assumptions

1 regardless of the stated time dependence of Q. Assumption 6 implies that characteristic times to reach chemical

2 equilibrium and characteristic times for complete mixing of dissolved species by diffusion through cavity pore

3 spaces are always much smaUer than x. Because the rates of chemic,'d reactions between dissolved and immobile

4 species are unknown, the validity of assumption 6 cannot be tested at this time; times for complete mixing by

5 diffusion can be estimated but have not yet been compared with mean residence times for brine.

6 Assumption 7 w_t.,;made in order to simplify the equations that describe tile masses of the various radioactive

7 isotopes of an element that remain in the cavity at any time after occurrence of an E2 or E1E2 scenario (see

8 Section 7.4.2 below and Section 1.4.4 of Volume 3). An alternative assumption would set isotope solubility

9 limits equal to the element solubility limit.

lo 7.4.2 Simplified Mathematical Model

11 The simplified mathematical model of waste mobilization is expressed as a system of coupled, ordinary

12 differential equations, with each system applying to a radioactive decay chain:

M i atomic wt/ (7-5)
13 Mi =-S.t Mj Q(t)-_'iMi +(_'i-lMi-I atomic wti_ l

14 where i = 1,2 ..... N numbers the N radionuclides in a given decay chain, a dot (o) over a quantity means the time

15 derivative, and

16 M i(t) = mass of ith radionuclide remaining in cavity at time t > to (kg),

17 Q(t) = disch_uge of brine through cavity at t > to (m3/s),

18 Si = solubility limit for element associated with ith radionuclide (kg/m3),

19 Xi = decay constant Ibr ith radionuclide (s-l), and

20 to = the time of initiation of a disruptive scen_u'io (s).

21 In Equation 7-5, EMj signifies summation over the remaining masses of ali radionuclides (including the ith

22 radionuclide) associated with a given clement. The initi_d conditioo.s of Equation 7-5 are

23 Mi(t o ) = Mio(t o), (7-6)

24 where Mit (t o) is the inidal (t = 0) inventory of the ith radionuclide (kg) aged by the Bateman equations (Section

25 7.1) to reflect mass rem_dning at to > 0.

7-9



Chapter 7. Consequence Modeling

1 7.5 Groundwater Transmissivity Fields

2 The WIPP PA DeparUnent employs a multiple-realization technique to account for spatial variability of the

3 transmissivity field within the Culebra Dolomite (LaVenue and RmnaRao, 1992). The technique uses an

4 automated inverse approach to calibrate a two-dhnensional model to both steady-state and transient pressure data.

5 The multiple-realization technique can be broken down into three steps:

6 1. Unconditional Simulation. An unconditional simulation of the WIPP transmissivity fields is

7 generated. This is a random field that has the same spatial correlation structure as the transmissivity

8 measurements, but does not necessarily match measured transmissivities at the location of their

9 measurements.

10 2. Conditional Simulation. The random field produced in Step 1 is conditioned in this step so that it

11 honors exacdy the measured transmissivities at the locations of their measuremenL,;. The resulting field,

12 called a "conditional simulation" of the transmissivity field, is used as the initial estimate of the Culebra

13 transmissivity field.

14 3. Automated Calibration. The conditional simulation oi" die transmissivity field is then calibrated so

15 that the pressures computed by the groundwater-flow model (both steady and transient state) agree closely

16 (calibrated within the uncertainty in head measurements, i.e., between 1 and 2 m) with the measured

17 pressures in a least-square sense. Calibration is achieved by placing synthetic transmissivity values

18 (pilot points) automatically where the sensitivity of the difference between observed and calculated

19 pressure to changes in the transmissivity field is greatest. When calibration is completed, a conditionally

20 simulated transmissivity field is obtained thai conforms with ali head and transmissivity data at the WIPP

21 site and may be regarded therefore _LSa plausible version of lhc true distribution of transmissivity.

22 This process is repeated to produce the desired number of calibrated, conditionally simulated fields. (Seventy of

23 these fields were calculated in this manner for the 1992 PA calculations.) A description of this methodology,

24 extracted from I,aVenue and R_unaRao (1992), follows. (A more complete discussion of the methodology is

25 provided in Appendix D of this volume.)

26 7.5.1 Unconditional Simulation

27 The lk)llowing methods have been used earlier in groundwater hydrology l'or generating unconditional

28 simulations: nearest-neighbor method (Smith and Freeze, 1979; Smith and Schwartz, 1981), matrix

29 decomposition (dc Marsily, 1986), multidimensional spectral analysis (Shinozuka and Jan, 1972; Mejfa and

30 Rodr/guez-lturbe, 1974), turning-bands method (Matheron, 1971, 1973; Mantoglou and Wilson, 1982;

31 Zimmcnnan arid Wilson, 1990). llere the tuming-b_mds methcxl is used.

32 In the turning-bands method, a two-dimensioned sloch_t,;tic process is generated by the ,,_ummalion of a series

33 of equivalent one-dimensional pr_x:esses (Mantoglou and Wilson, 1982):
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Unconditional Simulation

L

1 Zs(N) = i-1 _ , (7-7)

2 where Zs(N ) is the two-dimensional field to be simulated, Zi(_Ni ) is the one-dimensional process in the line
3 interval (band) of line i measured by _i and containing Ni (the projection of point N onto line i), and L is the

4 number of lines selected. As in LaVenue et al. (1990), the 1992 calculations model the WIPP transmissivity data

5 as a two-dimensional field with an intrinsic random function of order zero (IRF-0), making it possible to use the

6 Weiner-Levy Process to generate the line process Zi([Ni,. ,_in Equation 7-7.

7 7.5.2 Conditional Simulation

8 The procedure tor conditioning is based on the following relationship:

9 Z(x) = Zok(X)+[Z,w.(x )- Zuk(X)], (7-8)

10 where Z(x) is the true (but unknown) value of the field at point x, Zok (x) is the kriged estimate of Z at x based

11 on the observed values of Z at tile locations of the observations, Zuc(X ) is the unconditionally simulated value of

12 the field at point x, and Zuk (x) is value of the kriged estimate at x based on the unconditionally simulated values

13 of Zuc at the locations of the observations. Equation 7-8 clarifies file conditioning step as one of adding a

14 simulated kriging error on a kriged field using the measured data. This step involves kriging twice, once with the

15 measured transmissivities and another time with the unconditionally simulated transmissivities, both at the

16 location of the observations. The simulated kriging error is rendered zero at ali observation points.

17 7.5.3 Automated Calibration

18 In the 1992 calculations, model calibration is done by an indirect approach. Synthetic transmissivity values,

19 referred to as pilot points, ,are automatically placed in regions of the conditionally simulated transmissivity field

20 where an objective function (Equation 7-9) is most sensitive to changes in the this transmissivity field. This

21 objective function is defined as the weighted sum of tile squared deviations between the model computed pressures

22 and the observed pressures, with the smmnation being extended in the spatial and temporal domain where pressure
23 measurements are taken:

L

24 J(u)= _eIp'(k)R-l(k)e_p(k), (7-9)
k=l

25 where ,l(u) is tile weighted least squ_u'e (Wt.S) error criterion function, u is tile vector of parameters

26 (Yp = loglo Ip), "lp is the pilot-point U-ansmissivity, ep is the difference between the computed and observed

27 pressures, R is the covariance matrix of errors in the observed pressure, k is the time step number, L is the

28 number of time steps, and T is the transpose.
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1 Pilot points m'¢ added to tile existing measured transmissivily data set dining tile course of calibration. After a

2 pilot poinl is added lo tile Iransmissivily dale sel, tile augmented dale set is used lo ohlldn a revised, com.lilionally

3 simulated transmissivily field lhr a subsequent iteration in calibralion. With tile addition o1'a pilot point, file

4 transmissivily distribution in file ncighborhtx_! of lhc pilot point gels modified with dominant m_YJificalions

5 being closer to file pilot-point location.

6 Pilot points are placed at locations where their l_)tenti_d for reducing tile objective function (l_quaticm 7-9) is

7 highest. This potential is quantified by the sensitivity coefficients (d.I/dY) of the objective function J with

8 respect to Y, tile logarithm (to base 10) of pilol-poinl Iransmissivity. Coupled ad.joi|H sensitivity analysis and

9 kriging arc used to cOlnl}tHetile required derivatives (Rmmd_ao aral Reeves, 1990). The transmissivities at pilot

10 points m'e _tssigned by an tmcotlstrained optimization algorithm and a subsequent imposition of constraints. The

11 optimization algorithm, which belongs to a class of iterative search algorithms, inwflves tile repeated application

12 of the following equalion until convergence is achieved:

13 Yi+I = Y-i +_idi , (7-10)

14 where i is tile iteration imlex, d i is tile direction vector, [_i is tile step length (a scalar), aral -.Yi is a vector of

15 parameters lo be optimizcd (i.e., logarithms of pilot point transmissivitics lo b_u,_e10).

16 There are two levels of itcration used in the calibration process, designated as "imler" and "outer" iterations.

17 An inner iteration relates lo tile iterations needed to optimize the Iransnlissivitics of tile pilot poinls. When tile

18 convergence of an inner ileralion is achieved, tile pilot points are added It) lhc transmissivily data set, and then lhc

19 outer iteration may proceed. I)uring the outer iteration, optimal location of d_¢ next set of pilot points is

20 determined using coupled kriging and adjoint sensitivity analysis. Subsequently, their Iransmissivitics arc

21 optimized by a sequence of im_cr iterations.

22 Convergence criteria for tile inner iterations are ;u,_follows:

23 • The performance measure ,/drops below a prcscribcd minilnum value.

24 • The number of itcratitm._ equals a prescribed maximum for tile inner iterations.

25 • The ratio of lhc norm of the gradient to the initial gradient norm reduces below a prescribed value.

26 • The gratlicnl m_nn is less than a prcscribcd minimum.

27 • The relative change in the objectivc function falls below a prcscribcd wtluc.

28 (lurer iterations cease once lhc performance measure .I drops below a prescribed minimum wdue or tile number of

29 ilcralions equals a prcscrilxxl maximmn for lhc oulcr iterations.
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1 7.6 Groundwater Flow and Transport

2 Following the occurrence of an E2 or E1E2 scenario (Section 4.2.3.2), flow of brine through a collapsed

3 WIPP panel may result in mobilization of dissolved, radionuclide-bearing compounds from waste (Section 7.4),

4 the transport of these compounds up an intrusion borehole, and eventually their injection into the Culebra

5 Dolomite Member of the Rustler Formation (Section 2.2.2.6). Dissolved comlx_unds that reach the Culebra could

6 then be carried to the accessible-enviromnent boundary by advection and diffusion in groundwater flowing in the

7 Culebra. Thus, to estimate consequences of certain disturbed-case scenarios, models of groundwater flow and

8 solute transport through the Culebra ,areneeded.

9 The consequence model that simulates groundwater flow in the Culebra is currently implemented by a

10 computer code called SECO_2DH (Appendix C). The mathematical model on which SECO_2DH is based is

11 described in Section 7.6.1 (below), which details assumptions that were made in order to arrive at the current

12 model of groundwater flow; this section also contains discussions of modeling the effects of climate change on

13 boundary conditions for the Culebra flow m_xlel.

14 Simulations of solute transport in groundwater flowing through the Culebra are currently implemented by a

15 companion to the SECO 2DH code called SECO_TP (Appendix C). The mathematical model on which

16 SECO_TP is based is described in Section 1.4.6 of Volume 3 of the present series of reports. Section 7.6.2

17 (l'ollowing) contains discussion of the assumptions that were made in order to arrive at the current model of solute

18 transport; it also contains discussion of the 1992 treatments of hydrodyn_unic dispersion (Section 7.6.2.1) and

19 chemical sorption in fracture flows (Section 7.6.2.2).

20 The mathematical models of groundwater flow aJld solute transport are based on a colmnon, highly simplified

21 conceptual model of the Culebra Dolomite Member of the Rustler Fonnation: The Culebra Dolomite Member is

22 imagined to be a sheet-like mass of rock having lateral dimensions of the order of tens of kilometers and uniform

23 thickness of about 8 meters. Sets of planar fractures, ali parallel to the phme of bedding, run continuously

24 throughout the rock mass (Figure 7-4, top) and it is assumed that ali water flow through the Culebra is sustained

25 by the fracture sets, i.e., there is no flow through matrix blocks separating fractures (Figure 7-4, lower left) even

26 though the mau'ix blocks _u'e assumed to be saturated and have a finite kinematic porosity. The surfaces of

27 fractures ,are assumed to be uniformly coated with layers o1"clay of constant thickness greater than or equal to 0

28 (Figure 7-4, lower right) that _u'enever allowed to entirely fill the void space of a fracture; these clay layers are

29 _,;sumed to be saturated and to have finite kinematic l_rosity, but as in the matrix material, no advective flow is

30 allowed through a clay layer.
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1 7.6.1 Groundwater Flow in the Culebra

2 Groundwater flow at regional and local scales within the Culebra Dolomite is simulated by solving the

3 following partied differential equation iii tWOdimensions (x,y):

4 Ssah = V .(g', Vh) (7-11)
bt

5 whc'a'e

6 h = h(x,y,t), tile hydraulic head(m),

7 Ss = Ss(x,y,t), the specific storage of the Culebra (m-l),

8 K = K (x,y,t), the hydraulic conductivity tensor (m/s).

9 The specific storage and hydraulic conductivity tensors are obtained from more directly measurable quantities.

10 Es = S(x, y) __ T(x, y)AZ ' AZ ' (7-12)

11 where

12 S(x,y) = storage coefficient in tl_eCulebra (dimensionless),

13 AZ = Z(x,y), Culebra thickness (m),

14 l:(x,y) = one of a set of simulated transmissivity tensors (units: m2/s). See Section 2.6.9 of Volume 3

15 for a discussion of how transmissivity fields are generated. Also see Section 7.5 of this report.

16 Given appropriate initial and boundary conditions, the SECO_2Dtt code is used to solve Equation 7-11

17 numerically to yield a potentiometric head field, h(x,y,t), which may be used to compute specific discharge (or

18 Darcy velocity) at any point in tlaeCulebra:

19 {t(x, y,t) = -K" • Vh (m / s). (7-13)

20 The storage coefficients S(x,y), and the Culebra thickness AZ ,are treated as constants (,as opposed to functions

21 of position) in the 1992 series of c_dculations.
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1 7.6.1.1 BOUNDARY CONDITIONS

2 Groundwater flow is modeled scp_ttely in regional and local grid.,; (Figure 7-5) to provide increased resolution

3 in the area of prfinary interest around the WIPP. In solving Fxluation (7-11), boumhary conditions are specified on

4 the outer edges of the regional grid; these boun "dary conditions may be a mix of tile following kind, depending

5 upon geological and hydrological conditions at a point on the regional bound,'u-y: (1) Dirichlet (specified h on

6 boundary); (2) inhomogeneous Neuman (specified gradients of h on boundary); (3) Robin bouqdary conditions [a

7 mixture of (1) and (2)]; and (4) adaptive boundary conditions, in which flux (_) is specified at inflow boundaries

8 and head (h) is specified at outflow boundaries. Boundary conditions for the local grid, in which radionuclide

9 transport is modeled, are determined by tile groundwater flow calculated for the regional grid. 'Ilae actual problem

10 geometry and specifications for lx)undary conditions that were used in tile 1992 series of calculations can be found

11 in Volume 4 of this report.

12 7.6.1.2 EFFECTS OF CLIMATE CHANGE

13 The effects of climate change are simulated through inclusion of time-dependent Dirichlet boundary

14 conditions. Specifically, potentiometric heads on portions of the northwestern and northeastern edges of the

15 regional grid (closest to the assumed recharge area for the Culebra) are set according to the formula (Swift, 1992,

16 1991)

17 hf(x,.y,t)= hp(x,)__ -4 cos0t-sin t +-cos_t2 (7-14)

18 whem

19 hf = future potentiometric head (m)

20 hp = present potentiometric head (m)

21 A R = Recharge amplitude filctor (dhnensionless)

22 0 = Pleistocene glaciation frequency (llz)

23 • = frequency of Holocene-type climatic l'luctuations (llz).

24 The recharge amplitude factor, A R, is a number to be chosen between 1 and 3,>1. If A R = 1, ii is seen that

25 there are no effects of climatic change. IfAR>I, the maximum future head, hf, will be greater than the present
26 head. The construct _, is a sc',ding factor that is chosen to ensure physically reasonable head values on the portion

27 of the recharge txmndary where txmnd_uy conditions are applied.
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Grid
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Figure 7-5. Ex_unple of regional and local grids used for disturbed fluid flow and transport calculations.
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1 7.6.2 Solute Transport in the Culebra

2 The mathenmticai model of solute transport at tile kvc_dsc_deis described iii Section 1.4.6 of Volume 3 of tile

3 present series of reports, The physic;d assumptions and limitations of the 1992 version of tile solute transport

4 m(xlel m'ethe same as those o1"tile 1991 version (see6.5.2.3 in WIPP PA Division, 1991b), n_unely:

5 1. The numerical solution is limited to two dimensions, reflecting tile conceptual model of the Culebra

6 Dolomite membcr (l:igure 7-4).

7 2. l lydrodynamic dispersion is quantified with a Fick's law tenn.

8 3. Fracture flow is modeled as ;til equivalent lx_rous medium o1"constant porosity.

9 4. No advective transport exists through tile Culebra matrix; however, one-dimensional diffusion of solutes

10 across fracture-matrix interlaces arc _dlowcd (Figure 7-4).

11 5. Adsorption of solutes on solid phases obeys a linear isotllenn.

12 6. Local chemical equilibrium always exists between solutes and solid ph,'tses.

13 7. Material-property panuneters _u'e treated as constants over distinct material regions; in other words,

14 intramaterial spatial vm'iability is ignored.

15 The purpose of assumption 4 is lt) permit simple simulation of tile phenomenon of dynamic solute storage

16 wilhin porous materials surrounding fractures. As solute concentration in fractures increases, solute will diffuse

17 into and become immobilized within thc matrix; if concentrations in fractures decreases with time, solute is

18 returned to lraclures by diffusion out of the matrix.

19 The major differences between tile 1992 and 1991 vcrsions of the solute transport model lie in the fonner's

20 treatment of dispersivity l,:muneters and adsorption effects in fracture flows, l)etails of changes in the way these

21 imlx)rtant physic_d effects arc implemented in the model _u'cpresented in the remainder of this section.

22 7.6.2.1 MODELING HYDRODYNAMIC DISPERSION

23 The comlxmcnts of lhc hydrodynamic dispersion tensor for the fracture system Dij, are (Scheidcgger, 1960)
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o,,
(v2)2 (vi)2

1 t_22="L-_ +"','-_ +l,',

o,2=_, =(_L-_T)v_v2IV1'

2 where Vi, i = 1,2, are the components of the average linear velocity vector in the fracture system (m/s), a L anti

3 o_T are respectively longitudinal and transverse dispersivities (m), D* is the molecular diffusion coefficient of the

4 "average" solute species (m2/s), ,and

s Irl=(v,_+v_)_'2

6 The dispersivities, (zL and otT, are measures of the dispersion of the true linear velocity vector about the

7 average value. Ideally, these parameters would be estimated by fitting transport model calculations to results of

8 tracer tests conducted in the Rustler Formation at an appropriate scale; but, in the absence of tracer-test results

9 suitable for parameter estimation, the PA Department has had to rely on subjective judgments and results from

10 stochastic transport theory to form the necessary estimates. In 1991, it was assumed that a L, a T were

11 imprecisely known constants (WIPP PA Division, 1991c, Section 2.6.2), with longitudinal dispersivity varying

12 between 50 and 300 meters and transverse dispersivity varying between 5 and 30 meters (i.e., one-tenth of

13 longitudinal dispersivity).

14 The treatment of Culebra dispersivity in the present (1992) series of PA calculations relies heavily on

15 stochastic transport theory, exemplified by the universal scaling approach used by Neuman (1990) to investigate

16 the compatibility of fractal transmissivity fields with the observed scale dependence of dispersivity. Neuman

17 provides an expression that relates longitudinal dispersivity to the mean value of the variogram of In T variance at

18 the scale S and the travel distance L, namely

19 al. = C o L o_(S), (7-15)

20 where COis a construct ~ 1 in isotropic media; mid

221 oy(S)=_(v,v)=-$-f y(x- y) dxdy, (7-16)
v %,'

22 where y(h) is the variogr_un of In 7, h = Ix-y ], and each integration in the above expression is carried over a

23 Iixed area v, ~ L2. In current (1992) PA calculations, CO= 1 and L is taken to be the size of the model block in

24 which o_L is being evaluated.
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1 The variogr_un, 7(h), is taken to be the one used in the "local" scale generation of the 1992 random

2 transmissivity fields (Section 7.5 ,'uld Appendix D, Volume 3),

3 l'(h) = 1.2xlO -3 h. (7-17)

4 Here, the "local" scale is defined as thai appropriate for the transmissivity measurements, i.e., a scale length

5 between slug tests radii of influence and pump tests radii of influence; such a sc,'de length is of the order of 10

6 meters. Note that Equation (7-17) is a linear wlriogram, for which the concepts of "correlation length" and

7 "integral scale" have no memfing.

8 The integral in Equation (7-16) has been evaluated by Joumel and l luijlbregts (1978, p. 113) for a linear

9 v,'u'iogram y(h) = tt and a rectangular mesh with dimensions L ,'rod e. Their result is analytic,'dly messy, but in

10 the case where L = (' ( v = area of a square of side L), their expression reduces to

11 _(v,v) = 0.5213 L.

12 Multiplying this expression by the constant in Equation (7-17), 1.2 x 103, and substituting for _(v,v) in

13 Equation (7-13) gives an expression li)r the longitudinal disl'_rsivity in terms of the size of the model block in

14 which _L is being ewduated:

15 etL =6.2x 10-4 L2 (m). (7-18)

16 In practice, a v',due of 1.5 meters is added to the etL _,btained by Equadon (7-18) in order to account for microscale

17 dispersion that must occur below the "iocar' sc_de.

18 The ratio of longitudinal to transverse dispersivity dcx_snot seem to be sc_de dependent; data from Gelhar ct al.

19 (1992) suggest that this ratio is _dmost always between I0 and 50. In the present (1992) series of calculations,

20 the fixed relation

1

21 etW= _ etL (7-19)

22 was adopted.

23 Noto that using model block size as travel distance in obtaining l:quation (7-18) is equivalent to the

24 assumption that dispcrsivity reaches its asymptotic limit at the scale of a model block, and any other non-

25 asymptotic behavior is taken care of by variability of the simulated transmissivity fields (Section 7.5 and

26 Appendix D, Volume 3).
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1 7.6.2.2 MODELING CHEMICAL SORPTION IN FRACTURE FLOWS

2 Chemical relardation of solutes by sorption oil IYacture surfaces was m_xlelled in 1990-1991 PA calculations with

3 a formula proposed by M. D. Siegel (1990). Siegel suggested that the effective solute velocity in a clay-lined

4 fracture, Ve.o; is related to the average linem: velocity of groundwater in the fracture, V, by

V
5 _ = I + Pc Kdc (be / b), (7-20)

v,r

6 where

7 Pc = density of clay liner (kghn3),

8 Kdc = pm'tition coefficient of solute in clay (m3/kg),

9 2bc = total thiclaless of clay layer in a fracture (m), and

10 2b = fracture aperture (m).

11 The expression on the right side of Equation (7-20) is called R, the retardation factor; the partition coefficient Kdc

12 is also called the distribution coefficient.

13 Consideration of Equation (7-20) will show that it cannot generally describe retardation of solutes being

14 transported through an open, saturated fracture; in this case, retardation of solute molecules must proceed by

15 reactions between the mobilized species and stationary species located on the solid surface facing the fracture void

16 space. In contrast, Equation (7-20) turns out to be a "thin-skirl' approximation to retardation of mobile solutes

17 within Ix_re spaces of the clay layer, which is valid only after solute molecules have diffused or been advected into

18 the clay layer mid concentrational equilibrium is nearly established. In other words, Equation (7-20) is appropriate

19 for concentrational equilibrium; note, however, that it may take a long time to reach concentrational equilibrium

20 by diffusion of solute through highly sorbing clay and that, by assuming instantaneous equilibrium, the

21 retardation of solutes in fracture flows may have been overesthnated in the 1990-1991 calculations.

22 The PA Dcparuncnt abandoncd use of l-kluation (7-20) in 1992 mid, h_r reasons provided below, has set R = 1

23 in fracture flows (see Equation 1.4.6-1 in Section 1.4.6, Volume 3 of this rei_rt). An approximate, but

24 physically motivated expression for the retardation of solutes in fracture flows is derived in the remainder of this

25 subsection and used to justify the choice of R = 1.

26 Freeze and Cherry (1979, p. 411) give au expression for the retardation factor in solute transport through a

27 planar fracture of aperture 2b:

1

28 R = 1+ -_ Ka , (7-21)
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1 wheF2

2 Ka = mass of solute on solid phase per unit area of solid phase (m).concentration of solute in solution

3 Equation (7-21) should be valid when time scales for (1) diffusion across a fracture aperture and (2) achievement of

4 equilibrium in surficial chemical reactions are always much smaller than other problem time scales (e.g., time

5 required to advect a _lute molecule across a grid cell, time required to diffuse into clay layers).

6 The surficial distribution coefficient, Ka, can be related to the familiar mass-based distribution coefficient

7 (Freeze and Cherry, 1979, p. 405),

8 /Cd = mass of solute on solid phase per unit mass of solid phase
concentration of solute in solution (m3 / kg).

O by Ka = g d /0 m ,

10 where o m is the surface area per unit mass of the solid phase (m2/kg). Obviously, om depends upon the

11 physical nature of the solid phase, here a natural aggregation of clay grains on the surfaces of saturated fractures in

12 the Culebra Dolomite. No measurements or estimates of O m for these clays seem to be available, but an order-

13 of-magnitude estimate of this quantity can be rapidly made if the clay is visualized as an aggregation of regularly

14 packed s; heres of radius a (i.e., spheres centered on vertices of a cubic lattice of elemental size 2a). To begin

15 making this estimate, consider M kg of bulk clay having grain-density pg; then the number of spheres in this
16 mass is

17 np : (3M)/(4xa3pg),

18 and the surface area of the solid phase that is presented to the pore space of the M kg of clay is

3M
19 A = 4r_.a2np =

apg

20 lt follows that

A
, and soK a=apg

Kd

21 _m = _" = apg 3

22 Substitution of this result in Equation (7-21) gives the promised order-of-magnitude estimate of the fracture

23 retardation factor:

24 R = 1+ p---&Kd (a i b).
3 (7-22)
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1 Note tile superficial simih'uity of expressions in Equations (7-20) and (7-22). Their relative lnagnitudes are

2 nevertheless always different as can be seen by fc,'ming the ratio of (R-1)s from tile respective formulas; for

3 instance, the ratio of (R-I) for Equation (7-22) to (R-I) for Equation (7-20) is of the order of a/bc, the ratio of

4 clay particle size to clay layer thickness, hl ali but the narrowest of fracture apertures, a/b c should be of the order

5 of 10-2 or less (take a = 1 I.un, b = 100 l.tm). Thus, retardations computed from Equation (7-22) should be much

6 less than retar_.lations computed from Equation (7-20), justifying the earlier clann that retardation in fracture flows

7 (i.e., "single porosity" model) may have been overestimated in the 1990-1991 series of PA calculations.

8 Clay layers on fracture surfaces actually played two roles in 1990-1991 PA models of solute transport in the

9 Culebra Dolomite: (1) the role described above, i.e., as agents of retardation of solutes in fracture flows, and (2) as

10 barriers to mass transfer of solutes across the matrix-fractu, c interface (the "matrix skin resistance" of Section

11 2.6.7 in WIPP PA Division, 1991c). The PA Department has a,so abandoned the second of these roles for clay

12 linings in 1992 versions of the solute-translx_rt models. Clay linings are now treated as extensions of the matrix

13 and a single diffusion equation [Equation (1.4.6-5), Section 1.4.6, Volume 3 of this series] is used to model solute

14 mass transport in an effective lx_rous media comprised of Culebra matrix blocks and their adjacent clay linings.

15 7.7 Direct Removal of Waste

16 Of the possible pathways for release during the 10,0d0-yem" regulatory period, one of the most important is

17 that caused by the direct removal of waste that would result when an exploratory drill bit inadvertently penetrates a

18 waste storage room. To quantify the extent of radioactive rele_t,_eresulting from direct removal of waste, the

19 model described below, extracted frc,m Berglund (1992), has been developed. The current performance assessment

20 model assumes that future drilling techniques will be simih'u _othose in use today. This assumption is necessary

21 to provide a b,'t,_ison which predictions of release can be estima|ed.

22 In rotary drilling, a cutting bil attached to a series of hollow drill collars and drill pipes is rotated at a fixed

23 ,'regular velocity and is directed to cut downward through underlying strata. To remove the material loosened by

24 the drilling action, a drilling fluid ("mud") is pumped down the drill pipe, through and around the drill bit, and up

25 to the surface within the annulus formed by the drill pipe and the lx)rehole wall (Figure 7-6).

26 If an exploratory drill bit penetrates a waste-filled r¢_om,w_,_teresulting from three septa'ate physical processes

27 can mix with the drilling fluid and be transported to the surface:

28 • cuttings_waste contained in the cylindric;d volume created by the cutting action of the drill bit through the

29 waste,

30 • cavings--wastc thai erodes from the borehole in response to the upward-flowing drilling lluid within the

31 annulus, and

32 • spallings--waste ,,;urrounding the erCxled Ix_rehole that is transix_rtcd by waste-generated gas escaping to the

33 lower-pressure Ix_rchole.
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Figure 7-6. Rot_u'ydrilling.
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1 A discussion of these three processes foUows.

2 7.7.1 Cuttings

3 For a gauge borehole, the volume of cuttings removed and transported to the surface is equal to the product of

4 the drill bit area and the drill depth. Thus, to estimate the total volume of waste removed due to the cutting action

5 of the drill bit (V), it is only necessary to know the compacted repository height (h) and the drill-bit area (A):

6 V = Ah. (7-23)

7 The cuttings volume calculated in this manner is a lower bound to the total quantity of waste removed by drilling.

a 7.7.2 Cavings

9 While a number of factors that influence driilhole wall erosion have been identified in the literature (Broc,

10 1982), industry opinion singles out fluid shear stress as the most important factor (Walker and tlolman, 1971;

11 Darley, 1969). This analysis therefore assumes that borehole erosion is caused primarily by the magnitude of

12 fluid shear stress acting on file borehole wall. This analysis also assumes that erosion of wall material occurs

13 when the fluid shear stress at the wall exceeds the effective shear strength for erosion of the wall material (the

14 surrounding compacted repository wastes) and that the dimneter of tile bored hole increases until this condition no

15 longer exists. In this process, it is assumed that sufficient time is available to complete the erosion process. Ali

16 the eroded material is assumed to pass to the surface in the flowing drilling fluid.

17 Flow in the annulus between the drill pipe and borehole wall is usually laminar (Darley and Gray, 1988).

18 Adjacent to the collars, however, the smaller annular volume created by the larger collar diameter (Figure 7-6)

19 causes higher mud vel(x:ities, making flow either huninar or turbulent (Berglund, 1990; Pace, 1990). For laminar

2O flow, the analysis lends itself to classical solution methods. Turbulent flow, where the flow is assumed to be

21 axial with no rotational comlxment, requires a more approximate approach.

22 7.7.2.1 LAMINAR FLOW

23 Below Reynolds numbers of about 2100 for Newtonian fluids and 2400 for some non-Newtonian fluids

24 (Walker, 1976), experiments have shown that the flow of a fluid in a circular pipe or annulus is well behaved and

25 can be described using a well-defined relationship between tim velocity field and the fluid shear stress. This type of

26 flow is called laminar. Drilling fluids exhibit non-Newtonian fluid behavior, making it necessary to choose a

27 functional form tor the variation of viscosity with shear rate for tile fluid. Of the several different functional forms

28 that can be used to account for the varying viscosity, this mmlysis uses a form chosen by Oldroyd (1958) and

29 further developed by Savins and Wallick (1966).
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1 Savins and Wallick (1966) have shown that the solution for laminar helical Ilow of a non-Newtonian fluid in

2 an annulus could be written in terms of three nonlinear integral equations:

Ot

1

j""p4 F2=C p--_- ZM'2= 0
Ot

1

ac) (.._)j'(_2 - p2 )(p2 - X2_dp5 F3 = _ + 4 _ P = 0 , (7-24)

6

7 where Q is the drilling fluid (mud) flow rate; r is the radial coordinate; o_ is the ratio of the collar radius over the

8 cutting radius (Ri/R) (Figure 7-6); zk_ is the drill string angular velocity; _1 is the viscosity of the drilling fluid;

9 p is the non-dimensioned radial coordinate representing the ratio r[R; and _2, RJ/2, and C are parameters related

10 to the fluid shear stresses. As long as annular flow remains in the laminar regime, the above three nonlinear

11 integral equations can be solved numerically to determine the final eroded volume of the borehole (a function of

12 the effective shear strength for erosion, 't fail ) and the resulting total cavings volume.

13 7.7.2.2 TURBULENT FLOW

14 At a Reynolds number of about 3000, flow becomes fully turbulent; momentum effects dominate and fluid

15 viscosity is no longer as important in characterizing pressure losses. A far more important parameter is the

16 surface roughness past which the fluid must flow.

17 The increased complexity of turbulent l]ow makes empirical procedures necessary. For axia; flow in an

18 annulus, the pressure loss under turbulent conditions can be approximated by (Broc, 1982)

19 AP= 2'/'LP"V2 (7-25)
(0.8165)D'

20 where f is the ctvefficient of pressure head loss (Fanning friction lactor), D is the hydraulic diameter, L is the

21 borehole length, V is the average fluid velocity, ,and _" is the drill fluid density.

22 If the shear stress due to the flowing fluid is assumed to be uniformly distributed on the inner and outer

23 surfaces of the annulus, it can be easily shown using Fxluation 7-25 that the shear stress is related to the average

24 fluid velocity through the relation
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1 x= f_'2 (7-26)
2(0.8165)'

2

3 The Fanning friction factor is empirically related to the Reyoolds number and relative roughness by the

4 equation (Whittaker, 1985)

[ ,,51I-.L- -4 loglo + , (7-27)
5 _ 3.720 _J

6 where e[D is the relative roughness and Re is the Reynolds number. For circular pipes, D in this equation

7 represents the inside diameter and E is the absolute roughness or the average depth of pipe wall irregularities. In

8 the absence of a similar equation for flow in an annulus, it is assumed that this equation "also applies here, where

9 D is the hydraulic di,'uneter, and E is the absolute roughness of the waste-borehole interface.

10 The above three equations can be used to obtain the final eroded borehole radius under turbulent flow

11 conditions by forcing the fluid shear stress acting on the borehole wall to equal the shear strength for erosion of

12 the repository waste (1:fail).

13 7.7.3 Spallings

14 The spalling of borehole walls is a common occurrence in oil and gas drilling and can be caused by an

15 encounter with a geopressurized formation; a similar event may occur if an exploratory drill bit penetrates a waste-

16 filled, pressurized room at the WIPP. Corrosion and biodegradation of the waste will generate gas, raising the gas

17 pore pressure in the waste to values approaching ,'rodperhaps exceeding the lithostatic level within the next 700 to

18 2,000 years. Because the permeability of the surrounding Salado Formation is expected to be 1 to 7 orders of

19 magnitude less than that of the compacted waste, the Salado can be considered impetaneable compared to the waste.

20 The intrusion of a drill bit into the waste could therefore "suddenly" expose the waste with its high pore pressure

21 (for example, 14.8 MPa) to the borehole hydrostatic pressure of 7.7 MPa (assuming a saturated salt solution is

22 used while drilling), causing gas to escape to the borehole al'ter flowing through the compacted waste. The

23 escaping gas may compromise the stability of the borehole wall and contribute to the quantity of waste material

24 that reaches the surface environment.

25 Spalling is a complex process that involves the flow oi"g_s in a moving waste matrix, changing stress states,

26 changing porosity and permeability of the waste, waste failure, _md when the waste interacts with the drill bit,

27 turbulent mixing of the three phases_solid waste, drilling fluid, and gas. The approach for modeling spalling

28 caused by the intrusion of an exploratory drill bit is still being developed.

29 The current state of understanding for spall as related to WIPP is treated in Berglund (1992). In addition to a

30 discussion of related literature, Berglund (1992) describes several types of calculations, each of which addresses a

31 different aspect of gas flow and waste response from a penetrated, gas-pressurized, waste storage room. The waste

32 response is found to bc v cry tlepcndcnt on the constitutive nature of the compacted composite waste, a feature
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1 that is currently unknown. If the waste is assumed to behave as a granular, soil-like material with a nonlinear

2 constitutive character and a small cohesive strength, the behavior of the waste subject to gas flow indicates a

3 movement toward the borehole ,after penetration. In both the one- and two-dimensional computational models,

4 where an instantaneous borehole pressure drop is assumed, the inward motion of the waste-borehole boundary

5 would quickly (in milliseconds) be blocked by the presence of tile drill string and would remain impressed against

6 the drill string while a sufficient pore pressure gradient is maintained.

7 What happens to the waste as it is impressed against the drill string is not known because the interface

8 between the waste and drill stem is very difficult to characterize without experimental verification. One

9 possibility is the compressed waste will completely block the flow of drilling mud. Whether the drilling

10 operation can proceed in such circumstances is unknown. Certainly the flow of gas out of the waste will be

11 further restricted if not completely blocked. Such a restriction would prolong the compressive stresses acting

12 between the drill string and the waste. Another lX_ssibility is that some drilling fluid may be able to channel its

13 way through the waste-drill string bound,'u'y catvying eroded waste up into the upper borehole.

14 The driller may, however, be al_le to detect the resistance afforded by the waste pressing against the drill stem

15 by the increase in torque, circulation pressure, and by a drop in mud flowrate (Austin, 1983). Under such

16 conditions the driller may raise the cutting bit and allow the "spall" to continue naturally, eventually proceeding

17 after the process diminishes (Short, 1982). Often under these conditions a repetitive process is undertaken of

18 cleaning out, drilling ahead a few feet of new hole, picking up the drill bit to check for fill, then cle,'ming out

19 again. This is repeated until spalling slows. The cleanout procedure can be used for 12 to 24 hours, or longer, if

20 it shows sign of becoming effective (Short, 1982).

21 If drilling tzm proceed with the waste impressed against the drilling equipment, erosion will probably occur at

22 the interface and could continue until a significant l'a_rtion of the gas has leaked from the penetrated room or the

23 target drill depth is reached. Based on leakage rates from the waste with uniform permeabilities, significant

24 volumes of gas will be removed from the room only ,after several hours for the greatest waste permeability and

25 hundreds of days lhr the least permeability. Moreover, the decrease in waste permeability caused by the

26 compressive stress field at tile drill string-waste interface is likely to decrease the gas leakage rates significantly.

27 In the analyses considered in Berglund (1992), actions to prevent a blowout taken by the driller after

28 encountering a gas-pressurized h)nnation _u'ealso discussed. When lormation gas flow into a borehole is detected

29 at the surface, such as by an increase in return mud volume, the driller usually will "close in" the well by

30 engaging blowout preventers (BOPs) to prevent serious injury to personnel and d,'unage to equipment. This action

31 is usually utken within a minute or two after the "kick" is first observed, ,'rod the effect is that the gas flow from

32 the formation to the borehole is effectively curtailed (Mills, 1984). The well is then "killed" by increasing the

33 mud density in the borehole so that the lbnnation (waste) pore pressure is in balance with the mud pressure. The

34 drilling can then safely continue. With the pressure gradient in the borehole wall thus reduced to zero, spallation

35 will cease and waste will be brought to the surface by erosion only. BOPs are engaged only if a blowout

36 condition is detected, l-:orhigh-permeability w;t,;tes (k = 1x 10-13 m2), the rate of flow of gas to the borehole

37 will increase the mud w_lume in the annulus significantly, and it is very likely that the well will be "killed."

38 l lowever, for lower pcrmcabilities, the gas flowrate is much reduced; the driller may not engage BOPs but

39 continue drilling, thus allowing spall imo the b¢,rcholc to _x:cur.
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Direct Removal of Wastes
Spallings

1 Estimating the ,'unount of material that may eventually be passed into tile borehole as tile result of gas

2 generation in the repository is difficult and speculative, ttowever, based upon the analysis performed and the

3 literature examined to date, it does not appear to be unreasonable that a volume of waste greater than the lower

4 bound cuttings volume (bit area x waste depth) could eventually reach tile ground surface. Currently, little data

5 are available that predict the constitutive nature of the compacted, decomposed waste at tile thne of intrusion, nor

6 have there been any experiments performed that could confirm the mechanisms Ibr borehole spall as discussed.

7 These data ,arecurrently being developed.
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1 APPENDIX A: 6RAGFLO AND PANEL

2 A.1 Background

3 The WIPP PA Department has developed a computational model called BRAGFLO (BRine And Gas FLOw)

4 to simulate two-phase flow through porous, heterogeneous reservoirs. BRAGFLO numerically solves the coupled

5 nonlinear partial differential equations (PDEs) describing the mass conservation of the gas and brine components

6 distributed between the gas and liquid phases. Finite difference methods are used to develop analogs of the mass

7 conservation PDEs in two spatial dimensions. These analogs are integrated over time using a modified Newton-

8 Raphson method and variable time spacing.

9 BRAGFLO output is used to provide input for an equilibrium-mixing cell mathematical model called PANEL

10 to evaluate radionuclide concentrations resulting from the mixing of brine with waste. PANEL has no geometry;

11 it can be thought cf as a point. The brine flow up the borehole that is calculated by BRAGFLO is input to

12 PANEL so that appropriate amounts of radionuclides determined by their respective solubilities can be added to the

13 brine flow.

14 A.1.1 BRAGFLO Features and Limitations

15 BRAGFLO is a modeling tool that can accommodate conceptual model changes and is therefore we!l suited to

16 test various alternative conceptual models. This flexibility results, in part, from the highly structured and modular

17 coding style used. BRAGFLO is also designed to be robust and numerically stable when simulating multiphase

18 flow over a wide range of conditions and input property values.

19 Current limitations of BRAGFLO include:

20 • Only isothermal two-phase flow is modeled.

21 • Only two components or chemical species are modeled, and only one of the components can be distributed

22 between both phases, such as a gas component existing in the gas phase and a water or oil phase as

23 dissolved gas. In the case of the WIPP performance assessment, the waste-generated gas exists in both the

7:4 gas ph_.e and the brine phase, but the brine exists only in the brine phzse (the brine has zero vapor

25 pressure).

26 • The porous medium within each numerical grid block is treated as a single continuum; discrete fracturing or

27 dual porosity is not considered.

28 • Grid block connectivity is not arbitrary and is fixed by spatial constraints. The solution domain cannot be

29 modeled by mixed dimensionality.
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1 • If two phases or components exist anywhere in the repository, both component mass balances must be

2 solved everywhere in the repository even though isolated areas may be governed solely by single-phase

3 flow.

4 * Non-Darcy flow, where flow is proportional to a potential gradient (for exmnple, molecular diffusion) is not

5 modeled.

6 • Fluids are assumed to exhibit Newtonian behavior (fluid viscosity does not vary with rate or time of shear).

7 A.1.2 Performance Assessment Role of BRAGFLO and PANEL

8 The WIPP PA Deparunent is using BRAGFLO to study the effects of gas on the flow of brine through the

9 repository and up an intrusion borehole. Specifically, BRAGFLO models the effects of the interaction of the

10 following phenomena:

11 * gas generation from corrosion and microbiological degradation of the waste,

12 * brine movement from the surrounding rock through the waste over time,

13 * possible saturation of the waste by mixing with brine from an _mderlying pressurized reservoir that reaches

14 the waste through a borehole created by an exploratory drill bit, and

15 * creep closure of the surrounding host rock.

16 BRAGI-,'LO uses wells to model gas generation from corrosion and microbiological degradation of the waste,

17 the brine flow from a breached underlying pressurized brine pocket, and brine influx from the surrounding host

18 rock. In BRAGFLO, wells may be acconunt_lated by using simple well models or by directly including well

19 geometry and properties in the numerical mesh. This proeess is described in detail in the 1991 performance

20 assessment documentation (nee Section 5.2.2.5 of WIPP PA Division, 1991).

21 PANEL uses the results of BRAGFI_.O to predict mixing of radionuclides with brine (see Section A.3).

22 Creep closure of the host rock surrounding the repository will result in pressurization or rock deformation,

23 changing mater;al porosities and penneabilities. Presently, BRAGFLO is capable of using as input varying room

24 porosity, which changes with ci¢_..ure as predicted by SANCHO (Appendix B). Porosities and absolute

25 permeabililics of ali other materials in the modeled waste room are currently treated as imprecisely known

26 constants.
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1 A.2 Flow (BRAGFLO)

2 A.2.1 Fundamental Equations

3 The BRAGFLO flow model simultaneously solves five equations:

4 • a partial differential equation that describes the mass conservation of gas in the repository and surrounding

5 formation,

6 ° a partial differential equation that describes the mass conservation of the brine in the repository and

7 surrounding formation,

8 • a saturalion constraint equation,

9 • a m,'Lssfraction constraint equation on the components making up the brine ph,'Lse,and

10 • a capillary pressure constraint equation.

11 The above equations, along with appropriate boundary and initial conditions and material property relationships,

12 form the basis of file model's fundamental equations. These equations are described in detail in Volume 3 of this

13 report (Section 1.4.1) and the 1991 performance assessment documentation (see Section 5.2 of WIPP PA

14 Division, 1991).

15 A.2.2 General Conceptualization

16 BRAGFLO can simulate the simultaneous flow of two immiscible phases through a porous anisotropic

17 reservoir. The reservoir may consist of many materials with widely differing characteristics. Reservoir properties

18 may also vary spatially within a particular material type.

19 A description of multiphase porous media flow is necessary to understand the assumptions involved in

20 modeling multiphase flow through porous media. Details of the equations of motion for multiphase flow

21 describing _tssumpdons, derivations, and implemenUltion are wide-spread throughout the petroleum literature (Bear

22 et al., 1968; Bear, 1975, 1979; D_e, 1978; Crichlow, 1977; Collins, 1961; Aziz and Settari, 1979; Peaceman,

23 1977; Crookston et al., 1979; Coats, 1980; Vaughn, 1986; Rubin and Vinsome, 1979; Scheidegger, 1960). The

24 nomenclature, assumptions, and conceptualization used here are typical of those found in much of the multiphase

25 reservoir modeling literature referenced above.

26 BRAGFLO is based on a description of porous media presented by Bear (1975), Bear et al. (1968), and Bear

27 and Bachmat (1967). The porous media is characterized as a portion of space occupied by heterogeneous matter

28 made up of a solid phase and at le_L,_tone fluid phase. The space that is occupied by the fluid phases is called the
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1 pore or void space. Some of the pores are interconnected (effective porosity) and others are not. This void space

2 forms a tortuous network of randomly sized and located channels. The porous medium forms a continuum with

3 the solid matrix present in each representative volume.

4 The conceptualization of fluid flow through such a porous media is consistent with assumptions and

5 descriptions presented in Bear (1975). The fluids are assumed to be Newtonian and may be compressible. The

6 flow in the void space is laminar and confined to well-defined channels with fluid particles moving parallel to the

7 channel walls. The forces acting on the fluid particles result only from pressure, gravity, capillary action, and

8 shear. Flow in the network of channels contained in a given volume gives rise to average gradients that are

9 independent of the geometry of individual channels.

10 BRAGFLO simulates multiphase flow through porous media. Two types of multiphase flow are possible,

11 miscible and immiscible. BRAGFLO considers immiscible displacement only. In this case, both fluids flow

12 simultaneously through the porous network. The two fluid phases are separated by an interface whose curvature

13 and surface tension give rise to a capillary pressure difference across the interface (Brooks and Corey, 1964; Corey,

14 1986; Peaceman, 1977; Dake, 1978; Crichlow, 1977; Collins, 1961). The interface is assumed to be abrupt and

15 any transitions from one phase to another occur over a distance of negligible length compared to the channel

16 diameter (Bear, 1975).

17 The concept of saturation is introduced to describe the occupation of void space by more than one fluid.

18 Saturation is defined as the volume fraction of void space occupied by a particular fluid. Interfacial tension exists

19 where the two immiscible fluids contact each other. The shape of the resulting meniscus defines the wet ability of

20 the system (Brooks and Corey, 1964; Bear, 1975). For example, the convex side of the meniscus faces toward the

21 wetting phai, while the concave side faces toward the non-wetting phase. Interfacial tension and wettability may

22 depend on the direction the interface is moving. This phenomenon is called hysteresis. Hysteresis is a secondary

23 effect and is not currently modeled (Brooks and Corey, 1964).

24 Three saturation regions are differentiated in the two-phase system, brine and gas, for example. Assuming a

25 brine-wet reservoir, at low brine saturations, brine forms in isolated rings or exists as a thin film. As brine

26 saturation increases, a condition is reached where the brine forms a continuous phase that is capable of

27 transmitting pressure. Above this critical saturation or "irreducible saturation," brine flow is possible. Potential

28 flow of brine below the irreducible brine saturation will not occur. At high brine saturations, brine isolates the

29 gas and the gas no longer forms a continuous phase. This occurs at the irreducible gas saturation.

30 Bear's continuum approach is assumed for multiphase flow (Bear, 1975). Each fluid is a continuum and the

31 various continua occupy the void space simultaneously. The equations of motion for multiphase flow used here

32 are based on heuristic extensions of Darcy's law (llubbert, 1956; Bear, 1975, 1979; Dake, 1978; Crichlow, 1977:

33 Collins, 1961; Dullicn, 1979; lliatt, 1968; de Marsily, 1986; De Wiest, 1965; Aziz and Settari, 1979).

34 The following is a statement of Darcy's law in differential form:

k[vP-pg] (A-I)
35 qv = -"_'
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1 where qv is the volumetric flow rate per unit cross-sectional area, k is the absolute or intrinsic permeability of the

2 porous media, la is the fluid viscosity, p is the fluid density, g is the gravitational constant, and P is the fluid

3 pressure.

4 Darcy's original observations were made on the one-dimensional vertical flow of water through a fully

5 saturated porous medium (Hubbert, 1956). Darcy postulated the law, which states that the flow of water under

6 these conditions is proportional to the change in potential. Many generalizations of Darcy's law can be found in

7 the literature (Bear, 1975, 1979; Bear et al., 1968; Bear and Bachmat, 1967; Dake, 1978; Crichlow, 1977;

8 Collins, 1961; Dullien, 1979; Hiatt, 1968; de Marsily, 1986; De Wiest, 1965; Aziz and Settari, 1979). These

9 generalizations extend Darcy's observation to other fluids, to the simultaneous flow of immiscible fluids, to

10 multiple dimensions, and to compressible fluids. These generalizations are used in obtaining the equations of

11 motion governing the two-phase flow assumed in BRAGFLO.

12 The first extension is a generalization from an isotropic to an anisotropic medium. This extension is

13 developed heuristically as well as theoretically in Bear (1975). Implicit in this generalization is the extension to

14 two and three dimensions.

15 The second extension is that of accounting for fluid compressibility effects. Hubbert (1940) shows that

16 extensions of Darcy's law to compressible fluids, such as gas, are valid provided the density of the fluid is a

17 function of pressure only and the flow is irrotational.

18 The third extension of Darcy's law accounts for the presence and flow of multiple immiscible phases. Once

19 steady-state flow is achieved, Darcy's law may be extended to describe the separate flow of each phase (Bear, 1975).

20 This extension introduces the concept of effective permeabilities, relative permeabilities, and capillary pressure.

21 For each phase, the absolute permeability of Fxtuation A-1 is replaced by the effective phase permeability, and

22 the pressure of Equation A-1 is replaced by the phase pressure. These effective permeabilities are empirically

23 determined by pressure drop and flow measurements. Numerous experiments verify the validity of this extension

24 and suggest that the effective permeability depends on characteristics of the rock, the wettability characteristics,

25 surface tension, the shape of the interface separating the phases, and phase saturation. The effective permeabilities

26 do not appear to depend on fluid viscosities or their specific discharges (Bear, 1975; Scheidegger, 1960). Instead of

27 using effective permeabilities, it is more convenient to refer to relative penneabilities, which are defined for each

28 phase as the ratio of the effective phase permeability to the absolute or intrinsic permeability of the medium

29 (measured when the medium is saturated with a single fluid).

30 A.2.3. Geometry

31 BRAGFLO is developed in terms of a one-, two- or three-dimensional block-centered grid system. In general,

32 the three-dimensional numerical methods are normally based on Cartesian xyz coordinates. The finite difference

33 formulations in BRAGI_O are sufficiently gencral to handle grid block "stretching" (variable grid spacing) in the

34 directions of flow, as well as variable grid thickness or cross-sectional area in directions normal to flow. In
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1 addition, the coordinate system may be rotated in three-dimensional space, with respect to the direction of gravity

2 resulting in the generalized case of gravity components in each of the coordinate directions.

3 Because of these generalities, many geometries may be considered. Some of these include the following:

4 • Cartesian geometry (one-dimensional linear vertical, horizontal, or inclined flow; two-dimensional planar

5 areal sweep, vertical or inclined flow; three-dimensional flow),

6 ° Cylindrical geometry (two-dimensional axisymmetric cylindrical geometry with axis of symmetry oriented

7 parallel, normal, or inclined to tile direction of gravity),

8 ° Spherical symmetry, and

9 • Non-Cartesian geometry (variable grid thickness and cross-sectional areas normal to flow).

10 To model in axisymmetric cylindrical geometry or spherical symmetry requires only an external

11 transformation to obtain the equivalent Cartesian grid block sizes required for BRAGFLO. For example, consider

12 the two-dimensional convergent flow toward a well in radial coordinates r and z (Figure A-l) (symmetry is

13 assumed in the angular direction, 0).

r_._.ss42._4vs-

15 Figure A-1. Schematic representation of an axisymmetric cylindrical model.
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1 If the coordinate transformations of x(x,z)= r, y(x,z)= 2r_r and z(x, z)= z, then an equivalent Cartesian

2 system of the cylindrical geometry is defined. In the Cartesian system, flow is in the x and z directions. The

3 length in the non-flow or symmetric direction, y, varies with x and accounts for the increase in cross-sectional area

4 (normal to radial flow) with radial distance from the weil. The transformation ,arejustified by the equivalence of

5 the volume integration in tile two coordinate systems. An arbitrary function of r and z, f(r, z) is integrated over

6 the cylindrical element volume as

Zk+I Xi+ I 21l"

7 F = _ _ _ f(r,z)r dO dr dz (A-2)
zm ri 0

8 When the above transformations are defined, Equation A-2 is identical to the integration in Cartesian coordinates

9 carried out below:

Zk+ 1 xi+ 1 2_r

10 G= _ _ _g(x,z)dxdydz (A-a)

zk x i o

11 Therefore, the conver ion from radial geometry to the BRAGFLO Cartesian formulation requires only setting the

12 mesh width (y) of e, 'h grid block equal to the circumference of a circle passing through the center of that grid

13 block.

14 The way in which grid block sizes may vary is not arbitrary and depends on restrictions concerning grid block

15 connectivity and interface cross-sectional areas. In BRAGFLO, two criteria determine valid grid block stretchings.

16 First, grid-block stretchings are confined to certain directions dependent on the dimensionality of the flow. For

17 example, in one-dimensional flow, the length of ali grid blocks (Ax, Ay, and Az) may vary in the direction of

18 flow. In two-dhnensional flow (x ,andy directions), the length Ax can vary only in the x-direction while the length

19 Ay can vary only in the y-direction. For three-dimensional flow, the length of the grid blocks can only vary in

20 the direction of flow coincident to their respective orientations. That is, Ax varies only in x, Ay varies only in y,

21 and Az = varies only in z. The re,'tsons for these restrictions arise when determining appropriate averages for flows

22 across block interfaces, given values evaluated at the centers of adjacent blocks. Secondly, grid block sizes may

23 vary only in a way that results in a one-to-one connectivity between grid blocks in each direction starting from

24 the origin. Grid block stretchings that violate only the first criterion may or may not be physically valid and are

25 acceptable by BRAGFLO, although a warning message alerts the user to possible problems. Stretchings that

26 violate criterion two above will not run. The grid patterns of Figure A-2 (a, b, and c) depict grid stretchings in

27 one, two, and three dimensions, respectively, which are consistent with both criteria above.

28 The reason that some violations of the first criterion above present problems is that they may require

20 restrictive assumptions concerning the average cross-sectional area between adjacent grid blocks for calculating

30 interblock transmissibilities, flow rates, and velocities. The reason violations of the second criterion are not

31 acceptable is because they are inconsistent with the bookkeeping assumed in BRAGFLO Ibr mapping the

32 coordinates of the grid bh)ck centers from their spatial positions to their locations in the numerical space.
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1 A.2.4 Derivation of Flow Equations

2 The derivation of the flow equations begins by consideration of mass conservation in a differential volume

3 element. The derivation will initially be pre_nted for one-dimensional compressible flow and then generalized to

4 other dimensionalities. The derivation is generalized to allow for the cross-sectional area normal to flow to vary

5 in the direction of flow.

6 Consider the mass conservation of a single component in a two-phase system about the control volume

7 depicted in Figure A-3.

qr?

,<x>- i ,, ,,

8
x x+Ax

TRI-6342-210 I-0

9 Figure A-3. Control volume for derivation of flow equations.

10 Flow is in the x direction across a length At. The cross-sectional m'ea normal to flow varies with x

11 as A(x)= Ay(x),,Az(x). Therefore, the cross-section ,areas at the left bound_y and right boundary are

12 Ay(x) • Az(x) mid Ay(x + &x) • Az(x + Ax) respectively. The mass flux entering the element at the left face is

13 J(x), while the m_,_s flux leaving at the right face is .l(x + z_). Included in the mass balance are terms for mass

14 rate Hf injection (pcr unit volume of reservoir) due to wells, q, and chemical reaction, qr. We also acknowledge

15 that the density _md saturation of the component, as well _L'_the porosity of the reservoir, may change with thne.

16 The m_L,_sconservation equation simply .,,tales thai

17 Irate inl - [rate outl + Irate injected] + [rate rcactcdl = [rate accumulatcdl (A-4)
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1 The rate at which mass enters the element from the left boundary is

2

3 llle rate at which mass exits the element at the right bound,'u'y is

4 ](x+ax).ay(x+ +

5 The rate at which mass is injected or produced by or from a well into the element is

m

6 qoAyoAzoAx=qoA o_,

i

7 where A is an average value of the product of Ay and Az across the block length Ax, the volume of the block

8 being Ay • Azo Ax.

9 Similarly, the rate at which mass is reacted in the element is

m

10 qr*AY"Az°Z_=qr oA oAx

1 1 The rate at which mass is accumulated in the element volume is

12 _- ,

13 because #, _ • S • A Ax is tlm mass contained in the element. The bars signify an average of the value in the

14 element. We have assumed that the size of the element does not change with time.

15 The statement of component mass conservation (Equation A-4) is written as

16 ['IxAyAz]x -[ 'Ix AyAz]x+ _." + [q A--'_Ar] + [qr A.----_Z_]= A--_zAx _-(_,_,_) (A-5)

17

18 Dividing Equation A-5 by Ax gives

19

-[,lxAyAz ]x+,_r+ [Jx AyAz]x + [q&_--_z]+ [qr A--_Z] = _ c?(_S') (A-6)20 Ar " o3t

21

22 II"we define a derivative to be

23 _f(x_._._)= lim f(x+Ax)-.f(x)
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1 then in this limit, the differential form of the component mass conservation equation is

a(J:y z) a( ps)2 _-qAyAz + qrAyAz = AyAz _ (A-7)& o7

3 where we have noted in the lhnit as Ax _ 0 that Ay-"_ _ Ay(x)Az(x), _ _ p(x), $ _ _(x), and S _ S(x).

4

5 Following a similar procedure in considering two-dimensional and three-dimensional flow results in the

6 following differential forms of the comlxment mass conservation equations:

7 Two-dimensional form:

8 _ + qAz + qrAz = AZ (A-8)Ox Oy at

9 Three-dunensional form:

10 + q + qr = _ (A-9)& ey az

11

12 We have generalized to allow flux in the y and z directions, Jy and ,Iz respectively.

13 If Equations A-7, A-8, mid A-9 are compared, the differential component mass conservation equations may be

14 generalized for arbitrary dhnensionality as follows:

15 -V . tr2 + ot(q + q r) = ot tg(q)pS......_) (A-10)
at

16 where tx is a geoinetric factor and depends on dimensionality as follows:

17

la one dimension: a(x,y,z)= Ay(x)Az(x),

19 two dimensions: or(x, y,z) = Az(x, y),

20 three dimensions: o_(x, y, z) = 1,

O(_'y ) _(ot,Jz )21 and V • a:7 is shorthand lor _(_Ix..-_)+ I -t
ax ay az

22 lt is importm_t to note that, in gener_d, o_varies spatially mid, therefore, rem_fins inside the above deriwltivc terms.

23 In two-dimensional flow. ,Iz is zero, and in one-dimensional llow, both .ly mid .Iz are zero.
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1 Equation (A-11) is written for one component. In multicomponent systems, the mass of each component

2 must be conserved. This results in multiple conservation equations (one for each componen0 shnilar to Equation

3 A-li.

4 Tile development leading up to Equation A-11 assumed thai tile component exists irl one phase because its

5 mass is assumed equal to the product _pS. We now relax this assumption and write the two mass conservation

6 equations for a two-phase, two-component system in which each component may be distributed between each of

7 the phases. Such conditions arise when gas dissolves iri liquid or liquid vaporizes into gas.

8 For convenience and generality, tile two phases will consist of a wetting and a non-wetting phase denoted by

9 lowercase w and n, respectively. The two components will be distinguished according to wetting and non-wetting

10 and denoted by uppercase W and N. We recognize that wettability is a characteristic of the phase and not a

11 component property. 1lie nomenclature "wetting component" is used to indicated that this component in general

12 dominates the wetting phase and similarly for the non-wetting component.

13 Component concentrations are required when a phase may consist of more than one component. Define CIi

14 as the mass fraction of the lth component in the jth phase. Using the above nomenclature, four concentration

15 terms can be defined for the general two-component, two-phase system: CNw, CWw, CNn, and Cwn. Because ali

16 the mass in a phase must come from tile two components, then the component concentrations in each phase are

17 related .'ts

18 CNw + Cww = 1.0 and CNn + CWn = 1.0 (A-II)

19 With the above concepts and nomenclature defined, Equation A-10 is applied to both the wetting and non-

20 wetting components as follows:

21 Non-wetting component mass balance:

22 -V , o_N +a(q N + qrN ) = ez-_ (¢PnSnCNn + CPwSwCNw) (A-12)

23 Wetting component mass balance:

24 -V • et.iW + et(q W + qrw ) = et _ (_PnSnCWn + ¢PwSwCWw ) (A-13)

25 Comparison of Equations A-12 and A-13 with A-10 shows that ,aside from the addition of some subscripts, the

26 major differences come from allowing for the possibility of component mass in tile element volume to be

27 distributed between the two phases. For ex_unple, in the wetting component mass balance (Equation A-13), the

28 first term in the time dcrivative, Op, S, Cw, is the mass of the wetting component distributed to the non-wetting

29 phase in the element volume. The sccCmd tcnn in the time derivative, dpp,,,SwCww is the mass of the wetting

30 component distributed to the wctting phase in the element volume.
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1 The component mass flux vectors .IN and ]W consist of contributions from both phases. "File flux can be

2 expanded and written to account for these contributions as follows:

3 ]N = CN,,P._, + CNwPw_'w (A-14)

4 1W = Cwnp,,_, + CWwPwVw . (A-15)

5 _7n and Vw are tile superficial velocities for the non-wetting and wetting phases, respectively.

6 So far in this development, no assumptions have been made concerning the velocities or their relationships to

7 pressure or Ix)tential. In BRAGFLO, D_u'cy's original law, extended to multiphase and multidimensional flow and

8 accounting for gravity and capillary forces, relates superficial velocities to potential.

9 As mentioned in Section A.2.2, when two immiscible fluids occupy the pore space, they become separated by

10 an interface. The curvature and surface tension of this interface produces a pressure difference called the capillary

11 pressure. This capillary pressure has been experimentally observed to vary with saturation. In BRAGFLO, the

12 capillary pressure is defined by Equation A-16 as the difference between non-wetting phase pressure and wetting

13 phase pressure.

P (Sw)=P.- Pw

15 Assuming each phase pressure is partially responsible for the flow of only that phase, Darcy's law in

16 differential form becomes

17 _, =- _-_-_(VP.-p,,gVD) (A-17)

18 V,,,- Kw (VPw - pwgVD), (A-18)
.L/w

19 where g is the gravitational constant of acceleration and D is the depth, whiclr, may vary spatially with ali three

20 coordinates.

21 In Equation A-17 and A-18, Kn and Kw are the effective permeabilities to flow for each phase. Unlike the

22 absolute permeability of a porous medium in Darcy's original law that is independen! of the ,"lowing fluid (except

23 for gas at low pressures), the effective permeability depends on the ch,'u'acteristics of the rock and fluid and has

24 been cxperhncntally observed to vary with the type and ,'unount of fluid present (i.e., to vary with saturation).

25 Instead of effective permeability, it is more common to encounter relative permeabilities in the reservoir literature.

26 The relative permcabilitics arc defined as the ratio of the effective permeability of a phase to the absolute

27 permeability (or single fluid permeability) of the l_rous medium.

k"
28 km = --__.R.n (A-19)

K
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1 krw = K_....._v (A-20)
K

2 The dependence of capiihu'y pressure and relative permeability on fluid saturation is described in more detail in

3 Volume 3, Section 2.3.1 of this report.

4 Substitution of Equations A-14, A-15, A-17, A-18, A-19, and A-20 into A-12 and A-13 results in the two-

5 component mass conservation equations, A-21 and A-22.

-V ,[ OtCN''p''kmK (VPn - p,,gVD)-_ °tCN",Pwk"wK (VPw - pwgVD)l+ ot(q N + qrN )
L P,, Pw J

6 (A-21)

,9 S= ,,cN,,+

[ °tCw"'p",k"'K(vPw-P",gVD)] +°t(qN+qrN)
-V • aCw"P"k"K (VI-',, - p,,gVD) +

p,, It.,

7 (A-22)

= +

8 E,quations A-21 and A-22, along with A-I 1, A-16, and the phase saturation constraint, Equation A-23, form

9 the system of equations solved simr.ltaneously in BRAGFLO.

10 Sn + Sw = 1.0 (A-23)

11 The constraint on saturation simply states that ali of the pore space volume is occupied by the fluid phases.

12 The absolute permeability that appears in Equations A-21 and A-23 is directional and may be in general

13 viewed as a second-order tensor. When the permeability of a porous medium depends on direction, the medium is

14 characterized as being _misotropic. In BRAGFI,O, the anisotropic porous medium is assumed to be orthotropic

15 with the three orthogonal axes of the medium being aligned with the three coordinate axes. The off-diagonal

16 elements of the permeability tensor are zero for an orthotropic porous medium. The diagonal penneabilities are

17 Kx , Ky, and Kz. Some pre-processing of permeability data may be required if the data is taken in directions not
18 aligned with the model's coordinate axes.

19 Assuming file concentrations and ali of the physical properties of the fluids ,and the porous media are defined,

20 the system of equations defines the spatial and tempond variation in the four dependent variables Sn, Sw, Ph, and

21 Pw. "lhc saturation constraint (Equation A-23) and the definition of capillary pressure (Equation A-16) are used to

22 eliminate two of the dependent variables.
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Derivation of Flow Equations

1 Theoretically, any two of the variables may be eliminated from the system, leaving two primary dependent

2 variables. Some combinations may be numerically more advantageous than others. Selecting both phase

3 pressures as primary dependent variables is not appropriate because saturation would then be obtained from the

4 capillary pressure dependence on saturation, which may not be defined below residual saturations or capillary

5 pressure may not uniquely specify a saturation.

6 In BRAGFLO, the prim_u'y dependent variables are selected as Sn and Pw. Sn is aligned with the non-wetting

7 mass conservation partial differential equation (Equation A-21), while Pw is aligned with Equation A-22.

8 Equation A-23 determines Sw from Sn, and Equation A-16 is used to obtain Pn once Sw and Pw are known. No

9 fundamental difference w_,; observed when the primary dependent variables of Pn and Sw were used during simple

10 test problems. Nevertheless, the current BRAGFLO formulation assumes Sn and Pw as primary dependent

11 variables.

12 A.2.5 Initial and Boundary Conditions

13 Sn, Sw, ,On,and Pw

14

15 Specification of boundary and initial conditions is required to comple'.e the formulation. Upon examination

16 of Equations A-21 and A-22, it is evident that they are second-order with respect to non-wetting phase pressure

17 (Ph) and wetting pha_ pressure (Pw). Thus, two boundary conditions are required Ibr each phase pressure in each

18 dimension (two for Pn and Pw in x, two lhr Pn and Pw in y, and two for Pn and Pw in z). BRAGFLO handles

19 boundary conditions in a way that typifies reservoir models; thai is, the reservoir of interest in enclosed by a

20 boundary across which there is no flow in the direction normal to it. Mathematically, these types of conditions

21 are Neumann boundary conditions in which the normal derivative of pressure to the boundary is zero. In

22 BRAGFLO, this is accomplished by assigning a zero value to the normal transmissibilities along each of the

23 boundaries Ibr both tile gas and brine phases.

24 Through the use of wells, BRAGIq.O has the capability to override the no-flow conditions. By locating

25 pressure-constrained or flow-constrained fictitious wells along the lx_undaries, fixed pressures along the boundary

26 or non-zero flow into or out of the reservoir across the i'x_undary can be approximated.

27 No-flow boundary conditions may occur on two types of boundaries: one is the physical boundary of the

28 reservoir being modeled; the other is along a line of symmetry. An implicit assumption in the use of no-flow

29 boundaries is that the bound_uies are located lar enough away from the wells or other regions of interest that the

30 boundaries exert negligible influence on the flow behavior in the reservoir over the duration of simulation time.

31 A number of variables and properties must bc specified at time t = 0. These initial conditions consist of: (1)

32 the two dependent variables _digncd with Equation A-21 and Equation A-22 (S,z and Pw), (2) the reservoir

33 properties of porosity and the directional permcabilitics, and (3) the concentrations of metal and cellulose. These

34 variables must be specified throughoul the simulation w_lume and along the boundaries. Ali other material

35 properties (fluid and rcscrwfir properties) must also bc specified; however, properties such as relative
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1 permeabilities, capillary pressures, densities, viscosities, dissolved gas, etc., are functions of the previously

2 specified dependent variables and are c_dculated ill BRAGFLO.

3 A.2.6 Numerical Solution Techniques

4 The numerical techniques ill the BRAGFLO flow model are based on a fully implicit finite difference

5 representation of tile nonlinear conservation equations. In implicit methods, tile dependent variable at a particular

6 location is evaluated ,as a function of the current values of its neighbors and the current value of rely coefficients.

7 In explicit methods, current values of the dependent variables are evaluated as a function of previously determined

8 (or past-dated) values of dependent variables ,'rod coefficients, hnplicit methods are inherently more numerically

9 stable compared to their explicit or hybrid (IMPES) counterparts (Fanchi et al., 1982; Camallan et al., 1969;

10 Smith, 1965). The penalty for this increased stability is the increased computational effort associated with the

11 simultaneous solution of tile resulting finite difference analogs of the conservation equations at each grid block

12 center. A complete discussion of numerical solution techniques is provided in tile 1991 perfonn,'mce assessment

13 documentation (see Secdon 5.2 of V_IPP PA Division, 1991).

_4 A.2.7 Benchmark Results

15 BRAGFI_,O has been benchmarked against two other multiphase reservoir codes (BOAST II and TOUGI I).

16 The results of four one-dimensional, radial benchmarks (with/without dissolved gas and with/without gas

17 generation) showed excellent agreement _unong the three codes. Benchmark results are provided in file i991

18 performance assessment documentation (see Section 5.2.2.3 of WIPP PA Division, 1991).

19 A.2.8 Postprocessing

20 BRAGFI..O output has in tile past consisted solely of various distributions_pressures, saturations,

21 interblock, tlows, etc. llowever, deudled analyses of tile results, such as those discussed in the RCRA report

22 (WIPP PA l)cp,-u'tment, 1992) and the 1991 sensitivity analysis report (llelton ct al., 1992), require more detailed

23 output. Ex_unples include extents of gas flow in particular regions (such an the anhydrite layers) and especially

24 numerous integrated quantities, such as integrated flows up intrusion boreholes or flows through drift or shaft

25 seals.

26 Lasl year, these integrations and summary types of c_dculations were done externally to BRAGFLO using

27 CAMCON lX_stprocessing t(x_ls, in particular, ALGEBRA. However, the postprocessors can deal only with &tta

28 in the BRAGFLO output files. Because the quantity of output from BRAGIq.O can be vast, results are generally

29 printed out only every 15 or 20 time steps. For most purposes, this provides an adequate amount of detail.

30 llowever, some of the integrations are done on quantities that can vary extremely rapidly. For example, the rate of

31 brine flow up ml inla'usion borehole can sometimes be very high immediately foilowit_g the intrusion, but last h_r

32 only a few time steps. Assuming thai tile high rate lasts for 15 or 20 steps, rather than just two steps, can

33 seriously overestimate lhc quantity of bridle that flowed up the borehole in that lime period.

A-18



Flow(BRAGFLO)
Postprocessing

1 This shortcoming was corrected in 1992 by performing these integrations internally to BRAGFLO. Ali

2 integrations and summary statistics used in detailed ,analysis of BRAGFLO output are now calculated at each step

3 of a performance calculation. Thus, these results are as accurate as the fundmnental solution quantities calculated

4 in BRAGFLO (brine pressures ,'rod gas saturations). No additional errors are introduced by postprocessing partial

5 results.

6 A drawback to performing these integrations internally to BRAGFLO is that portions of the code become

7 mesh specific. In order to integrate flows up an intrusion borehole, for example, the location of the borehole

8 must be "hardwired" into the code. In addition, quantities that are of interest in one mesh do not even exist in

9 another mesh because the conceptual model differs. To progr,'un the integration and summary calculations to be

10 completely general to enable it to perform on any mesh is not feasible under the PA time constraints. Thus,

11 multiple versions of BRAGFLO currently are used, each one differing only in the number and type of output

12 summary calculations that are done for the particular mesh and conceptual model being used. Ali other internal

13 workings of the different versions are identical.

_4 A.3 Waste Mobilization (PANEL)

15 PANEL's waste mobilization model mathematically computes the radionuclide concentrations in the brine

16 that result from the waste mixing with the brine. This model assumes that the concentrations of ali species are

17 unifo_3n through the waste room, that the concenU'ations of ali species are always in equilibrium, and that

18 solubility limits for a given element ,are allocated among its isotopes on the basis of relative abundance.

19 Radioactive decay based on the Batem_m equations (Section 7.1 of this volume; WIPP PA Division 1991, Section

20 7.2.3) is also utken into consideration. A complete description of the waste mobilization model is provided in the

21 PANEL discussions found in Volume 3 of this report (Section 1.4.4) and in the 1991 performance assessment

22 documentation (see Section 5.3.2 of WIPP PA Division, 1991).
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1 APPENDIX B: SANCHO

2 B.1 Overview

3 SANCHO is a special purpose, finite-element computer progr_un developed at Sandia National Laboratories to

4 solve problems of the quasistatic, large-deformation, inelastic response of two-dimensional (i.e., planar or

5 axisymmetric) solids (Stone et al., 1985). This program numerically solves the general, nonlinear partial

15 differential equations that govern relaxation to equilibrium between stresses and applied loads in a solid body.

7 Because the general equations ,are an underdetermined system, they must be supplemented with constitutive

8 equations for up to three optional material models: a finite strain, elastic-plastic strain-hardening model; a

9 volumetric plasticity model; ,'roda metallic creep model. The material models actually used in the 1992 series of

10 PA calculations ,are described in Section 1.4.7 of Volume 3.

11 SANCHO uses a finite-element method to obtain a numerical solution; the elements are bilinear,

12 isoparzunetric quadrilaterals with consUmt bulk strain. The solution strategy h)r obudning equilibrium includes the

13 use of ,an iterative scheme designed around a self-adaptive, dyn,'unic relaxation algorithm; the iterative scheme is

14 all explicit, central-difference, pseudo-time integration with artificial damping. Because the scheme is explicit, no

15 stiffness matrix is formed or factored _ a feature that caa_reduce computer storage requirements.

16 B.2 Summary of Theory and Fundamental Equations

17 The theory underlying SANCHO is that of tile motion of point-like particles that are imbedded within a solid

18 body V, which occupics a region of three-dimensional space _mdis subject to deformation under tile influence of

19 prescribed body and surface forces. These p,'u'ticles usually occupy the corners or cenlers of elements of a mesh

20 that is placed over the volume V at tile time (t = 0) that deformation begins; the configuration at this time is

21 called the reference configuration and tile position of a particle is specified by its vector of material cc×_rdinates,

22 X. In the reference configuration, the solid body is assumed to be strain free, though not necess,'u'ily stress free.

23 As time increases and the body deforms, the particles move with the material along trajectories denoted by

24 x = _(X,t). (B-l)

25 The vector function _ describes the motion of a particle that suu'ts at X at t = 0; clearly

26 x.

27 lt is tile vector function _ that is the basic dependent variable in problems of this kind because knowledge of it

28 permits graphic visualization of the change in shape of the deforming body. For purposes of computing the

29 dyn,'unics of deformation, however, it is more convenient to view the flow of the p_u'ticles through three-

30 dimensional space as though they were imbedded in a continuous fluid moving with a velocity field,
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3

1 V = _-_(X,I) = n(X O, (B-2)

2 defined for t _>0 and any point x E R-_(notethat x is now an ;u'bia'm'y point in space); this is called the Eulerian

3 point of view.

4 The Eulerian point of view permits the calculation of fl_e true acceleration of an element of mass that is

5 instantaneously located at x: from (B-I) and (B-2) and the chain rule of calculus, it is seen that the true

6 acceleration is .just the material derivative of V,

_N 3v
7 _ = _ + v • Vv (B-3)

dt 3t

8 The fundament_d equation governing the defonnation of the solid b(xly V follows by application of Newtolfs Laws

9 of Motion to an arbitr_u'y clement of mass in volume V (see Malvcrn, 1969 Section 5.3):

dv

10 p d--_=V°T+pb (B-4)

11 where

12 p = m_t,;sdensity (kg/m 3)

13 T= the Canchy sU'ess tensor (kg/m. s2)

14 b = sum of specific body forces (i.e., li_rccs pcr unit mass: usually, gravity; m/s2).

15 The mass density mus_ also satisfy the continuity equation:

16 dp = -p V, v (B-5)
dt

17 SANCIIO was actu_dly designed to solve the equilibrium equations associated with (B-4) and (B-5), i.e., the

18 dyn,'unical equations that apply when Iri and the time rate-of-change of density are small ot zero [but in numerical

19 practice a "quasisultic" approximation is employed that requires the re-introduction of _u'tificial time derivatives

20 having much the same li_rm as the Iclt-hand sides of (B-4) and (B-5)]. The quasistalic approximation to the

21 equations of motion takes the form (Stone ct al., 1985)

22 V • T + pb = 0, (B-6)

23 and allows for three kinds of boundary conditions:

24 1. Jump condition at a cotttact discontinuity defined by some internal surface So; this condition requires that

- ,no 0 o.S o (B-7)
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Summary of Theory and Fundamental Equations

1 where no is the outward unit normal on So, and the (+) and (-) signs on the stress tensors signify respectively

2 values taken on d_e outer and inner sides of SO.

3 2. Traction boundary conditions on some external surface S 1, o1"the form

4 Tonl = S(t) on S1 (B-8)

5 where n I is the outward unit norm_fl on Sl, and S(t) is a prescribed vector function of time.

6 3. Displacement boundary conditions on some external surface $2;

7 _(X,t)=k(t) onS e (B-9)

8 where k(t) is a prescribed vector function of time.

9 Taken alone, equations (B-6) and the boundary conditions (B-7) through (B-9) obviously do not determine

10 stress distributions. In the two-dimensional geometries of the SANCHO code, the stress tensor has three

11 independent components; in matrix notation,

12 T =(tIle,tel t22112)'witht12 =t21'

13 and so ene more relation is needed in order to make a determinate system of equations. The constitutive

14 equations or the sUess-su'ain relations defining the nature of the material under consideration are usually chosen in

15 a way that supplies the required, addition relationships (note, however, that the h_nn of the constitutive equations

16 may vary in space because different kinds of materials may occupy different pmls of the solid b(xly V).

17 The constitutive equations in SANCI IO arc usually expressed as ordin_try dil'ferenti_d equations (ODEs) for the

18 COmlX_nentsof the su'ess tensor or the components of the deviatoric stress tensor,

19 T'-- T-oi: T+pl (B-10)

20 where _ denotes the mean normal stress and p is the mean normal pressure. For ex,'unples of the ODEs

21 governing material models used in the 1992 PA calculations, see Section 1.4.7 oi" Volume 3.
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1 APPENDIX C: SECO FLOW AND TRANSPORT MODEL

2 C.1 Flow

3 SECO_2DH calculates single-phase Darcy flow for groundwater flow problems in two dimensions. The

4 formulation is based on a single partial differential equation for a hydraulic head using fully implicit time

5 differencing. Both confined and unconfined aquifer conditions are simulated. The flow is solved in both a regional

6 and a local grid, each of which is defined independently of the grid that defines the aquifer properties. A semi-

7 coarsening muitigrid solvers is used to increase solution efficiency for large array dimensions. High-order accuracy

8 particle tracking is available for both grids. The codes are written in DEC VMS FORTRAN. The codes are

9 designed specifically for execution on VAX computers operating under the VMS operating system. The guiding

10 philosophy for the SECO codes is to make the problem definition convenient and to facilitate as much as possible

11 the running of grid-convergence tests mad local-area simulations within the larger regional-area simulation. The

12 codes are particularly well suited for testing altenmtive conceptu,'d models for flow and transport.

13 C.1.1 Governing Equation

14 SECO_2DH simulates groundwater flow at regional and local scales within the Culebra Dolomite by solving

15 the following partial differential equation in two dimensions (x,y) in time (t) for potentiometric head, h:

ai,= V.(_h)- Wat16 (C-l)

17 where K is the (tensor) hydraulic conductivity, Ss is the specific storage of the porous material (the Culebra), t is

18 time, and W is a volumetric flux (out of the Culebra) per uni! volume of formation (used to simulate wells or

19 recharge). The principal axes of K must be aligned along the coordinate directions x and y. Ss , K, and W may be

20 functions of (x, y, t). For a derivation of this equation from Darcy's flow and the equation of mass conservation,

21 see McDonald and Harbaugh (1988).

22 C.1.2 Discretization and Solvers

23 ,Equation C-I (or the steady-state version with _h/_t = 0 ) is discretized using standard second-order differences

24 in space and first-order backward (fully implicit) differences in time (McDonald and Harbaugh, 1988; Roache,

25 1976). The fully implicit tune differencing produces unconditional stability for this linear equation, but requires

26 solution of an elliptic equation at each time step. In MODIq.OW and other common groundwater hydrology

27 codes, this linear, elliptic equation is solved by either the two-line successive over-relaxation (SOR) iterative

28 method or by a direct solver. The direct solver is not considered to be practical Ibr realistic grids (sufficiently fine

29 resolution), being excessively sensitive to computer round-off error (especially on VAX-class computers) and very

30 slow. In SECO_2DIt, the solver optiot,s are point SOR, (single) line SOR (e.g., see Roache, 1976), and the
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1 semi-coarsening multigrid solver MGSS2, which was developed at Ecodynamics (personal communication with P.

2 Knapp, Ec(xlynamics Re,arch Ass_x:iates, Albuquerque, NM).

3 The semi-coarsening multigrid solver (MGSS2) is the defimlt option. For very coarse resolution (e.g., a 6x6

4 grid that might be used lk)r development of code enhancements), the ix)tnt SOR solver is fastest, tlowever,

5 MGSS2 results in significantly increased efficiency for problems with fine resolution and strongly varying

6 conductance (due to either hydraulic conductivity variations or highly stretched grids). Further, the MGSS2 solver

7 does not require that the user estimate an optimum relaxation factor, as SOR solvers do.

8 C.1.3 Block-Centered Discretization

9 SECO_2DH has been written with an option flag called MAC to select either the most common block-

10 centered discretization (MAC= 1), with the cell edge coincident with the aquifer edge, or node-centered discrelization

11 (MAC=0), with the cell center (or node) on the aquifer edge. Unless required by a specific study, the default cell

2 configuration is MAC=I. This configuration clearly more accurately locates the aquifer edge for both Dirichlet

13 (fixed-head) and Neumann (fixed-gradient) boundary conditions. For QA purposes, MAC=0 is unsupport_ in

14 SECO_2DIt.

_5 C.1.4 Problem Decoupling

16 ']k) make the problem definition convenient and to fac.;lilate the running of grid convergence tests and local-

17 area simulations within the larger regional-area simulation, the problem definition is decoupled from the

18 computational grid. The aquifer properties are defined on a discrete data base that c,'m be independent of the

19 computational grids. A sequence of grid solutions does not require the user to define aquifer properties point by

20 point in each computational grid; likewise, the regional computational grid is decoupled from the ItR:al

21 computational grid, both in space and time. A number of par,'uneters, including the boundaries of the

22 computational regions, the spatial increments (cell si.zes), the simulation times, and the time steps, are ali

23 decoupled in both space and time. The only requirement is that the local grid-problem domain of definition must

24 lie within the regional grid-problem domain of definition. Likewise, definition of boundary conditions (types and

25 values) and wells (locations and pumping schedules) are decouplcd from the computational grid and are defined in

26 the continuum.

27 C.2 Transport

28 SECO_TP uses a total wtriational diminishing (TVI)) scheme to solve the two-dimensional radionuclide

29 tr_mslx)rt equation in a fractured porous medium (Salari et al., 1992). The TVD scheme employed by SECO_TP

30 uses three-level time differencing and directional splitting to improve accuracy and execution time.

31 An overview theoretical development of SECO TP that follows has been extracted l'rom Sahu'i et al. (1992).

32 A more detailed cxplatmtion is available from Salari ct al. (1992) and the work cited below.
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Transport
Governing Equation

1 C.2.1 Governing Equation

2 The relevant partied differential equation contains advection, dispersion, absorption, source, and decay terms.

3 The radionuclide transport problem consists of N species equations, k = 1..... N :

ack
4 V * [DVC k - VCk ]= CRk ---_+ CRk_.I<CI.-¢Rk_l_.k_lCk_ l - QCk - Fk, (C-2)

6 where the dependent variables are Ck, the concentration of the kth radionuclide. Physical parameters include

7 D(x, t), a 2x 2 hydrexl2al,'unic dispersion tensor (velocity-dependent); V(x), the Darcy velocity; _(x), the fracture

8 porosity; Rk, the retardation coefficient; )_k, the species decay constant; and Ck, the concentration of the kth

9 injected radionuclide. The well injection rate is Q. Detailed physical descriptions of these terms can be. found in

10 Huy',dcom and Pinder (1983) and Bear and Baclunat (1990). A dual-condnutun model requires the additional source

11 term Fk to represent the flux due to the exchange of contaminant between the fracture and matrix domain.

12 Fractm'e flow (single-porosity) and fracture/matrix-flow (dual-porosity) versions of Equation C-2 are presented and

13 discussed in deudl in Volume 3 of this report (Section 1.4.6). The N equations are linear and sequentially couplct:.

14 A general Robin boundary condition is assmned:

ac_
15 O_Ck+ _ = "i' (C-3)

16 on a planar rectangular domain f_. l:or v_u'ious choices of a(x), _(x), and y(x), one may obtain Dirichlet,

17 Neumann, or Cauchy boundary conditions on different portions of tile boundary. The flow field is obtained from
• • -)18 SE(.O_21 H.

19 The two-dimensiotml governing equation is solved using an approximate lhctorization (Fletcher, 1988) with

20 an implicit treaunent of boundary conditions. The convective tcnns are modeled by TVD (Yee, 1987) and the

21 remaining terms by central differencing. Solution of the governing equation is explained in detifil in Salari ct al.

22 (1992).

23 C.2.2 Code Verification

24 The SECO_TI _ code has been applied to test problems and is shown to be accurate for both high and low

25 mesh Peeler numbers. SECO_TP has been verified for temporal and spatial accuracy using the following unsteady

26 equation and its solution, with V = ui:

27 Ct + uCx = (ILUQ_.x + (1TUCyy- g(x,y,t), ((:-4)
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Appendix C: SECO Flow and Transport Model

1 where

2 g(x,y,t)=(x-ut)2+y 2,

3 aad 0 < x < 1, 0 < y < 1. The initial condition is given by

y4l4 C(x,y,O)= l.-LIx4 + (C-5)
12uLOtL

5 The exact solution to Equation C-4 is

l + . (c-6)
6 C(x,y,t)='i-_u (xi,

7 Because the computational domain is finite, the Dirichlet boundary conditions are time dependent and may be

8 obtained from the exact solution.

9 Table C-1 presents the computed solution to Equation C-4 at time = 25 for four different grid sizes and time

10 steps. The magnitude of the coefficients ;tre u = 0.1, (xL = 0.1, and ez,/,= 0.1. Exmnination of the ratio of root

11 mean square (RMS) of errors shows that the overall solution is second-order accurate in time and space.

12 The SECO_TP code has also been benchmarked against exact transport solutions in Javandel ct al. (1984),

13 Tang et al. (1981 ), and Knupp and Salari (1992).

14 Table C-1. Convergence Results, Lrnilbrm Grid

Size Ax Ay RMS RMS Ratio

20x 20 0.05 0.25 7.697E-3

40x 40 0.025 0.125 1.954E-3 3.94

80x 80 0.0125 0.0625 4.921E-4 3.97

160x 160 0.00625 0.03125 1.234E-4 3.99

15
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1 APPENDIX D: CULEBRA TRANSMISSIVITY FIELD SIMULATIONS

2 qhe infornmtion presented in this appendix is exmlcted from LaVenue and R_un,'d_,ao(1992).

3 D.1 Background

4 Efforts to incorporate uncertainty in the Culebra transmissivity field into PA calculations have been

5 somewhat evolutionary. Iii the 1990 PA calculations, the Culebra win; divided into seven zones or regions. A

6 mean transmissivity value and ,an ,'k'_sociatedstandard deviation was ,'tssigned to each zone. By s,'unpling from the

7 distributions associated with each zone, multiple realizations of zonal transmissivity values were subsequently

8 used as input to the flow and tr,'msport calculations. Although computationally elegant, the specification of zones

9 significantly reduces the spatial variability within a given realization because each zone h_Lsa constant value. In

10 addition, large differences in the values assigned to each zone iii a given re_dizalion may occur generating severe

11 step changes in the permeability field.

12 In an effort to improve the transmissivity field used in the 1991 PA calculations, conditional simulations

13 (CS) of Culebra transmissivity fields were prt_uced by conditioning upon the observed tr_msmissivity values and

14 the pilot points which were added in tile LaVenue ct al. (1990) model. The CS transmissivity fields were tiien

15 used ill a groundwater llow model (W1F'P PA Division, 1991). The boundary conditions necessary to reduce the

16 differences between the ob_rved and calculated steady-state heads were then determined. Those realizations that did

17 not meet a minimum error criteria were not considered adequate ;rod were disc;trded. This work resulted in over 60

18 conditiotud simulations that had acceputble fits to the observed steady-state freshwater he_ds. These 60 fields were

19 subsequently used in the calculations by s;unpling on a uniformly distributed variable assigned to each CS field

20 (WIPP PA Division, 1991). The differences between each realization is depicted by a groundwater travel-time

21 cumulative-disuibution function, where travel times r_mge from approximately 10,000 ye_u's to 30,000 years.

22 These travel times are used as an internal diagnostic me;Lsure in the generation of CS transmissivity fields. Travel

23 tunes used in the calculation of Environmental Protection Agency (EPA) nonnalized releases Hf radionuclides to

24 the accessible environment arc calculated using lhc CS transmissivity fields and the SECO flow and transport

25 ctxles.

26 In March of 1991, a geosu=tistics/stochastic-hydrology expcrt panel (GXG) was convened to provide guidance

27 for adequately incorporating the uncertainty of the Culcbra transmissivity field into tile PA calculations. After

28 reviewing the previous work, the GXG had several concerns reg;u'ding the approach taken in LaVenue ct al.

29 (1990). One of the principal concerns raised by lhc (]XG panel members related to the subjectivity inherent in the

30 manual calibration approach, l:or example, the model was calibrated in a piecewise fashion by sequentially

31 selecting regions tr) be calibrated, instead of calibrating tile whole model area at tile s_une time. The model w,'ts

32 sequentially calibrated in the northwest (upgradient) region, southwest region, southern region, and central region

33 or WIPP-site boundary ;u'ea. As mctitioned in the 1990 study, the regions upgradient and downgradient from the

34 WIPP-site area were calibrated prior to making any changes within the WIPP-site boundary. This approach was

35 employed iii order to reproduce the regional hydraulic gradients across tile northern and southern WIPP-site

36 boundaries; it is amdogous lo producing a rcgicmal llow modcl to provide boundary conditions for a loc;d scale
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Appendix D: Culebra Transmissivity Field Simulations

1 model. The GX(; panel wondered whether there would be m_ymajor differences in tile calibrated transmissivity
2 lield had tile entire mexlel_u'eabeencldibraled al the same lime.

3 Several recommendations were proposed by the GXG panel members and me described in det_dl in G_dlegos

4 (1992). One oi" their recommendations included repeating the modeling performed by LaVenue el al. (1990),

5 which included steady-state and transiem rachel cMibration, numerous times, llowever, instead of simply kriging

6 the transmissivities, conditional simulations would be generaled and subsequently calibrated. The conditional

7 simulations would allow for dil'lbrent transmissivity fields to be used as tile initial fields for the mt_el. These

8 fields would initially be conditioned on tile observed transmissivity data only. Subsequent model calibration

9 would then condition each of the conditionMly simulated fields to the observed steady-state and transient heads.

10 Because the GX(i panel also expressed concerns regarding the inallual assignment of transmissivilies lo the pilot

11 points, the approach used in [.aVenue ct ld. (1990) wits _dso enh,'mced to include optimization routines thai were

12 needed to assign transmissivity v_dues to the pilot poims once their location was selected.

13 The present study addresses the unccrtldnty in tile travel thne by embedding tile problem in a probabilistic

14 frmnework. The true transmissivity distribution at the WIPP site is conceptuldized to be one realization of a

15 stochastic process. Accordingly, a htrgc number of re_dizations of this stochastic process, which are very plausible

16 versions of the true transmissivity at the WIPP site, arc generated. This ensemble of realizations is thus used

17 with the groundwater flow lnodel to generate an ensemble of the corresponding travel times. The distribution of

18 tile travel times provides an tmderstanding of the uncertainty. While sevcrld stadstic_d measures can be used to

19 quantify the uncertainty, a complimcntm'y cumulative distribution function (CCI)I:) is ctmunonly used tbr a

20 graphicld display of the tmcert_dnty in travel time.

21 This appcndix dcscribcs tile methodology of this new approach its it is used iii the Culebra system. (A more

22 complete explanation of this new approach and its application is provided iii I,aVenue and RmnaRao [19921.)

23 Seventy c_dibratcd conditiomdly simulated (CCS) transmissivity fields were produced using this approach; these

24 fields are discussed in Scction 2.6.3 of Volume 3 of this report and are presented in Appendix C of Volume 3 of

25 this rcport.

26 D.2 Overview of Methodology

27 The solutitm mcthotloiogy involves the generation of a large mimbcr of random transmissivity fields, each of

28 which is in close agreement with ali tile measured data at the WIPP site. The collected data at file WIPP site is

29 comprised of(l) transmissivity measurcutcnts, and (2) pressure measurements (both steady state and transient

30 state). Conformity between a random transmissivity field and the measured data ix achieved in stages, as described

31 below, l:igure I)- ! presents au overview of tile different steps in this study.

32 l:irst, ulic¢)nditional simulatitms of the WIPP transmissivity fields me generated. These arc random fields,

33 having the same statistical moments (the mean and the variance) and the same spatial correlation structure, its

34 imlicatcd by the Iransmissivity mc;istlrctnenls. (These fields ilcetl nrel, however, match the measured

35 transmissivilics ;li lhc l_walion of their tneasuremctlls.)
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Overview of the Methodology

I

Unconditional
Simulation of

Transmissivities

Conditional Simulations with
Conditional SimulationsObservations and Pilot Point with Observed

Transmissivity Values Transmissivities

Optimization of Pilot Flow Model
Point Transmissivity to Calculate

Values Model Pressures

t
Calculate Adjoint
Sensitivities to _.., No Travel Time
Determine Pilot -" Statistics

Point Location(s) Yes CCDF

, _Ye_ __ l

TRI-6342-3301-0

l:igurc 1)-1. C_dibralion of conditionally simulated transmissivity fields: flow chart.
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1 These transmissivity fields are then conditioned, so thai they honor exactly tile me_t,_ured transmissivities at

2 the locations of their measurements. The resulting fields are c_dled conditional simulations of the transmissivity

3 fields.

4 The conditional simulations of transmissivity field are then further conditioned, such that the pressures

5 computed by the groundwater flow model (both steady and transient state) agree closely with the measured

6 pressures, in a least-square sense. This phase is known as calibration or the solution of inverse problem, and

7 accounts for a large part of the time and effort in this study. When the calibration is completed, one obtains a

8 random transmissivity field that is in conformity with ali the data at the WIPP site, and may therefore be regarded

9 as a plausible version ttf the true distribution of transmissivity at the WIPP site.

10 In this study model c_dibration is done by an indirect approach. An objective function is defined as the

11 weighted sum of the _uarcd deviations between the model ccnnputcd pressures and the observed pressures, with the

12 summation being extended in the spatial and temI_nd domain where pressure measurements are taken. The

13 classical formulation of the c_dibration then requires the minimization of the objective function, subject to the

14 constraints of the groundwater flow equations in the steady and transient state. 'llds approach is implemented by

15 iteratively adjusting the transmissivity distribution until the objective function is reduced to a prescribed
16 minimum value.

17 A common approach to calibration consists in dividing the model dom_dn into a few zones, in each of which

18 the transmissivity is treated as consumt. The iransmissivities in the different zones constitute the par,'uneters to be

19 adjusted in the opthnization process. Clearly, the delineation of zones is a subjective process and dcvesaffect the

20 results of the calibration. Thus, it may become necessary to consider several alternative zonation patterns for

21 calibration. Also, in this approach, unilk_nn tnmsmissivilies are assigned to each zone. This representation may

22 be considered as inadequate, particularly while addressing the issues of spatial variability (within a zone).

23 To avoid the above difficulties of the zonation approach, an approach using pilot points as parameters is

24 adopted here. A pilot point is a synthetic transmissivity data lx_int, that is added to an existing measured

25 tnmsmissivity daul set during the course of c_dibration. A pilot-point is defined by its spatial location and by the

26 tr,'msmissivity value assigned to it. After a pilot point is added to the transmissivity data set, the augmented data

27 set is used to obtain kriged or conditionally simulated transmissivity fields, for a subsequent iteration in

28 c;dibration. With the addition of a pilot point, the transmissivity distribution in the neighborhood of the pilot

29 point gets modified with dominant modifications being closer to the pilot-point location. The modifications in

30 the different grid blocks are determined by kriging weights and are not unifonn (_s in the zonation approach).

31 Conceptually, a pilot point may be viewed as a simple model to effect re_distic modifications of transmissivity in

32 a large region of lhc model.

33 A coupled kriging-and-adjoint sensitivity analysis is used for the location ttf the pilot point; optimization

34 "algorithms are used h_r assigning lhc transmissivily ttf a pilot [xtint. Thus, the pilot-point approach to calibration

35 has been rendered objective, a feature considered very desirable for the WIPP site. Further, a multistage approach

36 has been used in implementing this methodology. This aspect bears simil_u'ity to the dynamic prognunming

37 method of optimization.
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1 D.3 Code Development: An Overview

2 A comprehensive code package h_Lsbeen ,'u_sembledusing many of tile codes already developed ,'rodfrequently

3 used in groundwater flow simulations. "Illey are listed below. For details of tile theory and application of these

4 codes, the following references cited may be consulted:

5 • TUBA, unconditional shnulation of tr,'msmissivity field (Zimmennan ,'rodWilson, 1990),

6 • AKRIP, generalized kriging (Kafritsas and Bras, 1981),

7 ° SWIFT II, modeling pressures (steady and transient state) (Reeves et al., 1986a, b,c)

8 • GRASP II, adjoint sensitivity analysis (steady and transient state) (Wilson et al., 1986; RamaRao and

9 Reeves, 1990), and

10 • STLINE, groundwater travel thne and travel paths (lntera, Inc., 1989).

11 In addition to using the above codes, the following new codes have been developed in the present task. The

12 details of the new codes ,'weprovided in LaVenue ,'rodR,'unaRao (1992).

13 • MAIN---drives the different modules

14 • CONSIM--generates conditional simulations of transmissivity from the unconditional simulations of

15 transmissivity

16 • PILOTL_locates the pilot points based on sensitivity aJmlysis

17 • PAREST--assigns the pilot point tr,'msmissivities by minimization of a least square objective function

_8 D.4 Simulated Transmissivities

19 In the earlier modeling efforts for WIPP (l.aVenue ct al., 1990), kriging has been employed to address the

20 issue of spatial variability in transmissivity. In an effort where only one calibrated field is to be produced, kriging

21 becomes an obvious choice. Kriging provides optimal estimate of the u'ansmissivity at a point, thereby

22 necessarily smoothing out the true variability between measurement points. On the contrary, simulated values

23 reproduce the fluctuation patterns in transmissivity, which may lead to extreme values in travel times. Thus,

24 simulated fields are useful to resolve the residual uncertainty not addressed by kriging.
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1 D.4.1 Unconditional Simulation

2 Ali unconditional simulation of mmsmissivity field is a random field having file same statistical moments

3 0ne,'m mid vm'imlce) and the same spatial correlation structure as indicated by the measured transmissivities in the

4 field. An unconditionally simulated mmsmissivity field is said to be isomorphic with the true field, and is

5 independent of the true field. The following methods have been used e_u'lier in groundwater hydrology for

6 generating unconditional simulations:

7 • nem'est neighbor metlmd (Smith and Schwmlz, 1981; Smith and Freeze, 1979),

8 • matrix decomlx'_sition,

9 • multidimensional spectral analysis (Shinozuka ,'rodJml, 1972; Mejia and Rodriguez-lturbe, 1974), and

10 • turning bands method (Matheron, 1971, 1973; Mantoglou and Wilson, 1982; Zimmerman and Wilson,

11 1990).

12 Itr this study, the turning braids meth(xl has been used. II is an extremely I'IL_,Iand eMcient _dgorithm mid the code

13 TUBA to implement this, is available in public domain.

14 A two-dimensiomd (or a three-dimensional) stochastic process is generated in this meth(xl by the summation

15 of a series of equivalent one-dimensional processes. Figure 1)-2 shows a definition sketch token from Mantoglou

16 and Wilson (1982). The region P show:; a grid of points at each of which the two-dimensional field is to be

17 generated. In p_ulicuhu', consider a point N in the grid where the two-dimensiomd field [Zs(N)] is to be simulated.

18 Consider a p:u'ticular line i, the length along which, from the origin O, is measured by _i. This line is

19 divided in!o a number of intervals (bands), of length A_i, in each of which the one-dimensional process Zi is

20 computed. Let Ni be the projection of the point N onto the line i. Let Zitri) be the one-dimensiomd process in

21 the band containing Ni. Then the two-dimcnsiomd process [Zs(N)] is obtained by summing the contributions

22 from the different lines, by the relation

L

23 Z,,(N) : i:i
, _ , (D-l)

24 where L is the number of lines selected. [.[sually L is between 16aral 20.

25 l.aVenue ct al. (1990) analyzed the WIPP mmsmissivity data and identified the spatted structtlre of the two-

26 dimensiomd transmissivity field. They modeled ii as _ul isotropic process and _t,;an intrinsic random function of

27 order zcro (IRl:-0), with the gcncr, dizcd covariance function (GCF) given by
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TRI-6342-3303-0

Figure D-2. Schemalic representation of the field and lurning bancL_lines (M;mloglou and Wilson, ]982).
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1 k2(r)=-aor (GCF)

2 r = a radial distance (D-2)

3 ao = a constant

4 The subscript 2 denotes a two-dimensional process.

5 If k t (r) is the GCF for ali equivalent one-dimensional process,

(;)6 kt(r ) = - aor. (D-3)

7 The Weiner-Levy process is known to be an IRF-0 process and is accordingly used to generate the line

8 process. The relevant equations ,'u'egiven below.

9 Zi(;)= W(;), 0).-4)

10 where W(_) is the Weiner-Levy Process.

11 W(0) = 0, (D-5)

12 w(;+A;)=w(;)+gv(;), (D-6)

1

14 mid

15 g = 4i2naoA;, (D-S)

16 where U(_) is a unifcwmly distributed random wu'iable.

17 D.4.2 Conditional Simulation

18 An unconditionally simulated transmissivity field, which is made to honor exactly the measured

19 tr_msmissivity at tile locations o1"the measurements, is c_dled a conditionally simulated transmissivity field. The

20 procedure of conditioning is described below.

21 Let Z(x) be the u'ue value (not known) of the field at a l_int x. One may decoml_se Z(x) as below:

22 z(x)= Zok(x)+[Z(_)-Zok(X)], (D-9)
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Conditional Simulation

1 where Zok (x) is the kriged estimate of Z, at x, based on the observed values of Z at the locations of the

2 observations.

3 Here, [Z(x)- Zok(X)] isa true kriging errorand is unknown, since the true valueof Z(x) is unknown, lt is

4 possible to simulate this error.

5 Using the unconditionally simulated values (Zuc) at the locations of the observations (not the actual

6 observations), a kriged field (Zuk) is generated. One may write, using a shnilar decomposition as above,

z,,c(x)= (x)] (o-10)

8 where [Zuc(X )- Zuk(X)] is also a kriging error, and is known and may be called a simulated kriging error. This

9 error is isomorphic with the true kriging error. More importantly, this error is independent of the kriged values:

10 E[Zok(X),{Zuc(Y )- Z,,k(y)}]=O for ali x,y (D-I1)

11 Substituting the known simulated kriging error for the true but unknown kriging error, in Equation D-9, one

12 obtains:

13 Z(x)= Zok(X)+[Ztw(x )- Zuk(X)] (D-12)

14 Equation D-12 clarifies the conditioning step as one of adding of simulated kriging error on a kriged field

15 using the measured data. This step involves kriging twice, once with the measured transmissivities and another

16 time with the unconditionally simulated transmissivities, both at the location of the observations. The

17 superposition of the three different transmissivity fields is graphically illustrated in Figure D-3.

18 The (average) tr_msmissivity of each grid block is obtained here, using Gaussian quadrature. A 2x 2 Gauss

19 point scheme is used for quadrature in each grid block.

20 The conditional simulations constitute the most important input to the groundwater flow model, lt is useful

21 to appreciate the following properties of a conditional simulation (CS):

22 1. The CS field honors the measured values exactly at the measurement locations. This

23 follows from the fact the kriging is an exact interpolator, so that the simulated kriging error is zero at

24 measurement locations and, further, the kriged value from observations (Zok) reduces to the measured

25 value, for the s_une reason.
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Zcs(X) : ZoK(X) + [Zuc(X)-ZuK(X)]

Z(x) [ - Unconditional Simulation v
_" (Z_) Kriged w/Simulation

I "\_ " (ZoK) "_ //'//[

I "_I]X Kriging Error IY/I/ i

= X

XA Xe Xc
© Observations

XA, XB, Xc Location of Observations

TR1-6342-3304-0

Figure !)-3. Conditional and unconditional simulation: relationships.
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1 2. The CS field has the same spatial correlation structure as indicated by the measured

2 data. This follows from an orthogonality property of tile kriging en'ors (Equation D-I 1), which states

3 that the kriging elTors (both true mid simulated) are uncorrelated with rely kriged wdues for stationary field

4 and with generalized increnlents for tile intrinsic fields (Delfiner, 1976; Delhomme, 1979). Accordingly,

5 the addition of simulated kriging error field to a kriged field does not alter the spatial correlation structure

6 of the kriged field, lt may be recalled that the kriged field itself has the s,'une correlation structure as

7 implied by the data.

8 3. The average of many CS fields at a location x, is merely the kriged estimate at x

o

10 4. The variance of many CS fields at a location x is given by the kriging variance.

11 5. The CS fields reproduce the true variability of the field, in contrast to a smoothed

12 field given by kriging.

la 6. The conditioning step introduces a robustness with respect to the features of the

14 reality that are not specifically known or imposed on the (unconditionally)

15 simulated field. This robustness increases with the amount of tile conditioning data.

_6 D.4.3 Computational Options for Simulated Fields

17 The simulated kriging error is rendered zero at ali observation points (see Figure D-4). When a pilot point is

18 added to the observed U'ansmissivity data set, two options exist:

19 • The pilot point may be given tile full status of ali observed data point. Then the simulated kriging en'or at

20 the pilot point is also rendered zero. In tiffs case, the simulated kriged error field varies from one iteration

21 to the other, and needs to be computed at every iteration.

22 • The simulated kriging error is rendered zero only at the observed data point and not at the pilot points.

23 Thus, the pilot points are used to obtain the kriged field using file 'augmented' data. But the simulated

24 kriged error field remains the stone as the initial field through ali tile iterations, lt does not need to be

25 recomputed during the various iterations.

26 While obtaining the kriged field using the simulated data at the me_L,_urementlocations, two options exist:

27 • Assume thai the simulated value (Zuc) has the same errors as tile actual measurements.

28 • Assume that tile simulated value (Zuc) has no errors.
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Appendix D: Culebra Transmissivity Field Simulations

Aquifer Model

Zone of Influence
of Pilot Point

• Transmissivity Measurement Location

P Pilot Point Location

Pilot Point - Schematic
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4
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l:igure 1)-4. Pilo! point: schenmlic.
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Simulated Transmissivities
Validation of Simulations

1 D.4.4 Validation of Simulations

2 For every CS field, the mean and w_riance of the transmissivity ,'u'ecomputed and compared with that of the

3 WIPP data. Also, using file code AKRIP, the generalized covariance function (GCF) of the field is obtained and is

4 compared with that obtained from measured data at the WIPP. A close agreement between the two provides

5 verification that the generated CS field is a plausible version of the reality at the WIPP site. The procedure is

6 repeated for ali the CS fields.

7 A collection of ali the CS fields generated constitutes an ensemble. For any one location in the field,

8 transmissivity values across ali the fields in the ensemble are studied and their mean and variance computed. A

9 spatial distribution of the ensemble mean and variance should closely agree with the spatial distribution of kriged

10 values and kriging variance obtained from the -kriging exercise itself.

1_ D.5 Automated Calibration

12 In an automatic algorithm, it becomes necessary to restrict the number of par,'uneters (to be identifi_) to a

13 small number; this step is called par_uneterization. The zonation approach and the pilot-l_int methodology can

14 both be viewed as two alternative paths Ibr parameterization. As shown above, the pilot-point approach

15 eliminates an inherent subjectivity ill the zonation approach and provides for the most objective inverse algorithm.

16 D.5.1 Objective Function

17 The objective function that is to be minimized in the calibration is a weighted least-square-error criterion

18 function, lt comprises of two components, a model-fit criterion and a plausibility criterion. The model-fit

19 criterion is a weighted sum of the squared deviations between the computed and measttred pressures taken over "ali

20 points in spatial and temporal domains, where pressure me,'t,_urements have been made. The plausibility criterion

21 demands that the calibrated transmissivities be not too l'ar from their prior estimates. A relative weight 11between

22 the plausibility criterion and the model-fit criterion has been used. Iii the present study, due to the nature of the

23 pilot point methodology (de Marsily ct al., 1984), the plausibility criterion is disregarded by setting TI = 0; the

24 code, however, has the capability to use it.

25 Equation D- 13 defines tile objective function in general terms:

L

26 ./(/_) = Zeff)'(k)R-I (k)ep(k) (m()dcl 1"it)
k=l

27 +rl • ct/_'• _U-1 • eu (plausibility), lD-13)

28 where:
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Appendix D: Culebra Transmissivity Field Simulations

1 ,I(L_) = weighted leastsquare(WI,S) cn'or criterion I'unction

el, = {p(k)-Pol,(k)I
2

3 £,, = {u-U,,st }

4 R = c¢wariancc matrix of errors in po/,
5 U = covariancc maUix ofeffors in u

6 tA = vector of paramctcrs( Yp = log i 0 7i_)

7 q = rclalivc weight of the plausibility criterion to lnotlcl fit crilcrio,

8 k = time step number

9 ..p.p(k) = prcssurcsconlpulcd

10 -Poh(k) = pressures observed

11 7" = tnmsposc

12 7p = pilot point transmissivity

13 L = number of time steps.

14 Al'lcr optimal cstimalcs of tj arc obtained, d_c lx_stcrior cowtriance matrix of tile parameters is given by

I, }-1
15 =,,,,P= EST'(k)R-I(k)S(k)+U-1_ (!)-14)

k=l

_[,,,,I,ll,
16 ST(k) =,lacobiatiMatrix L__J

17

18 where P is tile Ix_slcrior covariancc matrix of tile parameters.

19 D.5.2 Parameters of Calibration

20 The pilot-point Iransmissivilics arc the parameters thai arc adjusted for calibration, i lowcvcr, in the

21 mathematical implcmcnlali{_n, lhc h_garilhms (to base 10) of the transmissivitics (and not the Iransmissivity) are

22 trcatcd as panlmclcrs, The calibration parameters arc given by

23 Yi' = i°gi0 7i'

24 where 7i_ is lhc Iransmissivily al a Ifii{_lpoint (suffix p tlcm_lcs pilot point), l:igurc !)-4 ilh|slratcs lhc concepts

25 of pilot points prcscntcd above.
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Pilot-Point Location

1 D.5.3 Pilot-Point Location

2 Pilot points are placed at locations where their potential fi_r reducing tile objective function is tile highest.

3 This potenti_d is quantified by tile sensitivity c_vel'ficienL_(dJ/dY) of the objective function J, with respect to Y,

4 the logaritlun (to ba.,_e10) of pilot-point transmissivity. A large number of candidate pilot points are considered,

5 usu,'dly the centroids of _dl the grid blocks in the flow-model grid. The selected candidate pilot points are ranked in

6 the descending order of the magnitude of their absolute sensitivity coefficients, i.e., Id.I/dYI. The required number

7 of pilot l_fints is chosen from the top of the ranked list of points.

8 Coupled adjoint sensitivity analysis and kriging is used to compute the required derivatives, and the procedure

9 is documented in RamaRao and Reeves (1990). lt is described briefly here.

10 Let P be a pilot l_fint added to a set of N observation points. Let 1_ be the transmissivity assigned to pilot

11 Ix_int P. Kriging is done using Yp, where

12 Yp = lOgl0 "lp (D-15)

13 The "kriged estimate (Y*) at the centroid of a gridblock m, is given by

N

14 Yt,_= Z Yk "Tm,k + Yp *'Ym,p, (D-16)
k=l

15 where k is the subscript for observation point, p is the subscript for pilot point, and ]'m,k and 'Ym,p are the

16 kriging weights for the interpolation point m and data point k and interpolation point m and data point p,

17 respectively.

18

19 When a pilot point transmissivity is perturbed, the kriged transmissivities and, hence, the permeabilities in

20 _dl gridblocks are altered, causing tile objective l'unction ,I to change. Accordingly, using the chaJn rule,

d.l ,_ d,l dEll;

21 "Yd"-'_-= z__cTE.*dYp (D-17)IIi=[ /li

22 where M is the total number of grid blocks in the flow model.

2a I--

dip Ym,p (from Equation 1)-16)
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Appendix D: Culebra TransmissivityField Simulations

dJ _ d,I

1 dyi----_:z_. _l_y,,i,p (l)-IH)/Ii= I /sl

3 Im = Km Pm .L
I_m gu.,

</'--L! =Ill(iii)K,,,_t--L (l)-I_J)
4 dYm dKm

5 where '/'* is tile estimated I='ansmissivily, K* is the cstiinalcd pcrmcabilily, p is l'luid dcnsily, li is fluid

6 viscosity, g is acccleraiioll title Io gravily, b is grkiblock thickness, and m is the subscript denoting gridblock.

7 (;ombiniug l:quations 1)-18and I)- lt)

M
d,/ 0)-20)

8 </r/-_:,,(io)_,_,,,,,,K,,,,udK,,,
,I, = |

9 The scnsilivity cocfficicnl, ¢LI/dKm of lhc objeclive l'unclion wilh rcspccl Io lhc pernmabilily iii a gridhlock

10 ni is oblaillcd by adjoint scnsilivily ailalysis.

11 Adjoint sensitivity analysis provides an extremely fast algorithm, parlicularly when, for a given objective

12 I'unclio=i ,I, the sensitivily ¢ocfl'icicnls arc Io be coinpulcd for a large number of parameters (permcabilitics in

13 thousands of grid blocks, It_ is lhc case here).

14 l.el the groundwater Ilow lni)d¢l be represented by the following inalrix equation:

_s Al2": n=/2"-_+S_" a>.21)

16 where for a fully implicit schclnc tri"liinc inlcgnilion adoplcd here,

17 p = vector of gridbl(_.'k I_l'CSSUl'CS

18 A = C+ B

19 _ = _/A,
20 C = ¢Olidu¢lallCC Iii;ill'iX

21 ,_' = MOi'aliVily Inlilrixiii

22 fn = VOC|Or of,";OIll'CC ICi'IllS

23 Al = I t' - I n-I

24 l = lime

20 li - iinio level (I,2,3 .... !,)
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Pilot-Point Location

1 L = maximum time level of tile simulation.

2 First, an adjoint state vector {X } is obtained by the solution of the following equation:

IT
3 A__n-l= B__n + 0e n j (D-22)

4 where T denotes the trm_sl'_se of the matrix.

5 F_,quationD-22 is solved backwards iii thne, from n = L to n = 1 with

6 __L = 0 (D-23)

o

7 If a i is a generic sensitivity parmneter in the gridblock i, the sensitivity c¢_l'ficient dJ[d(x i is evaluated by

8 the expression:

(/'(Xi- el(xi + E-_nT "L°3_//p -'-'m-°n-I -n=l 0oti ,_ _3(Xi J (D-24)

10

11 ltere, the E,quation D-24 is evaluated with ct i = Ki, the permeability in the ith gridblock.

12 D.5.4 Pilot Points: Transmissivities

13 The U'ansmissivities at pilot points are ,'t,_signedby _munconstrained optimization algorithm and a subsequent

14 imposition of constraints.

15 The optimization algorithm chosen here belongs to a class of iterative se,'u'ch algorithms, lt involves a

16 repeated application of d_e following equation until convergence is achieved:

17 -Yi+I = Y-i+ _i "di, (D-25)

18 where i is the iteration index, d i is tile direction vector, _i is the step length (a scalar), and --Yiis the vector of

19 pm'_uneters to be optimized (i.e., logm'ithms of pilot-point transmissivitics to base 10).

20 "llle steps in the implemenU_tion of this algoritlun are as follows:

21 1. For the selected number of pilot points, chtmse the initi_d estimates of tile p,'u'mneters (Yp = lOglO?p).

22 These m'e taken to be the kriged or the conditionally simulated values in the gridblocks, where pilot

23 points m'e located depending u[x)n the option chosen.
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AppendixD: Culebra TransmissivityField Simulations

1 2. ('ompule tile direclion vector, di , as pcr one of the three algorithms discussed below (i:lelcher-Reeves,

2 Broyden's, or l)avidon-Fletcher-I%well). 'llle direction vector constitutes a direction in the hypcrspace of

3 the parameters, alld advancing along 0its direction, yields new values of the parameters. The step-length

4 [_ delennines the actual advance along this direction.

5 3. Determine the optimal step-length _, which minimizes the objective function. (liow the step length is

6 determined is explained in detail in l,aVenue _mdRamada,ao 11(_)21.)

7 4. tlt_late lhc panunelcrs:

8 -.Yi+ I :Yi+_idi

9 5. hnpose the constraints, as explained in Section D.5.5.

10 6. Check for convergence.

11 7. If convergence is achieved, the optimization ;algorithm is completed, tile pilot points m'e added to the data,

12 _mdexecution of the ro;fin algorithm continues.

13 8. If'convergence is not achieved, Icl i = i + 1, =ultlgo lo Step 9.

14 9. [Ising tile augmented data set. generate a new conditiotml simulation of transmissivity field, derive the

15 corrcspontling pressure field, and recompute the gradient vcctor using the already selected pilot-point

16 legations. (The pilot-point selection proccss will bc skipped.)

17 10. (;o to Step 2.

18 The cede includes three options for the computation of the direction vector d i . They are the ;algorithms due

19 to (1) l:lctchcr-Rccvcs, (2) Broydcn, and (3) l)avidon-Flctchcr-i_owcll (l,uenbcrgcr, 1973; (]iii ct al., 1981; Cm'rera

2.0 _mdNcuman, 1986). (Thcsc options _uc explained in tlctaii in l,aVcnue ;ultl RamaRao [l_m2l.)

2_ D.5.5 Pilot Point Transmissivities: Constraints

22 lt is l_ssiblc that the optimization algorithms may dictate large changes in the panunetcrs and bring about an

23 imprcssive reduction in the objective function. Such recommended largc changes may be viewed as undesirable fi_r

24 several rca,_ons. At any point in lhc field, one can obtain a krigcd estimate of transmissivity and its variance

25 (kriging variance). ()no may construct a confidcncc inlcrval (assuming a normal distribution o1' kriging errors) for

26 the U'ansmissivity. li is reasonable to expect lhc calibrated value to be within the conlidcllce band. A constraint

27 may Ix: imposed 1oachieve Ibis.

28 l:urthcr, situations may exist whclc lhc conlidcnce band may bc large. A large change in lhc parameter

29 value, cvcn ii contained within thc c(ml'idctlce band, can cause a large change in the spatial-corrclati_m structure o1"
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Pilot PointTransmissivities: Constraints

1 the transmissivity field. One of tile objectives in calibration can then be to limit the maximum charge to a

2 specified value, so that the geostatistic_d structure is not altered significantly.

3 Consider tile kth parmneter, whose value is Y/,. (kth element in the vector of parameters, _Y). Then,

AYk,i : (Yk,i+l - Yk,i )

4 = _i * dk,i , (D-26)

5 where i is an iteration index.

6 Constraint 1: The pm'mneter value should lie within the confidence braid.

7 Yk,o - mOyo < Yk,i <;Yk,o + mCyo, (D-27)

8 where the subscript o indicates initi;dly kriged value, based on the measured data only. Thus Yk,o gives the

9 initially kriged value at the location of the k th pilot point, and (_o gives the initially computed kriging variance
10 at the s,'une location, m is the multiplier of the standard deviation, which gives the semi width of the confidence

11 band. If normal distribution is assumed for kriging errors, =rodif 95% confidence levels are desired; m = 2.

12 Constraint 2: The change in rely parmneters must be limited to AYmax .

13 AYk,i < AYmax (D-28)

14 After the optimization, these constraints ,are implemented fi_reach parmneter. In re;dity, only one constraint
15 is active for a pilot-point. Also, in implementation, the optim=d step length computed is reduced if the constraint

16 becmne active, still preserving the direction.

17 D.5.6 Convergence Criteria

18 lt may be noted that there ,are two levels t_l"iteration, designated as inner and outer iterations. An inner

19 iteration relates to the iterations needed to optimize the transmissivities o1"the pilot points. Thus, when an inner

20 iteration is repeated, the pilot-point locations m'e fixed as at the beginning of the sequence of inner iterations.

21 When the convergence of ;u_inner iteration is achieved, the pilot points are added to tile transmissivity data set.

22 This then sets the stage for an outer iteration, l)uring the course of outer iteration, optimal location of the next

23 set of pilot points is done using coupled kriging and adjoint sensitivity analysis. Subsequently, their

24 transmissivities are optimized by a sequence of inner iterations. Figure 1.)-5clarifies these points.

25 lt may be noted that both inner and outer iterations go through ali ph_L,_esof the algorithm, except that inner

26 iterations skip the ph;t,_e of selecting pilot points from a grid o1"cmldidate pilot points.
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i
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Convergence Criteria

1 D.5.6.1 CONVERGENCE CRITERIA: INNER ITERATIONS.

2 1. The performance measure J drops below a prescribed minhnum value (JMIN):

3 J < JMIN (D-29)

4 2. The number of iterations (NITER) equals a prescribed maximum number of iterations, for the inner

5 iterations (ITERMX 1):

NITER _>ITERMX1
6 (D-30)

7 3. The ratio of the norm of the gradient, to the initial-gradient norm reduces below a prescribed value

8 (GRNR):

GRNR

9 II_-I[I-'--r<-(gradient norm ratio)
(D-31)

li-oil

10 4.ThegradientnormHislessthanaprescribedminimum(GRMIN):

12 5. The relative change in objective function is defined, as ,M[J, where AJ is the change in the objective

13 function during one iteration. Iterations ,are terminated if this relative change falls below a prescribed

14 value (RELCJ):

&l
15 _ _<RELCJ (D-33)

J

16 D.5.6.2 CONVERGENCE CRITERIA: OUTER ITERATIONS.

17 Outer iterations are terminated essentially on criteria (1) m_d(2) of inner iterations. They are not repeated.

18
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B. Bower Integration and
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Suite 400 Associate Director, RW-40
Germantown, MD 20874 Office of External

Relations and Policy
US Department of Energy (4) Office of Geologic Repositories
Office of Environment, Safety and Forrestal Building

Health Washington, DC 20585
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C. Borgstrum, EH-25 US Department of Energy
R. Pelletier, EH-231 Attn: National Atomic Museum Library
K. Taimi, EH-232 Albuquerque Operations Office

Washington, DC 20585 PO Box 5400
Albuquerque, NM 87185

US Department of Energy
Research & Waste Management Division
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PO Box E
Oak Ridge, TN 37831
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US Department of Energy (2) US Department of Energy
Idaho Operations Office Dayton Area Office
Fuel Processing and Waste Attn: R. Grandfield

Management Division PO Box 66
785 DOE Place Miamisburg, OH 45343-0066
Idaho Falls, ID 83402

US Department of Energy
US Department of Energy Attn: E. Young
Savannah River Operations Office Room E-178
Defense Waste Processing GAO/RCED/GTN

Facility Project Office Washington, DC 20545
Attn: W.D. Pearson
PO Box A US Bureau of Land Management
Aiken, SC 29802 101 E. Mermod

Carlsbad, NM 88220
US Department of Energy (2)
Richland Operations Office US Bureau of Land Management
Nuclear Fuel Cycle & Production New Mexico State Office

Division PO Box 1449
Attn: R.E. Gerton Santa Fe, NM 87507
825 Jadwin Ave.
PO Box 500 US Environmental Protection
Richland, WA 99352 Agency (2)

Office of Radiation Protection Programs
US Department of Energy (3) (ANR-460)
Nevada Operations Office Washington, DC 20460
Attn: J.R. Boland

D. Livingston US Nuclear Regulatory Commission
P.K. Fitzsimmons Division of Waste Management

2753 S. Highland Drive Attn: H. Marson
Las Vegas, NV 89183-8518 Mail Stop 4-H-3

Washington, DC 20555
US Department of Energy (2)
Technical Information Center US Nuclear Regulatory Commission (4)
PO Box 62 Advisory Committee on Nuclear Waste
Oak Ridge, TN 37831 Attn: D. Moeller

M.J. Steindler

US Department of Energy (2) P.W. Pomeroy
Chicago Operations Office W.J. Hinze
Attn: J.C. Haugen 7920 Norfolk Avenue
9800 South Cass Avenue Bethesda, MD 20814
Argonne, IL 60439

Defense Nuclear Facilities Safety Board

US Department of Energy Attn: D. Winters
Los Alamos Area Office 625 Indiana Avenue, NW
528 3Sth Street Suite 700
Los Alamos, NM 87544 Washington, DC 20004

US Department of Energy (3) Nuclear Waste Technical Review
Rocky Flats Area Office Board (2)
Attn: W.C. Rask Attn: Library

G. Huffman Suite 910
T. Lukow II00 Wilson Blvd.

PO Box 928 Arlington, VA 22209-2297
Golden, CO 80402-0928
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Energy and Science Division New Mexico Energy, Minerals and Natural
Office of Management and Budget Resources Department
Attn: K. Yuracko New Mexico Radioactive Task Force (2)
725 17th Street NW (Governor's WIPP Task Force)
Washington, DC 20503 Attn: A. Lockwood, Chairman

C. Wentz, Coordinator/Policy Analyst
US Geological Survey (2) 2040 South Pacheco
Water Resources Division Santa Fe, NM 87505
Attn: C. Peters
Suite 200 Bob Forrest
4501 Indian School NE Mayor, City of Carlsbad
Albuquerque, NM 87110 PO Box 1569

Carlsbad, NM 88221

New Mexico Congressional Delegation Executive Director
Carlsbad Department of Development

Jeff Bingaman Attn: C. Bernard
U.S. Senate PO Box 1090
110 Hart SOB Carlsbad, NM 88221
Washington, DC 20510-3102

New Mexico Environment Department
Pete V. Domenici Secretary of the Environment (3)
U.S. Senate Attn: J. Espinosa
427 Dirksen Bldg. PO Box 968
Washington, DC 20510-3101 1190 St. Francis Drive

Santa Fe, NM 87503-0968
Bill Richardson

House of Representatives New Mexico Environment Department
2349 Rayburn HOB Attn: P. McCasland
Washington, DC 20515 WIPP Project Site Office

PO Box 3090
Steven H. Schiff Carlsbad, NM 88221-3090
House of Representatives
1009 Longworth HOB New Mexico State Engineer's Office
Washington, DC 20515 Attn: M. Chudnoff

PO Box 25102
Joe Skeen Santa Fe, NM 87504-5102
House of Representatives
2367 Rayburn HOB Environmental Evaluation Group (5)
Washington, DC 20515 Attn: R. Neill

Suite F-2
State Agencies 7007 Wyoming Blvd. NE

Albuquerque, NM 87109
New Mexico Bureau of Mines

and Mineral Resources

Socorro, NM 87801 AdvisoryCommittee on Nuclear
Facility Safety

New Mexico Energy, Minerals and Natural
Resources Department John F. Ahearne

Attn: Librarian Executive Director, Sigma Xi
2040 South Pacheco 99 Alexander Drive
Santa Fe, NM 87505 Research Triangle Park, NC 27709

James E. Martin
109 Observatory Road
Ann Arbor, MI 48109
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WIPP Panel of National Research Council's National Research Council (3)
Board on Radioactive Waste Management Board on Radioactive

Waste Management
Charles Fairhurst, Chairman RM HA456
Department of Civil and Attn: P.B. Myers,

Mineral Engineering Staff Director (2)
University of Minnesota G.J. Grube
500 Pillsbury Dr., SE 2101 Constitution Avenue
Minneapolis, MN 55455-0220 Washington, DC 20418

John O. Blomeke
3833 Sandy Shore Drive PerformanceAssessment Peer Review Panel
Lenoir City, TN 37771-9803

G. Ross Heath
John D. Bredehoeft College of Ocean and
Western Region Hydrologist Fishery Sciences HN-15
Water Resources Division 583 Henderson Hall
US Geological Survey (M/S 439) University of Washington
345 Middlefield Road Seattle, WA 98195
Menlo Park, CA 94025

Thomas H. Pigford
Fred M. Ernsberger Department of Nuclear Engineering
1325 NW 10th Avenue 4159 Etcheverry Hall
Gainsville, FL 32601 University of California

Berkeley, CA 94720
Rodney C. Ewing
Department of Geology Thomas A. Cotton
University of New Mexico JK Research Associates, Inc.
200 Yale, NE 4429 Butterworth Place, NW
Albuquerque, NM 87131 Washington, DC 20016

B. John Garrick Robert J. Budnitz
PLG, Inc. President, Future Resources
Suite 400 Associates, Inc.
4590 MacArthur Blvd. 2000 Center Street
Newport Beach, CA 92660-2027 Suite 418

Berkeley, CA 94704
Leonard F. Konikow
US Geological Survey C. John Mann
431 National Center Department of Geology
Reston, VA 22092 245 Natural History Bldg.

1301 West Green Street
Jeremiah O'Driscoll University of Iltinois
505 Valley Hill Drive Urbane, IL 61801
Atlanta, GA 30350

Frank W. Schwartz
Christopher Whipple Department of Geology and Mineralogy
Clement International Corp. The Ohio State University
160 Spear St. Scott Hall
Suite 1380 1090 Carmack Rd.
San Francisco, CA 94105- 1535 Columbus, OH 43210
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National Laboratories Savannah River Laboratory (3)
Attn: N. Bibler

Argonne National Laboratory (2) M.J. Plodinec
Attn: A. Smith G.G. Wicks

D. Tomasko Aiken, SC 29801
9700 South Cass, Bldg. 201
Argonne, IL 60439 Savannah River Plant (2)

Attn: R.G. Baxter
Battelle Pacific Northwest Laboratory (3) Bldg. 704-S
Attn: R.E. Westerman K.W. Wierzbicki

S. Bates Bldg. 703-H
H.C. Burkholder Aiken, SC 29808-0001

Battelle Boulevard
Richland, WA 99352

Corporations/Members of the Public
Idaho National Engineering Laboratory (2)
Attn: H. Loo Benchmark Environmental Corp.

R. Klinger Attn: C. Frederickson
Mail Stop 5108 4501 Indian School NE
Idaho Falls, ID 83403-4000 Suite 105

Albuquerque, NM 87110
Los Alamos National Laboratory
Attn: B. Erdal, CNC-II City of Albuquerque
PO Box 1663 Public Works Department
Los Alamos, NM 87545 Utility Planning Division

Attn: W.K. Summers
Los Alamos National Laboratory PO Box 1293
Attn: A. Meijer Albuquerque, NM 87103
PO Box 1663, Mail Stop J514
Los Alamos, NM 87545 Deuel and Associates, Inc.

Attn: R.W. Prindle
Los Alamos National Laboratory (3) 7208 Jefferson NE

HSE-8 Albuquerque, NM 87109
Attn: M. Enoris

L. Soholt Disposal Safety, Inc.
J. Wenzel Attn: B. Ross

PO Box 1663 1660 L Street NW
Los Alamos, NM 87545 Suite 314

Washington, DC 20036
Los Alamos National Laboratory

EM-7 Ecodynamics (2)
Attn: S. Kosiewicz Attn: P. Roache
PO Box 1663, Mail Stop J595 R. Blaine
Los Alamos, NM 87545 PO Box 9229

Albuquerque, NM 87119-9229
Oak Ridge National Laboratory
Transuranic Waste Manager EG & G Idaho (3)
Attn: D.W. Turner 1955 Fremont Street
PO Box 2008, Bldg. 3047 Attn: C. Atwood
Oak Ridge, TN 37831-6060 C. Hertzler

T.I. Clements
Pacific Northwest Laboratory Idaho Falls, ID 83415
Attn: B. Kennedy
PO Box 999 Geomatrix
Richland, WA 99352 Attn: K. Coppersmith

100 Pine Street, Suite 1000
San Francisco, CA 941 I I
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Golder Associates, Inc. (3) RE/St'EC, Inc.
Attn: M. Cunnane Attn: J.l,. Ratigan

R. Kossik PO Box 725
!. Miller Rapid C'ity, SD 57709

4104 148th Avenue NE
Redmond, WA 98052 Reynolds Elect/Engr. Co., inc.

. Attn: E.W. Kendall

INTERA, inc. (2) Building 790, Warehouse Row
Attn: J.F. Pickens PO Box 98521

A.M. LaVenve Las Vegas, NV 89193-8521
6850 Austin Center Blvd.
Suite 300 Roy F. Weston, Inc.
Austin, TX 78731 CRWM Tech. Supp. Team

Attn: C.J. Noronha

INTERA, Inc. 955 L'Enfant Plaza SW
Attn: W. Stensrud North Building, Eighth Floor
PO Box 2123 Washington, DC 20024
Carlsbad, NM 88221

Science Applications International Corporation

INTERA, inc. (SAIC)
Attn: W. Nelson Attn: H.R. Pratt
101 Convention Center Drive 10260 Campus Point Drive
Suite 540 San Diego, CA 92121
Las Vegas, NV 89109

Science Applications International Corporation

lT Corporation (2) (2)
Attn: R.F. McK inney Attn: D.C.Royer

J. Myers C.G. Pflum
Regional Office, Suite 700 101 Convention Center Dr.
5301 Central Avenue NE Las Vegas, NV 89109
Albuquerque, NM 87108

Science Applications International Corporation
John Hart and Associates, P.A. (2)
Attn: J.S. Hart Attn: M. Davis
2815 Candelaria Road NW J. Tollison
Albuquerque, NM 87107 2109 Air Park Road SE

Albuquerque, NM 87106
John Ilart and Associates, P.A.
Attn: K. Lickliter Science Applications International Corporation
1009 North Washington (2)
Tacoma, WA 98406 Attn: J. Young

D. Lester

MACTEC (2) 18706 North Creek Parkway, Suite II0
Attn: J.A. Thies Bothell, WA 98011

D.K. Duncan
8418 Zuni Road SE, Suite 200 Southwest Research Institute
Albuquerque, NM 87108 Center for Nuclear Waste Regulatory Analysis

(2)
Newman and Holtzinger Attn: P.K. Nair
Attn: C. Mallon 6220 Culebra Road
1615 L Street NW, Suite 1000 San Antonio, TX 78228-0510
Washington, DC 20036

Systems, Science, and Software (2)
RE/SPEC, inc. (2) Attn: E. Peterson
Attn: W. Coons P. Lagus
4775 indian School NE, Suite 300 Box 1620
Albuquerque, NM 87110 La Jolla, CA 92038
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TASC Shirley Thieda
Attn: S.G. Oston PO Box 2109, RR I
55 Walkers Brook Drive Bernalillo, NM 87004
Reading, MA 01867

Jack Urich
Tech Reps, Inc. (6) c/o CARD
Attn: J. Chapman 144 Harvard SE

C. Crawford Albuquerque, NM 87106
D. Marchand
J. Stikar
P. Oliver Universities
D. Scott

5000 Marble NE, Suite 222 University of California
Albuquerque, NM 871 l0 Mechanical, Aerospace, and

Nuclear Engineering Department (2)
Tolan, Beeson & Associates Attn: W. Kastenberg
Attn: T.L. Tolan D. Browne
2320 W. 15th Avenue 5532 Boelter Hall
Kennewick, WA 99337 Los Angeles, CA 90024

TRW Environmental Safety Systems University of California
Attn: I. Sacks Mine Engineering Dept.
2650 Park Tower Drive, Suite 800 Attn: Neville Cook
Vienna, VA 22180 Rock Mechanics Engineering

Berkeley, CA 94720
Westinghouse Electric Corporation (5)
Attn: Library University of Hawaii at Hilo

L. Trego Attn: S. Hora
C. Cox Business Administration
L. Fitch Hilo, HI 96720-4091
R.F. Kehrman

PO Box 2078 University of New Mexico
Carlsbad, NM 88221 Geology Department

Attn: Library
Westinghouse Hanford Company Albuquerque, NM 87131
Attn: D.E. Wood

MSIN HO-32 University of New Mexico
PO Box 1970 Research Administration
Richland, WA 99352 Attn: H. Schreyer

102 Scholes Hall
Western Water Consultants Albuquerque, NM 87131
Attn: D. Fritz
1949 Sugarland Drive #134 University of Wyoming
Sheridan, WY 82801-5720 Department of Civil Engineering

Attn: V.R. Hasfurther
Western Water Consultants Laramie, WY 82071
Attn: P.A. Rechard
PO Box 4128 University of Wyoming
Laramie, WY 82071 Department of Geology

Attn: J.l. Drever
P. Drez Laramie, WY 82071
8816 Cherry Hills Road, NE
Albuquerque, NM 87111 University of Wyoming

Department of Mathematics
D.W. Powers Attn: R.E. Ewing
Star Route Box 87 Laramie, WY 82071
Anthony, TX 79821
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Libraries Nicolo Cadelli
Commission of the European Communities

Thomas Brannigan Library 200, Rue de la Loi
Attn: D. Dresp B-1049 Brussels, BELGIUM
106 W. Hadley St.
Las Cruces, NM 88001 R. Heremans

Organisme Nationale des Dechets Radioactifs
Hobbs Public Library et des Mati6res Fissiles
Attn: M. Lewis ONDRAF
509 N. Ship Street Place Madou 1, Boitec 24/25
Hobbs, NM 88248 B-1030 Brussels, BELGIUM

New Mexico State Library J. Marivoet
Attn: N. McCallan Centre d'Etudes de l'Energie Nucleaire
325 Don Gaspar CEN/SCK
Santa Fe, NM 87503 Boeretang 200

B-2400 Mol, BELGIUM
New Mexico Tech
Martin Speere Memorial Library P. Conion
Campus Street Waste Management Division
Socorro, NM 87810 Atomic Energy Control Board (AECB)

PO Box 1046

New Mexico Junior College Ottawa, Canada KIP 559, CANADA
Pannell Library
Attn: R. Hill A.G. Wikjord
Lovington Highway Manager, Environmental and Safety
Hobbs, NM 88240 Assessment Branch

Atomic Energy of Canada Limited
Carlsbad Municipal Library Whiteshell Nuclear Research Establishment
WIPP Public Reading Room Pinewa, Manitoba ROE ILO, CANADA
Attn: L. Hubbard
101 S. Halagueno St. Jukka-Pekka Sale
Carlsbad, NM 88220 Teollisuuden Voima Oy (TVO)

Fredrikinkatu 51-53 B

University of New Mexico SF-00100 Helsinki, FINLAND
General Library
Government Publications Department Time Vieno
Albuquerque, NM 87131 Technical Research Centre of Finland (VTT)

Nuclear Energy Laboratory
PO Box 208

NEA/Performance Assessment Advisory SF-02151 Espoo, FINLAND
Group (PAAG)

Time Aiktis
P. Duerden Teollisuuden Voima Oy (TVO)
ANSTO Fredrikinkatu 51-53 B
Lucas Heights Research Laboratories SF-00100 Helsinki, FINLAND
Private Mail Bag No. I
Menai, NSW 2234, AUSTRALIA M. Claude Ringeard

Division de la S6curite et de la Protection de

Gordon S. Linsley l'Environment (DSPE)
Division of Nuclear Fuel Cycle and Waste Commissariat fi I'Energie Atomique

Management Agence Nationale pour la Gestion des Dechets
International Atomic Energy Agency Radioactifs (ANDRA)
PO Box 100 Route du Panorama Robert Schuman
A-!400 Vienna, AUSTRIA B.P. No. 38

F-92266 Fontenay-aux-Roses Cedex
FRANCE
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Gerald Ouzounian TOnis Papp
Agence Nationale pour la Gestion des Dechets Swedish Nuclear Fuel and Waste Management

Radioactifs (ANDRA) Co.
Route du Panorama Robert Schuman Box 5864
B. P. No. 38 S 102 48 Stockholm, SWEDEN
F-92266 Fontenay-aux-Roses Cedex
FRANCE Conny H_igg

Swedish Radiation Protection Institute (SSI)
Claudio Pescatore Box 60204
Division of Radiation Protection and Waste S-104 01 Stockholm, SWEDEN

Management
OECD Nuclear Energy Agency J. Hadermann
38, Boulevard Suchet Paul Scherrer Institute
F-75016 Paris, FRANCE Waste Management Programme

CH-5232 Villigen PSI, SWITZERLAND
M. Dominique Greneche
Commissariat a l'Energie Atomique J. Vigfusson
IPSN/DAS/SASICC/SAED USK- Swiss Nuclear Safety Inspectorate
B. P. No. 6 Federal Office of Energy
F-92265 Fontenay-aux-Roses Cedex, CH-5303 Wtirenlingen, SWITZERLAND
FRANCE

D.E. Billington
Robert Fabriol Departmental Manager - Assessment Studies
Bureau de Recherches G6ologiques et Mini6res Radwaste Disposal R&D Division

(BRGM) AEA Decommissioning & Radwaste
B. P. 6009 Harwell Laboratory, B60
45060 Orl6ans Cedex 2, FRANCE Didcot Oxfordshire OXII ORA

UNITED KINGDOM
P. Bogorinski
Gesellschaft for Reaktorsicherheit (GRS) mbH P. Grimwood
Schwertnergasse 1 Waste Management Unit
D-5000 K/51n 1, GERMANY BNFL

Sellafield
R. Storck Seascale, Cumbria CA20 lPG
GSF - Institut ftir Tieflagerung UNITED KINGDOM
Theodor-Heuss-Strabe 4

D-3300 Braunschweig, GERMANY Alan J. Hooper
UK Nirex Ltd

Ferrucio Gera Curie Avenue
ISMES S.p.A Harwell, Didcot
Via del Crociferi 44 Oxfordshire, OX II ORH
1-00187 Rome, ITALY UNITED KINGDOM

Hiroyuki Umeki Jerry M. Boak
Isolation System Research Program Yucca Mountain Project Office
Radioactive Waste Management Project US Department of Energy
Power Reactor and Nuclear Fuel Development PO Box 98608

Corporation (PNC) Las Vegas, NV 89193
1-9- 13, Akasaka
Minato-ku Seth M. Coplan (Chairman)
Tokyo 107, JAPAN US Nuclear Regulatory Commission

Division of High-Level Waste Management
P. Carboneras Martinez Mail Stop 4-H-3
ENRESA Washington, DC 20555
Calle Emilio Vargas 7
R-28043 Madrid, SPAIN
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A.E. Van Luik Nils A. Kjellbert
INTERA/M&O Swedish Nuclear Fuel and Waste Management
The Valley Bank Center Company (SKB)
101 Convention Center Dr. Box 5864
Las Vegas, NV 89109 S-102 48 Stockholm, SWEDEN

BjSrn Cronhjort
NEA/PSAG User's Group Swedish National Board for Spent Nuclear

Fuel (SKN)
Shaheed Hossain Sehlsedtsgatan 9
Division of Nuclear Fuel Cycle and Waste S-115 28 Stockholm, SWEDEN

Management
International Atomic Energy Agency Richard A. Klos
Wagramerstrasse 5 Paul-Scherrer Institute (PSI)
PO Box 100 CH-5232 Villingen PSI
A-1400 Vienna, AUSTRIA SWITZERLAND

Alexander Nies (PSAC Chairman) NAGRA (2)
Gesellschaft for Strahlen- und Attn: C. McCombie
Institut for Tieflagerung F. Van Dorp
Abteilung fi_r Endlagersicherheit Parkstrasse 23
Theodor-Heuss-Strasse 4 CH-5401 Baden, SWITZERLAND
D-3300 Braunschweig, GERMANY

N. A. Chapman
Eduard Hofer Intera Information Technologies
Gesellschaft for Reaktorsicherheit (GRS) MBH Park View House, 14B Burton Street
Forschungsgel_nde Melton Mowbray
D-8046 Garching, GERMANY Leicestershire, LEI 3 1AE

UNITED KINGDOM

Andrea Saltelli
Commission of the European Communities Daniel A. Galson
Joint Resarch Centre of Ispra Galson Sciences Ltd.
1-21020 Ispra (Varese), ITALY 35, Market Place

Oakham

Alejandro Alonso Leicestershire LEI5 6DT
Catedra de Tecnologia Nuclear UNITED KINGDOM
E.T.S. de Ingenieros Industriales
Jose Gutierrez Abascal, 2 David P. Hodgkinson
E-28006 Madrid, SPAIN lntera Information Technologies

Chiitern House

Pedro Prado 45 Station Road
CIEMAT Henley-on-Thames
Instituto de Tecnologia Nuclear Oxfordshire RG9 IAT, UNITED KINGDOM
Avenida Complutense, 22
E-28040 Madrid, SPAIN Brian G.J. Thompson

Department of the Environment: Her

Miguel Angel Cufiado Majesty's Inspectorate of Pollution
ENRESA Room A5.33, Romney House
Emilio Vargas, 7 43 Marsham Street
E-28043 Madrid, SPAIN London SWlP 2PY, UNITED KINGDOM

Francisco Javier Eiorza Intera Information Technologies
ENRESA Attn: M.J.Apted
Emilio Vargas, 7 3609 South Wadsworth Blvd.
E-28043 Madrid, SPAIN Denver, CO 80235
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US Nuclear Regulatory Commission (2) Peter Grindrod
Attn: R. Codeil INTERA Information Technologies Ltd.

N. Eisenberg Chiltern House, 45 Station Road
Mali Stop 4-H-3 Henley-on-Thames
Washington, DC 20555 Oxfordshire, RG9 I AT

UNITED KINGDOM
Battelle Pacific Northwest Laboratories
Attn: P.W. Eslinger Alan Gutjahr
PO Box 999, MS K2-32 Department of Mathematics
Richland, WA 99352 New Mexico Institute of Mining and

Technology
Center for Nuclear Waste Regulatory Analysis Socorro, NM 87801

(CNWRA)
Southwest Research Institute C. Peter Jackson
Attn: B. Sagar Harwell Laboratory
PO Drawer 285 l0 Theoretical Studies Department
6220 Culebra Road Radwaste Disposal Division
San Antonio, TX 78284 Bldg. 424.4

Oxfordshire Didcot Oxon OX li ORA
UNITED KINDGOM

GeostatisticsExpert Working Group (GXG) Peter K itanidis
60 Peter Courts Circle

Rafaei L. Bras Stanford, CA 94305
R.L. Bras Consulting Engineers
44 Percy Road Rae Mackay
Lexington, MA 02173 Department of Civil Engineering

University of Newcastle Upon Tyne
Jesus Carrera Newcastle Upon Tyne NEl 7RU
Universidad Polit6cnica de Catalufia UNITED KINGDOM
E.T.S.I. C _minos
Jordi, Girona 31 Dennis McLaughlin
E-08034 Barcelona, SPAIN Parsons Laboratory

Room 48-209
Gedeon Dagan Department of Civil Engineering
Department of Fluid Mechanics and Heat Massachusetts Institute of Technology

Transfer Cambridge, MA 02139
Tel Aviv University
PO Box 39040 Shlomo P. Neuman
Ramat Aviv, Tel Aviv 69978, ISRAEL College of Engineering and Mines

Department of Hydrology and Water Resources
C,hislain de Marsily (GXG Chairman) University of Arizona
,Jniversity Pierre et Marie Curie Tucson, AZ 85721
LaboratorAe de Geologic Applique
4, Place Jussieu - T.26 - 5e etage Christian Ravenne
75252 Paris Cedex 05, FRANCE Geology and Geochemistry Division

Institut Francais du Petrole
Alain Galli l & 4, av. de Bois-Preau BP311
Centre de Geostatistique 92506 Rueil Malmaison Cedex
Ecole des Mines de Paris FRANCE
35 Rue St. Honore
77035 Fontainebleau, FRANCE Yoram Rubin

Department of Civil Engineering
Steve Gorelick University of California
Department of Applied Earth Sciences Berkeley, CA 94720
Stanford University
Stanford, CA 94305-2225

Dist- 11



ForeignAddresses Institut fur Tieflagerung (2)
Attn: K. Kuhn

Studiecentrum Voor Kernenergie Theodor-Heuss-Strasse 4
Centre D'Energie Nucleaire D-3300 Braunschweig, GERMANY
Attn: A. Bonne
SCK/CEN Physikalisch-Technische
Boeretang 200 BundesanstaltAttn: P. Brenneke
B-2400 Mol, BELGIUM Postfach 33 45

Atomic Energy of Canada, Ltd. (3) D-3300 Braunschweig, GERMANY
Whiteshell Research Estab.
Attn: M.E. Stevens Shingo Tashiro

B.W. Goodwin Japan Atomic Energy Research Institute
D. Wushke Tokai-Mura, Ibaraki-Ken

Pinewa, Manitoba 319-11, JAPAN

ROE IL0, CANADA Netherlands Energy Research

Esko Peltonen Foundation (ECN)
Industrial Power Company Ltd. Attn: L.H. Vons
TVO 3 Westerduinweg
Fredrikinkatu 51-53 PO Box 1
SF-00100 Helsinki 10, FINLAND 1755 ZG Petten, THE NETHERLANDS

Jean-Pierre Olivier Johan Andersson
OECD Nuclear Energy Agency (2) Swedish Nuclear Power Inspectorate
38, Bouievard Suchet Statens K_irnkraftinspektion (SKI)
F-75016 Paris, FRANCE Box 27106

S-102 52 Stockholm, SWEDEN

D. Alexandre, Deputy Director
ANDRA Fred Karlsson
31 Rue de la Federation Svensk Karnbransleforsorjning
75015 Paris, FRANCE AB SKB

Box 5864

Claude Sombret S-102 48 Stockholm, SWEDEN
Centre D'Etudes Nucleaires

De La Vailee Rhone Nationale Genossenschaft fur die Lagerung
CEN/VALRHO Radioaktiver Abfalle (NAGRA) (2)
S.D.H.A. BP 171 Attn: S. Vomvoris
30205 Bagnols-Sur-Ceze, FRANCE P. Zuidema

Hardstrasse 73

Bundesministerium fur Forschung und CH-5430 Wettingen, SWITZERLAND
Technologic

Postfach 200 706 AEA Technology
5300 Bonn 2, GERMANY Attn: J.H. Rees

D5W/29 Culham Laboratory

Bundesanstalt fur Geowissenschaften Abington
und Rohstoffe Oxfordshire OX14 3DB, UNITED KINGDOM

Attn: M. Langer
Postfach 510 153 AEA Technology

Attn: W.R. Rodwell
3000 Hanover 51, GERMANY O44/A31 Winfrith Technical Centre

Gesellschaft fur Reaktorsicherheit (GRS) (2) Dorchester
Attn: B. Baltes Dorset DT2 8DH, UNITED KINGDOM

W. Muller
Schwertnergasse 1
D-5000 Cologne, GERMANY
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AEA Technology 9300 J.E. Powell
Attn: J.E. Tinson 9310 J.D. Plimpton
B4244 Harwell Laboratory 9330 J.D. Kennedy
Didcot, Oxfordshire OX II ORA
UNITED KINGDOM

D.R. Knowles
British Nuclear Fuels, plc
Risley, Warrington
Cheshire WA3 6AS, 1002607
UNITED KINGDOM
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