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1 INTRODUCTION

1.1 BACKGROUND 

The U.S. Department of Energy's (DOE) third total system performance assessment (TSPA) for 

the proposed high-level waste (HLW) repository at the Yucca Mountain (YM) site is documented in the 

report entitled "'Total System Performance A6sessment-1
99 5: A: Evaluation of the Potential Yucca 

Mountain Repository" (TRW Environmental Safety Systems, Inc.. 1995a). The report, referred to herein 

as TSPA- 1995, presents the DOE performance assessm,,Lt (PA) approach, assumptions, data, calculation 

results and principal conclusions of the evaluation. Overall system performance is quantified in the DOE 

report in terms of both cumulative release and peak dose.  

The technical evaluation contained in TSPA-1995 is distinct from the previous DOE iteration.  

designated TSPA- 1993 (Wilson, et al., 1994), in a number of respects. Perhaps the three most significant 

differences are that the current iteration: (i) incorporates additional site data [e.g., U.S. Geologic Survey 

(USGS) infiltration map]; (ii) considers a variety of design options (e.g., thermal load, backfill, alternative 

corrosion model); and (iii) does not consider disruptive events such as seismicity, volcanism. and human 

intrusion. The current TSPA iteration also includes the extensive use of detailed process and abstracted 

models. New abstracted models have been developed for analyzing: 

"* Drift -cale thermal-hydrologic behavior 

"• Waste package (WP) degradation 

"* Near-field unsaturated zone aqueous flux 

"* Unsaturated-zone flow and transport 

In accordance with the Nuclear Regulatory Commission (NRC) Overall Review Strategy 

(Johnson, 1993), NRC has conducted an audit (or screening) review of the DOE TSPA- 1995 report. The 

results of the review consist of technical concerns developed by the NRC with support from the Center 

for Nuclear Waste Regulatory Analyses (CNWRA). These concerns, which are detailed in Section 1.5, 

formed the basis for discussions at the NRC/DOE Technical Exchange Meeting, May 22-23, 1996. The 

review also identified additional topical areas to be investigated during the detailed review which is 

scheduled to be completed in December 1996. The detailed review will not only include these additional 

areas, but will also attempt to determine and describe the significance to performance of all NRC staff 

concerns. Issues will be investigated only to the extent that they continue to demonstrate significance to 

performance.  

1.2 OBJZCTIVES OF THE AUDIT REVIEW 

The primary objectives of this audit review are thrl•-fold: 

Identify significant differences among the NRC approaches to total system PA and those 

presented in TSPA- 1995

1-1



"• Identify areas for future detailed review and independent analysis by NRC/CNWRA 

"* Contribute to the formulation of strategies for resolution of differences in TSPA approaches 

Achieving these objectives will allow NRC and CNWRA staffs to focus on resolution of 

technical issues in relation to their importance to overall system performance. In addition, fulfilling these 

objectives will provide the basis for early feedback to DOE regarding NRC staff requirements for 

additional supporting information and clarifications necessary to accomplish detailed reviews of DOE 

TSPAs.  

1.3 NUCLEAR REGULATORY COMMISSION KEY TECHNICAL ISSUES 

To more effectively conduct its prelicensing activities, NRC has refocused its regulatory program 

on ten Key Technical Issues (KTIs): (i) Total System Performance Assessment and Technical Integration, 

(ii) Igneous Activity (Volcanism), (iii) Unsaturated and Saturated Flow Under Isothermal Conditions, (iv) 

Thermal Effects on Flow, (v) Container Life and Source Term, (vi) Structural Deformation and Seismicity, 

(vii) Evolution of the Near-Field Environment, (viii) Radionuclide Transport, (ix) Repository Design and 

Thermal-Mechanical Effects, and (x) Support Development of the EPA Standard and NRC Regulation.  

Each of the above KTIs encompasses a number of subissues that NRC uses to guide its program and 

resolution of the principal issues.  

These KTIs were identified through a combination of: 

"* Iterative performance assessment (IPA) 

"* A systematic regulatory analysis of the Code of Federal Regulations (CFR) Title 10. Part 60 

(10 CFR Part 60) 

* NRC staff understandings of geologic processes and events relevant to the YM site.  

At present. NRC and DOE have agreed on the potential significance of eight of the ten KTIs. The two 

KTIs where DOE differs with NRC are igneous activity (i.e., volcanism) and structural deformation and 

seismicity.  

Technical activities being conducted within these ten KTIs are providing the bases for 

development of acceptance criteria for compliance determniation, and for interactions with DOE and other 

parties, with the central objective of issue resolution (Federline et al., 1996).  

1.4 REVIEW APPROACH 

The DOE TSPA-95 offers a more compleft and -oF A- - analysis of uIKILted repository 

peFora tha previous TSPAs. In addition, ISPA-95 has built upon the experienwe of prior TSPAs 

and has added more mechanistic processes to help reduce uncertaity. in contrast to prviu audit reviews 

of DOE TSPAs, NRC has selecsed, for this review, very specific topical areas considered to be of key 

importance to the deriaonof total system performance. For this audit review, five primary topics 

were selcted for more extesive evaluation by NRC and CNWRA staffs and are disused within thas report
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SubsysteWm .ynarLti~otR 

* nf ltrationý d Dee1: p-Nrcolartot 

, Groundwater Dilution 

* Calculation of IFempcratu-" ind Relatp W -m Y 

Wastn package Failure Moettes 

Audit review findings concerm2r .'(e .remaining _<,[Is (and subissues) will be evaluated in detail in the 

The five focus topics ,were selected h-hause of their importance to the developing DOE WCIS.  
as well as NRC/CNWRA detcirfnatim o• sagnificaflce to performance from the IPA Program- An 

2 T hefive focuselect Difon •pical areas was to evaluate areas where the NRC and 

a a d in e ••.un ctical analyses to independently evaluate DOE's analysis.

CNWRA staffs have per11l w o O .e, -e ..........  

Within these five topica areas, the DOE TSPA methodology presented in TSPA-1995 was 

reviewed with respect to appropriateness of the technical approach (i.e.. conceptual and mathematical 

models). adequacy of the treatment of uncertainties. use of conserative assuid p tionls sufficiency of site 

data. and consistency with previous DOE TSPAs. Supplemental. independent calculations were made by 

NRC!CNWRA staff to the extent feasible through the conjunctive use of simple and detailed process 

models. as well as the NRC IPA Phase 2 Total Performance Assessment (TPA) computer code (Nuclear 

Regulatory Commission, 1995). These audit review analyses are intended to help DOE better understand 

NRC approaches that will be used in compliance determination.  

1.5 REFERENCES 

Federline, M.V., R.L. Johnson, and J.T. Greeves, 'NRCs Refoused PW eiceMansng e ntigh-Level Waste 

Regulatory Program," Proceedings of the High-Level Radioactve Waste Managemet Conference, Las 

Vegas, Nevada. 1996. • " Ws S.... ... c'-mamtslon igh- eve l Wst

yf r te NuclarO CeguD1SSIOD. NUREG- 1
32 3 , REV U, 

Inhnson -R.L., "Overall Review Strategy for the Nuclear tegu N ..........L. r, Nuclear RegttatorYCo isoNU G- 2, E ut,-.

Repository Program,' WasnifgiOii. L?%-,Nuclea Regulatory cogaission "Phase 2 DemonWo of the NRCs Capability to Conduct a 

-Nclea Assesglato for a High-Level Waste RepositorY. Washington, DC, Nucle Regulaor

Commii NUREG- 1T64, Se95- Anluati~fl Of the potential 
. .TOW Sys~ltem Rerformance Assa Rv 1995. An Civilian 

-MW EnW00Wn,. -. ,a ,00e000.0er7f20(0136nce ... 1 , nL as Vegas,Nea, 

V 11wra M•o m]•a d RepN SH""Y 1..,, Q QSa.-

i cwae System s . "Straeg for Waste Conat~e1e• and Isolation for the YucCa 

TRW EnvkEnmiw )'fi_. Safety Systems Inc., Las Vegas, NV, 1995b.  

Mojt~ain Sit," TMW En l Safely 
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2 KEY TECHNICAL ISSUE: TOTAL SYSTEM PERFORMANCE 

ASSESSMENT AND TECHNICAL INTEGRATION 

2.1 SCOPE OF REVIEW 

The portions of TSPA- 1995 relevant to the KTI concerning incorporation of relevant features.  

processes. events, uncertainties in parameters. selection of conceptual models, and prediction of future 

events into an analysis capable of estimating risk to an individual are identified in Table 2-1.

Table 2-1. Totai System Performance Assessment 1995 scope of review for the Key Techlmcai Issue: 

Total System Performance Assessment and Technical Integration
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Table 2- 1. Total System Performance Assessment 1995 scope of review for the Key Technical Issue: 

Total System Performance Assessment and Technical Integration (cont'd) 

j Section Title 

10.6 Recommended Development, Substantiation, Documentation, and Testing of Process 

Level Models to be Used in Future TSPAs 

10.7 Conservative and Nonconservative Factors Influencing the Predicted Results 

10.8 Future TSPA Activities 

2.2 AREA OF CONCERN: SUBSYSTEM ABSTRACTIONS 

2.2.1 Description of the Total-System Performance Issue 

Overall repository performance is presently quantified in terms of a complementary cumulative 

distribution function (CCDF) plot of total radionuclide releases (at 5 kin) to the accessible environment 

(over 104 yr). DOE and NRC both utilize TSPA computer codes to assess repository performance.  

Previo-s CCDFs calculated by DOE TSPA codes such as Total System Analyzer (TSA) (Wilson et al..  

19941 and Repository Integration Program (RIP) [Golder Associates, Inc.. 19931 have differed significantly 

from those computed by the NRCICNWRA TPA code [Sagar and Janetzke, 1993]. These differences in 

calculational results are believed to be primarily due to distinct: 

"• Model abstractions of repository subsystems 

"• Parameter ranges and distributions 

"* Underlying and/or bounding assumptions 

In Chapter 9 of TSPA- 1995, a series of CCDFs computed with the RIP code are presented for 

various combinations of heat load, backfdll, infiltration ranges, and alternative thermohydrologic models.  

None of thes CCDF results are explained in terms of causal factors or basic performance indicators (e.g., 

residence time in th EBS, timng of condensate refiuxng, prficle travel tmes thoug fthe unaued 

and satred zones). Thus. determing the cnect anom as. of thee CCDF resufs requies 

Wdpoln- akla-

2.2.2 Description of Department of Energy Approach and/or Position 

in jEpA- 1995, fth RIP compute code (NMier et aL, 1992; Gokler Associates Inc.. 1993) was 

used to estmat toWa releases of radionucikes to the accessibe envinininefL These release weve then 

exrpressedF in leans of CCDF for comparison with the total-system perfoflifl= standards in 10 CFR 

60.112. DOE selected RiP as its total-rsstem pedonnance computer code mainly as a reult ot. 00, Pas 

Sin the application of RIP to radoactive waste disposal systems m ft Unied States and 

a (aH) simplkity of its mathematica modoe, and (iii) computatial efficiency (RW Environm & 

1995).
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TheRicoe-.n o ,&u: • i ' ,m .Y1  a' •epackage behavior and 

raThlc i e R IPas clode OTi EB i).tr i p ay z i i) disruptive e e t, a d 
vbopeo ofet Ae.C w:• .Jisr.J'.u' , driu. ,-owever. was not used in 

TSPA- 1995. The RIP code requires a .a ie ne, s-ete ofo eculation.• win 

TSPA- 1995. the many input parameters were obj~iiied tv I-7 nduct11g a intdseofccuaO wh 

process- level models to gene~a~e simple--s~llslufrface .;odels. In addition, many arbitrary assumptions 

were used in selecting the par, lleter rangeI ard Uistils In TSPA- e995, the assumpt'ors used were 

often not properly justified or si.ppxorted by ,,ilable dtaa. For example, the effective porosity in the 

unsaturated zone wasassuumed to .b ..C`.JO 1 (wilich is irepresentative of fracture porosity) for all strata.  

whereas for the saturated zone.. an .efleciW jl•oi of ?.2 (which is representative of matrix porosity) 

appears to have been assume. N40 ',blaw t assuming a larger porosity for the saturated zone was 

provided: moreover, -&e ,aktvý% . .jns~steflt '0ith porosity values typical of fractured media 

(Domenico and Schw C, • TiYCt - d Waddeý_ 1985). Erickson and Waddell, (1985) estimated 

fracture porosities of the productive zones j2 -the tuft aquifer to range from about IT to 10 

2.2.3 Description of Nucear Regulatory Commission Approach and/or Position 

The NRC jeveloped ,,e TPA ~computer code (Sagar and Janetzke. 1993) for use in its review 

of critical aspects of the TSPAs to be submitted by DOE as part of its viability assessment and license 

application, and in the analysis of issues pertaining to overall performance. The TPA code was first used 

in the NRC IPA Phase 2 to compute the CCDFs for cumulative releases (Nuclear Regulatory Commission.  

TPA consists Of: (i) an executive module; (ii) algorithms to develop vectors of uncertain input 

ysaping from th resecuive statistical distributions; 01i) models that simulate future states 

oarameters by sampnd () mo tha s im..ate internal repository system processes. such as the source term.  
or.cea ..s an (iv) modtels that stmul•,, .. -cotostemne 

and radionuctide transport in the geosphere and the biosphere. The executive module controls the manner 

and sequence in which the modules containing the different models and algorithms within .A are 

executed. The executive model also controls the transfer of data among the various TPA modules- The 

TPA code as used in IPA Phase 2 consisted of the following modules, besides the executive module: 

AIRCOM, CLiMATOa CANT2, C14, DITTY. DRILL01. r)RILL02. FLOWMOD, LHS. NEF RAN, 

SEISMO, SOTEC. and VOLCANO (Nuclear Regulatory Commission. 1995). Of specific interest in these 

calculations is the SOTEC module. SOTEC calculated time- and space-dependent aqueous releases from 

the repository. 
., ,.. h P hs

version of
Thne appmoch used in this audit review of TSPA-9 5 ConSiste Ti APPL apja~ z 

;_~ m~innEr.
I P A in mi e l uu o w - ' b . .. . . .t o f n t o n ( D ) f r m I P A 9 5 

Use a digitized canister lifetime cumulative distribution functioA (CDF) from TSPA-19 9 5 .  

SModify 

the TPA base-ca data input file (used inPA Phase 2) to r e ThPA.9 9 5 data 

to the extent prticable.  

Calculate the CCDFs for radionuclide releases to the accessible enVirmnent for elee 

cases.onpt ft IPA calcuated CCDFs with the correspodin CCDF prested in TSPA- 1995.
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Figure 2-1. Comparison of CCDFs for cumulative release of liquid phase radionudides 

As in TSPA- 1995, it was assumed that a canister failed when the wall was fully penetrated by 

the first pit. The canister lifetime history presented in Figure 5.7-10a of the TSPA-1995 report was 

selected for this analysis. That figure gives the cumulative fraction of failures (by various cormsion 

processes) for various exposure times. The CDF was digitized and a histogram constructed. The canister 

lifetime cuavm was calculated by RIP for the following canister condition thermal load of 83 MUJ/acre, 

high infiltration, backfilL and relative humidity (RH)-dependent corrosion initiation. Two CCDFs 

W uide rp mixtly comp~tfd with IPA compared (see Figure 2-1) with Uth cmepmdg CCDF from TSPA

1995. The CCDFs gemetd by the TPA code utilized (1) the original IPA Phae 2 data set (Aiod Only 

for c=sincy with new waste package design) and the digitized TSPA- 1995 canister lIfe c , and 

(ii) the appmonima 1epreFe-mation of TSPA- 1995 data set and the digitized TSPA- 1995 caner lifetime 

In ft ftt cue, ft TPA (IPA Phase 2 data) CCDF is below the US. rEv Potection 

Agenc (EPA) lmit with mail mmlince mau when=a e CCC t*en from TSPA-1995 (Me., 

calculated wih RIP) is about two oad rs of magnitude below the EPA liiL TMee TPA ckuabm aW 

well with Ue RIP cakmitioos for low tka=eU however, t PA FW n A[-Wudit a WlOgWt httIY of 

lawge r lAses than4 indicated by Uth RIP results. This suggests that so=t of te EPA Phas 2 asymnptiouI 

and sot ubsystel abonrctiom are more consevamie than thse, used in REP. For exuaplC, in ft TPA 

calulatiam it was assumed that once a canmer failed i a gveM zeMW of posuy. all cans 

widi tha zt failed, a mere fcournativ asmuupt thanhat ued in TSPA- 1995. In ft womil came
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(run with[ -jP - l9" data . . & aio'. ,mn,, ' r,: nut overall high releases

than the RIP CCDF.  

The residual differences between: the iT, - .m l~i ,•. •., a *'-" •iny the result of differences 

in abstracted models and conceptual representatio of tht :Ystem. The r-najo; lfferences between the two 

independentlY calculated CCD- and the stiected Cmsf.. from TSPA- 995 ,,,ere hypothesized to be the 

result of different (i) methods for calculating pat'icle tu :1.l times througll•he unsaturated zone. and (ii) 

representations of the hYdrostattigraPhy -of thpa 
rtsctl taveed and saturated t zo es.  

To evaluate the first of these hypotheses, 1he distributions of particle travel tiles were copoputed 

using both TPA and RIP-methods. -These calculations, performed with the MatLab softwae, produced 

CDFs for the particle travel time which are compared in Figure 2-2. The TPA model abstacivonh and data 

-- for the effects of both fracture 'flow (i.e.. fast pathways) and matrix flow behavior, whereas the 

"Ip ...... efft . ...... ft te representation of fracture flow.

RIP model abstraction (and input data) laci• 4u, 
To R I vestigate the second hypOtmeois, the hydrostra1graphic models used in IPA 2 and 

TSPA- 1995 were graphically compared (Figure 2-3). As can be seen from this comparion, the first six 
pathways (i.e.. hYdrostatigrap hic col•lmns hat apply to the high heat load case) of the TSPA-1995 model 

are. in general, much longer than the IPA 2 subzone columnS, In addition, the models differ in that: (i) the 

Topopah Springs unit is subdivided into vitric (TSv) and welded (TSw) componen d in the TSPA 1995 

model and (ii) the Calico Hills nonwelded zeolitic (and low permeability) subunit and the Calico Hills 

non-welded vitric (CinV) subuflt are present in all ten of the TSPA-199 5 pathways, in ,ontrast to the IPA 

2 model, where they are each absent in two othehe seven pathways (subZO(es). The longer path length and 

lower effective conductance of the flow path explains to a large degree the longer particle travel times 

computed in TSPA.-19 9 5 . The absence of short particle travel times or fast pathways in the TSPA-1995 

is believed to be due to three aspects of the RIP particle travel time method: i) matrix diffusion effect 

introduced by the Markovian method, (ii) formulation error in the e of the pore water velocity 

(i.e., Darcian flux should be divided by moisture content rather than effective porosity), and (iii) 

inadequate number of realizations in the process-level simulations used to estimate the effcti, ranges 

of matrix velocities and fraction of fracture flow.  

,) -)A DescriPtion of Likely Effects On Performance . __• ,,,i,,n is critical inl tbA

-The cailatic• of CCDFS that arc both repeS i nce i anSu.df ecn .  

deerztionU of overall repository W-rorflue Audit revie resul .dj.ate sigdnifiW 

STSPA-9 5 calculated CCDFs due to diffýCcC in bused in Rl are less 

getween absRActand modSand conceptual representa•lon of the of systeefetse i 

neral, ft abstracted hodels .. in TPA, leading to an und ate asd a 
-- -. e than thost in(gta -- Of .doseCm~ m o• •.-.••,, n 

aOnsdrvaiov e releases. Comnparison lof Pa9,- and . .caAe-td9 

and n undefre•tliatlon of c..ulates fo 4ii water dose indi•at a sigRSI- .•ay, and ued in dS-5 

calculated rsults (se Append Makovian model of matrix diff• us edn (s 
"-a- -nlatis (sto Appefndx A). 1,-_U - Migration tmres ta may be jusot 
in T V A-&95 tewl- • ide for 10o1g'e radi om -,i

MalCulatio per to Ptxo
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"00 PA 2 Abstraction 

------- TSPA-95 Abstraction 

S 10-1 
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Infiltration Rate 0.5 - 2 mm/yr 
1 0 - 3 f. . ..... I ... . .. .I- .... L | .... -.. . ...  

100 101 102 103 104 105 

UZ Travel Times (yrs) 

Figure 2-2. Comparison of CCDFs for pwrtilde travel-time 

Additional evaluation is needed to My delineate the factors producing the differences in the 

CCDFs and to improve both the NRC and DOE approaches and data sets. The DOE approach needs to 

better reflect the fast paths which are consisment with the hydrogeology of the YM site and with 

intrpretatka of recent chlormi-36 data (Fabryka-Martin et al, 1996). The NRC approach needs to.  

(W utilize an updated representation of the hydetigmpby. (ii) utilize regular disc-eftIi m aid 

(iii) examine the possibility that assumptions associated with canier falures in repositoy subzomes.
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3 KEY TECHNICAL ISSUE: UNSATURATED AND SATURATED 

FLOW UNDER ISOTHERMAL CONDITIONS

'_1 SCOPE OF REVIEW

The portions of TSPA- 1995 relevant to the KTI concerning the characterization of unsaturated 

and saturated flow (liquid and vapor phase) at YM under ambient isothermal conditions are identified in 

Table 3-1.  

Table 3-1. Total System Performance Assessment 1995 scope of review for the Key Technical Issue: 

Unsaturated and Saturated Flow under Isothermal Conditions

3.2 AREA OF CONCERN: INFILTRATION 

3.2.1 Description of the Total-System Performance Issue 

Tba dmfusrtnl of percolatio f ha as Kientifid im rPA- 1995 (MRW WPiWf~ltlSSiS 

Inc., 1995, Omapar 10) as the primarY site dbaraceli~atkXf issue, d to ciomsý W4*M an 

e.pdati. . ad dilonnd de MtnsPt rates tho0 • t. unsa_ ated m Insafiltrion rates are assmed.  

to control percolation flxes and t two concepts can be used synony, ouslY w-hen Blow In te 000dtt 

t is essentiallY steady state and vertical, so thmat vertical pemlation fu, is he same at every depth.
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Infiltration and deep percolation calculations presented in Chapter 7 of TSPA- 1995 lack 

defensibility because of: 

* Unsupported assumptions made in abstracting process-level matrix and fracture flow 

velocities, and a flow partitioning factor. into probability density functions (PDFs) 

• Fracture-flow velocities not adjusted for water saturation level 

• Poor correspondence between the statistical behavior of process-level calculations and 

abstracted calculations 

The degree of conservatism incorporated in the infiltration and deep percolation calculations 

presented in TSPA- 1995 is presently unclear 

3.2.2 Description of the Department of Energy Approach and/or Position 

In TSPA- 1995, percolation fluxes are used for two purposes: (i) estimation of radionuclide 

transport rates in the natural barrier system (the "mountain-scale" model), and (ii) estimation of WP 

corrosion rates and radionuclide release rates (the "drift-scale" model). Both models use areal-averaged 

infiltration rates as the direct estimator for deep percolation fluxes in both the matrix and an assumed 

fracture continuum. Variations of infiltration rates due to climatic changes are computed by multiplying 

the base infiltration rate with a sawtooth function that is one at present time, increases to a randomly 

selected maximum at 50,000 yr in the future, returns to one at 100,000 yr in the future, and repeats until 

the end of the simulation.  

For the "mountain scale" model, flow is assumed to be vertical, with each stratigraphic layer 

modeled as homogeneous (i.e., fracture properties do not vary between layers or realizations). In each 

stratigraphic layer, the mat,'x velocity and the fraction of flow in the fracture continuum is cc,,.tnicted 

as a function of the areal-average infiltration flux, with maximum and minimum values calculated for each 

infiltration rate. During transport simulations, a value for the infiltration rate is randomly selected and the 

corresponding maxima and minima for each layer are obtained from the previous calculations. The 

fracture-flow fraction value utilized in the transport simulation is assumed to be uniformly distributed 

between the maximum and minimum values, while a log-uniform distribution is assumed for the matrix 

velocity.  

For the -drift scale" model. the response of the expected dripping flux and the expected fraction 

of the WPs contacted by a drip is consmtcted as a function of the areal-average mfiltration flux. For each 

of ten areal-average infiltration flux values, assumed probability distributions for the drift-scale deviation 

of infiltatin rates about the anl-average rate and drift-scale values of satuated hydraulic cndaCtCvitY 

are used to calculate both the expected dripping flux and the expected waste-packag.-cot. fraction.  

Miese cted vale are used to calculate waste-package co•roion and drift-scale ranspo- It is as 

thi the ftati of packages contacted by drips remains constant undr climatic variatio although the 

drip flux is allowed to vary.
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3.2.3 Description of the Nuclear Regulatory Commission Approach and/or Position 

The NRC endorses the use of the DOE hierarchical PA approach articulated in DOE TSPA- 1993 

(Wilson et al.. 1994). Applying that approach to infiltration rates. percolation fluxes. and fluid velocities 

would suggest the conjunctive use of simple models such as those described in the DOE TSPA-1995 and 

more detailed process models. However. the application of the models should include a probabilistic 

description of the hydraulic parameters to derive a celf-consistent probabilistic description of the resultant 

percolation 
fluxes.  

In order to estimate deep percolation fluxes at and below the proposed repository over geologic 

time, a linkage between climatic influences and deep percolation is necessary. In the TSPA- 1995 report.  

it is assumed that climatic variation can be described using a 100 ka sawtooth function. The approach 

plausibly allows for up to 10 glacial cycles within a period of I Ma. although the assumption that there 

is a chance that no increase in infiltration flux occurs under glacial conditions does not seem reasonable.  

It is not clear that the TSPA- 1995 approach is conservative in that the period of regulatory interest Is 

10 ka. Based on evidence ranging from measurements of ice caps. calcite veins, and sea-floor sediments 

(Winograd et al.. 1988; 1992). climatic variation can also occur over considerably shorter time scales. Due 

to the sensitive dependence between releases and infiltration rates. accommodating the full range of 

climatic variation possible within the current 10 ka regulatory period would be more conservative.  

Fluxes and velocities in the matrix and fractures are not directly calculated in the total-sYstem 

simulations reported in TSPA- 1995. Rather, an abstracted representation for these quantities is used. Using 

a single representative vertical column with constant thicknesses, random matrix properties obtained from 

Schenker et al. (1995) [essentially identical to the properties used in the TSPA-93 report Wilson. et al.

(1994)], and a single set of constant fracture properties for all stratigraphic layers, the velocities and fluxes 

obtained from simulations using TOUGH2 (Pruess, 1987; 1991) for a small number of material-propertY 

realizations are abstracted into PDFs for matrix-flow velocity (Vm), fracture-flow velocity (V?, and a 

flux-partitioning factor (Ff) distriuuting flux between matrix and fractures.  

There are a number of components of the abstraction process that do not build confidence in the 

conservatism of the abstracted model. These components -,clude: 

"• The equivalent-continuum conceptual model is different than flow models used in previous 

TSPA analyses, and no comparison between models is made.  

"• The equivalent-continuum conceptual model has an arbitrary satiation parameter, a, that 

cannot be measured.  

" The underlying form of the PDFs describing V,, V1 and Ff is assumed without justiffation

" The para leters describing the pDFs for Vnd V0 and F ae estiMated frm the nWMU aud 

mujurun observed value for V., and F.1 tis Zobtgl that the eKVremUU values resultinlg 

froM the underlying pDFs would occur with the rather limited set of ten meuia-PflPert 

realiationS. It is questionable whether the mean behavior of V. Vt and Ff would be 

captured from even the true extremum values.
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* The transport velocity in fractures incorrectly assumes that the fractures --e completely 

saturated, thereby underpredicting the velocity in fractures.  

Available information regarding material-property PDFs is not incorporated into the 

abstraction. Schenker et al. (1995) provide correlations between porosity and permeability.  

and information on fracture properties.  

The implementation of the abstraction process may be conservative insofar as it is guaranteed 

that there is some flux in fractures from the repository directly to the water taole for essentially every 

realization, even though this may not be the case for the process-level simulations that the abstraction is 

based on. However, it is not guaranteed that higher mean levels of flux occur in fractures for the 

abstractions.  

In order to independently assess the impact of the assumptions used for the abstraction, the 

process presented in the TSPA-1995 report was followed for several flux rates. The fairest test would be 

to compare contaminant releases using process-level simulations with the corresponding contaminant 

releases using the abstraction. Unfortunately, it is impossible to reproduce the transport simulator based 

on information provided in the TSPA- 1995 report. Accordingly, a surrogate measure was adopted for the 

following analysis. The surrogate measure is nondecaying-particle travel time through each pathway in 

the ID colunm, where a pathway consists of a combination cf matrix flow for some layers and fracture 

flow for the ,emaining layers. For example, the fastest pathway would typically consist of fracture flow 

for each of the layers, and the slowest pathway would typically consist of matrix flow through each layer.  

It is assumed that particles may switch between matrix and fracture only at layer interfaces.  

The two extreme flux rates considered in the TSPA-1995 abstraction process. 2 mm/yr and 

0.01 mm/yr, are considered in Figures 3-1 and 3-2, respectively. The 12 curves presented in Figures 3-1 

and 3-2 represent a matrix, where the line style (dotted, solid, dash-dot) represents the pathway and the 

symbol style denotes the ; -"cedure used to generate the pathways. These figures present the fastest.  

slowest, and largest-flux pathways for each of 50 process-level realizations, as well as corresponding 

pathways using the abstractions from the 50 process-level realizations. The cumulative fraction of 

realizations with the particle travel time for a specified pathway not exceeding a given particle travel time 

is presented for each pathway. As a comparison, the corresponding pathway analysis is performed for the 

TSPA- 1995 abstraction. The process-level simulations were performed by integrating Darcy's law from 

the water table to the repository, using the steady-state ordinary differential equation-solver approach 

described by Baca et al. (1994) and adapted to incorporate the equivalent continuum model used in the 

TSPA- 1995 abstraction.  

Examining the behavior of the 2 mm/yr case in Figure 3-1, it can be seen that the statistical 

behavior of the particle travel times for the process-level pathways is somewhat dfe from the 

behavior of the corresponding abstraction pathways. In particular, the processl-evel simulations exhibit a 

relatively low but non-negligible; probabiit of extremely fast pathways (on the order of decades)ý while 
the igft-&x paUZUys and mast of t fasest pahways are on the oter of 1O- yr. ncpmtg a total 

of 320 simulatim (not shown here due to space limitatins) wggests that there is a smll probability that 

the largest-flux patlways may also be on s t ord of decades. On the other hand. ft absr•a• n froM 

the= process-level, simulations indicates a mnmtmun of 200 yr for the fastest pathways, but MoM tYPicallY 

on the order of 1,000 yr. The largest-flux pathways generally tend to be several times Slower than the 

conespom lig process-level simulations. By comparing the 50-realization abstraiction with fthe SPA- 1995
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abstraction, it can aJst, be •eeiK'flat ,,-.nsideflh. 5" rathet Un • ,r.-.3perty realizations has the 
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Figure 3-1. Comparison of process-level simulations with abstractions for a

infiltration flux of 2 mm/yr 

Examining the behavior of the 0.01 miniyr case in Figure 3-2, the abstraction can be seen to 

have a drastic impact on the spread of particle travel times, but does not strongly affect the largest-flux 

pathways. It is not clear whether an artificial spread in travel times means the abstraction is conservative.  

Admittedly, the very low velocities would yield no releases in 104 yr.  

"he intfitration fluxes used in the total-system simulations are based on infiltration estimates by 

Flint and Flint (l994), which in turn are based on measurements of the saturated hydraulic conductivity 

of outcrop units. Since the TSPA- 1995 simulations were performed Flint et al (1995) have provided new 

estimates for shallow infiltration that are several orders of magnitude larger over the repository footprint 

than the Flint and Flint (1994) estimates. The new estimates are bs on measOrfmt of infiltration in 

a network of 70 to 100 neutron-probe boreholes. Taking into consjdCation recent measureCin of 

elevated levels of chloritne- 36 in the Exploratory Studies Facility (ESF) (Fabryka-Matin et al., 1996)' it 

appears difficUlt tO Justiy deep percolation rates tha corlsItCely yield fastest pathway parudce travel tiMe 

from ft reposity to the water table that are in excess of decades to cen v AcC-cofdinoy, the 

combination of erMelY small deep-peIcolation fluxes (e.g., 0.01 milyr) with an equivalent ..coninu 

model does nt appear to provide a reasonably conservative bound on fth bavior of deep percolation 

in the face of the ltest field evidence.  

lhe latest field evidence a uests UM at shallow infiltron may not be distrited uffou* 

"over ft subtegkcd area. if ,ideed Ws is the case, th e on deep percolatlib" ps t.. eo Y may 

be -ifklL AWDtif mattix only flow, pteliminMy 2D ve.ical-dim siMul otu BI- FLOW 

(Ababoi and Ba....9- 1993) sugest tat f sed infiltrati can have a sigfit impact on fa s 

Past the reo y. T--is pint is demonstrated in Fig=re 3-3. which shows the imac tat locli 
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Figure 3-2. Comparison of process-level simulations with abstractions for an 

infiltration flux of 0.01 mm/yr 

infiltration has on fluxes past the rep. sitory. Two east-west cross-sections are considered, crossing the 

northernmost and southernmost portions of the repository footprint, with two and three simulations, 

respectively [for details see Bagtzoglou et al., (1995)]. The horizontal axis represents the distributed flux 

that is equivalent to spreading the localized infiltration over the entire ground surface such that an identical 

amount of water enters the system. The vertical axis represents the flux in the individual elements 

corresponding to the repository, normalized by the distributed flux. Despite admitted limitations in the 

approach. the figure clearly suggests that focusing shallow infiltration can significantly inczCtSe or 

decrease the flux past the repository. Thus, it is not clear whether it is conservative to neglect focused 

recharge and subsequent lateral flow as is done in the TSPA-1995 report.  

In summary, the TSPA- 1995 report presents a method for abstracting PDFs that describe the 

velocities and fluxes obtained from a set of detailed process-level simulations. The presentation of the 

abstraction procedure suffers from significant omissions and errors, thereby greatly aeing confidence 

in the reported results. However, the magnitude of the uncerminty in assigning the deep percolafio rate 

to a process-level simulation may outweigh the persistent errors in abstracting the results of the 

process-level simulaions.  

3.24 Description of Likely Effects on Performance 

Inikat on% ¶ nd percoatin fbixe Wnpact the pedcrnim e of the proposed YA repostory 

in two prmy Way: (I) fMtatin of WP •d -ad-, ,• d (0 Un...rt of d...• di,, fti ft 

epoliasy wo the dowain t&a Acord l, infilratd n es we cos ntly fa-d to u i gy p 

pedrbmuace au memt of the pioposed YM repository and wfi play a central role in deftefiffing 

compliance with the expected risk- or doset-based standard.
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Figure 3-3. Statistical description of element fluxes at the repositOrY level, 

normadized by equivalent uniform infiltration flux applied at the ground surface 

for two east-west cross-sections and three focusing strategies 

In developing its safety case for YM. the DOE is currently conducting a detailed and thorough 

evaluation of infiltration rates and resulting deep percolation rates through a combination of activities 

including computer modeling (abstracted and detailed), evaluation of field-Measured inflluaIon rates, 

measurement of field- and laboratory-scale hydraulic properties for both matrix and fractures. and 

incorporation of measured properties in their computer models. This data and information is expected to 

strengthen the defensibility of future TSPAs.  

3.3 AREA OF CONCERN: DILUTION 

33.1 Diesciption of the Total-System Performance Issue 

GromMIdwale dilutio at the YM sit could have several order of agitdeiI On 

total-SymtC pefoanafl reltiv to a dose- or risk-basd comlincem stndard. CogsequeftW, the 

estimation of dilution meits a combination ot. (i) detailed Site scale (e.g., 5 kin) and regioal scale 

(e.g., 30 kin) g0rounWa tmo i CHI) eval'uation of geochemical pramers cin the degee of 

mixing. agid (Qii estboation of maco-scalS dispaasVftie based on fied trame test data Such a
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combination of investigations would better support DOE developing a defensible basis for the site viability 

assessment.  

Dilution factor calculations presented in Chapter 7 of TSPA- 1995 (pp. 7-22 through 7-26) lack 

defensibility because of: 

• Inappropriateness of conceptual models implicit in the analytical models utilized 

* Failure to use available hydrologic, geologic, and geochemical field data in the analysis 

* Possible misinterpretation of existing groundwater budget data 

The dilution calculations presented in TSPA- 1995 do not make use of (or build upon) previous 

DOE site scale flow and transport analyses conducted for TSPA-1993 (Wilson et al., 1994) or regional 

groundwater flow analyses conducted by the USGS (Czarnecki and Waddell. 1984).  

3.3.2 Description of the Department of Energy Approach and/or Position 

In TSPA- 1995, two models are used to estimate dilution factors: a "stirred tank" mixing model 

and a line ;ource "advection-dispersion" model. The stirred tank model implicitly assumes that 

radionuclides leaving the repository are uniformly distributed over the entire repository footprint and, upon 

reaching the water table. are instantaneously and completely mixed over a 50 m thick zone (i.e., 

screen-interval depth). In contrast. the advection-dispersion model makes no assumption of mixing depth.  

but rather assumes the radionuclides enter the saturated zone along a line equal to the width of the 

repository (e.g., 4 Ian) and that macro-scale dispersion reduces concentrations along the flow path from 

the repository to Amargosa Desert.  

Based on the stirred tank model, TSPA- 1995 calculates dilution factors ranging from 8x10 2 to 

3.3x 04 for a 5 km path length. With the advectio,-dispersion model, TSPA- 1995 estimates centerline 

dilution factors of 4.5x103 to l.9x10- for a 5 km path 1-ngth and 3.1x10 4 to 1.3x10 6 for 30 kI.  

Embedded in the calculations with the advection-dispersion model is the assumption that dispersion 

coefficients are linearly dependent on path length. The range of groundwater fluxes used in the dilution 

calculations are based on information from undocumented flow modeling.  

3.3.3 Description of the Nuclear Regulatory Commission Approach and/or Position 

1The NRC endorses the use of the DOE hierarchical PA approach auttculated in the DOE 

TPA- 1993 (Wilson et al., 1994). Applying that approach to dilution would suggest the con•unt-ve use 

of simple models such as those desbed in TSPA- 1995 and more detailed process models such as those 

used in TSPA- 1993. However, the apcation of the stirred tank and i dP Wl model sould 

utili conwpta models and model pameters comistft with avilable sihe hydrologic and geo. gic 

field dat. In addition, the reas bkoab ess of -thes calcuatons sl be confued with available 

g-mbeical dat.
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3.3.3.1 Stirred Tank Model 

In applying the stirred tank model. the analysis assumes uniform flow across a 50 m screened

interval depth. However, the stirred tank model is applicable to only natural mixing and not mixing 

induced by pumping. Thus. the use of a screened-interval depth is not appropriate. Moreover, this model 

applies to a specified volume of water beneath the repositery and not to a 5 km path length as asserted 

in TSPA-1995 (pp. 7-25).  

Available hydrogeologic data from borehole flow surveys for UE-25b #1 (Lobmeyer, et al., 1983; 

Lahoud, et al., 1984) and UE-25c #1, #2, and #3 (Geldon, 1993) indicate that the groundwater beneath 

the proposed site is predominantly moving along thin fracture zones. The localized nature of the flow is 

apparent from the data presented in Figure 3-4 which is taken from Geldon (1993). Therefore, a more 

appropriate conceptualization is a plume confined to a single fracture zone near the water table, with the 

thickness of the zone estimated from field data. Available data suggests that fracture zone thicknesses are 

typically smaller than the 50 in mixing depth assumed in the TSPA- 1995 calculation.  

The TSPA- 1995 dilution calculations utilize an average saturated zone flux of 2 m/yr which was 

taken from an incompletely referenced modeling study conducted by Sandia National Laboratory (cited 

as Barr. 1993). However, groundwater fluxes can be estimated directly from available head and hydraulic 

conductivity data. For example, available potentiometric-surface maps (Robison, 1984, Ervin. et al., 1993; 

Wittwer et al., 1995) suggest a head gradient across the repository of about 3x 10-4, although significantly 

larger hydraulic gradients occur to the west and north of the repository [0.015 and 0.15, respectively 

(Fridrich et al.. 1994)]. Similarly, hydraulic conductivities determined from pump tests for borehole UE

25b#1 (Lahoud et al., 1984) fracture zones range from 10-1 to I m/day [l.2xI0-6 m/s (36.5 m/yr) and 

1.2x10-5 m/s (365 rm/yr), respectively].  

Utilizing the UE-26b#1 conductivities and a mean hydraulic gradient of 3x10-4, the saturated 

zone fluxes (qsz) calculated from Darcy's law fall in the range of 0.01 to 0.1 m/yr. Assuming a 10 m 

fracture zone, the stirred tank model (TSPA-1995, pp. 7-25) for the dilution factor (DF) simplifies to: 

qS WZ h qsz 4000mxl0m _ q--x0,1 (4-1) DF = -- = -X.  

quZ AXV qtr 4x 10 5 m2  quz 

where quz is unsaturated zone flux (m/yr), WRq, is the width of the repository (m), AREp is the area of 

the repository (m2), and h is the depth of the fracture zone (m). Using the estimated groundwater flux of 

0.1 n/yr and quz values (1.25x10- 3 and 3x10- 5 m/yr) cited in TSPA-1995, the above equation yields 

a range of dilution factors of 8.0 to 333.3, which are 2 orders of magnitude smaller than those reported 

in the TSPA- 1995. Utilizing the maximum q • values from the NRC IPA Phase 2 (Nuclear Regu,• Y• 

Commission, 1995) for the dry and pluvial conditions, calculated dilution factors range from one to twO 

3.3 Advectmn-DIRSIAW Modd 

In aplying the adv de modeL the TSPA-1995 assumeS a constnt Vgrfdw= f& 

of 2 r/yr and transverse di.e..ivitis of 30 m. The steady-state analytical solution for the advection

dispersion model yields the expression for dilution factor (TPA- 1995. pp. 7-25)
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EXPLANATION 

MAJOR ZONE OF WATER PRODUCTION 
INDICATED BY TRACEJECTOR SURVEY 
USING IODINE-131 TRACER 

S-STATIC WATER LEVEL 

r5 re 3-4. ~ wgter-production zones In Tertliy rc :ks and static water levels in boreholes drilled at Yucca Mountain (taken 

bm Geldon, 1993)



q~~~~ ~ rnI• Tx 

DF= ---- " 
(4-2 

q. Am, e 4 
rt{-jx 

where er is the transverse dispersivity and l is the length of the line source (equal to the width of the 

repository). This analytical solution is written explicitly in terms of the transverse dispersivity (assumed 

uniform in the y- and z-directions), rather than the dispersivitY-s(e coefficients used in TSPA-1995.  

Transverse dispersivity is typically estimated to be about 115 to 1/100 of the longitudinal dispersivity CCL 

(de Marsily, 1986). Standard practice for estimating longitudinal dispersivities is to take CLL as 1/10 of 

the path length (Fetter, 1993). Using this rule of thumb and assuming aT/ aL =l/50, conservative estimates 

are aT= 10 m for 5 km and aT=60 i for 30 km flow paths.  

The groundwater flux for the 5 km path length is estimated from available field data as 0.1 n/Yr.  

For the 30 km path length, the groundwater flux can be estimated from available potentiometric-surface 

maps and an estimate of hydraulic conductivity. In the vicinity of the Aifargosa Valley, the hydraulichead 
maps and anodeling 

study of the regional 

gradient appears to be about 10-3 or less. From Czarnecki's (1985) modeling sdoft r.7x 1 

groundwater system. the hydraulic conductivity in the alluvium is estimated to be about J.7x10- n/s.  

These estimated hydraulic properties lead to an estimate of regional groundwater flux of about 0.5 m/yr.  

Using the above values and TSPA- 1995 values for qtUz, dilution factors calculated with Eq. (4-2) 

are summarized in Table 3-2. These calculated dilution factors are about 1/3 to 1/5 of those estimated in 

TSPA- 1995.  
Table 3-2. Dilution factors conr,,uted using Department of Energy q.. values with €onservativeqsz

D~aIB acolscalultedusng he njlliinquz values from the NR-C WpA phase; 2 (NRC, 

1995) Mr presented in Tabl 3-3 and ate about 2 to 3 order Of insgnitdlel tra1 xxth1 mbI aodelwhic 

i TSPA-199 5 . TPA- 1993 (Wlson o, aL. 1994) present mom for a deailed 3-D 

indicates dilutiof factors at 5 km in the range, of 5 :S DF < 20. Thes estimates are again gibS132dal 

smalle than, ftWs in TSPA- 1995.
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Table 3-3. Dilution factors computed using Nuclear Regulatory Commission Iterativt Performance 

Assessment Phase 2 q,, values with conservative qs and aT 

Dilution Factor (DF) 

qt (m/yr) I5 km 30 km 

i.0x10-2  1.2x102 2.OxI& 

2.4xo1 3.4x1O 

Based on the groundwater budget data in Table 2.5-1 of TSPA- 1995, it appears that the dilution 

factor for the groundwater withdrawal zone should be 2.5 rather than 3.5 as cited in Section 7.6.3 of 

TSPA-1995. The value of 2.5 is arrived at by dividing the total inflow to the Amargosa Desert 

groundwater basin (20,000 ac-ft/yr) by the outflow from Jackass Flat/Buckboard Mesa groundwater basin 

(8,000 ac-ft/yr), which contributes to the total inflow to the Amargosa Desert groundwater basin. It was 

apparently assumed in TSPA-1995 that the total 20,000 ac-ft of annual inflow to the Amargosa Desert 

groundwater basin does not already include the 8,000 ac-ft of influent contributed by Jackass 

Flat/Buckbor-:d Mesa groundwater basin.  

A recent evaluation (Wittmeyer and Turner, 1996) of hydrochemnical data from boreholes in the 

Amargosa Desert indicates that recognizable hydrochemical tracer signatures of different recharge sources.  

particularly for stable isotopes such as deuterium and 180, are preserved over distances on the order of 

tens of kilometers. Moreover. analyses of aqueous carbonate chemistry and calcite saturation in the 

fractured tuff aquifer by Murphy (1995) provide support for channeling of flow within the saturated zone.  

The general heterogeneity of hydrochemistry in the YM region and persistent hydrochemical signatures 

in the Amargosa Desert region ,licate that regional flow is more complex than the stirred tank conceptual 

models used in TSPA-1995 to account for diluLion immediately below the repository and in the 

groundwater withdrawal area. This evidence also suggests that actual levels of mixing and dilution that 

occur in the YM and the groundwater withdrawal areas may be lower than assumed in TSPA- 1995.  

3.3.4 Description of Likely Effects on Performance 

Dilution of contaminants in the groundwater will occur as a result of natural mixing and mixing 

induced by groundwater withdrawal. Dilution is an important factor in the assessment of performance 

because it determines the degree of dose reduction. Therefore, dilution will play a central role in 

determining compliance with the expected risk- or dose-based standard.  

In developing its safety case for YKM the DOE should conduct a more detailed and thorough 

evaluation of groundwater mixing and diltion effects through a combmatmn of actvibs InludIng 

computer modeling (abstacled and detaie), evaution of geochan-a. para and HM trsm 

testing. Alt=Hieay, the DOE may choose to develop a cosvative bound for dilution effect.
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3.4 GENERAL %,OMMENTS--MATRIX 
SATURATION 

3.4.1 Statement of Concern 

The chosen degree of matrix saturation at which fracture flow is initiated is a critical factor in 

the TSPA calculations, which recognized that the conventional for8ulation requiring full saturation of the 

matrix prior to the initiation of fracture flow (Tsang and Pruess, 1989) arbitrarily reduces the occurrence 

of modeled fracture flow at YM. In an attempt to add more realism, calculations in TSPA- 1995 consider 

a "relaxation" of this requirement so that fracture flow may begin when the matrix reaches a "satiated 

matrix saturation." Such an addition of realism and conservatism to the calculations is desirable; however.  

the lower limit chosen for the "satiated matrix saturation" remains unrealistically high and not adequately 

conservative. 

3.42 Basis of Concern rill are 1.0 to 0.95. The lower limit is claimed 

The limits chosen for this "satiated matrix saturatiO . t .. ler l is ca 

to be justified because "numerical experiments with (satiated matrix saturation) values less than 0.95 

appear to result in an exaggeration of fracture flow" (TSPA-1995. pp. 7-7 and 7-8). Xiang et al. (1995) 

noteat the equivalent continuum model (ECM) used in TSPA- 1995 "behaved very sensitively" to the 

selected "satiated matrix saturation" value. Unfortunately, the choice of 0.95 as a lower limit is not 

supported by laboranory or field information. Likewise, no mathematical basis is offered to support the 

limit. No information is presented in TSPA-19 95 or in Xiang et al. (1995) to justify this important 
bounding 

value.  

Available data from YM and from analogous systems suggest that a limit less than 0.95 would 

be more appropriate. Fractures at YM are commonly coated with quartz, calcite, zeolites, and various clays 

and oxides (e.g., Carlos, 1987; Carlos et al., 1993) that may allow fracture flow to commence at matrix 

saturations well below 0.95. Field data from a system demonstrated to be similar in important re -rds to 

YM document that only a small fraction (0 to 5 percent) of the inventory of uraiaum transported along 

fractures has been partitioned into the tuff matrix (Pearcy et al., 1994; 1995). These field and laboratory 

data suggest that requiring matrix saturation of 0.95 for initiation of fracture flow is unrealistic and 

certainly not conservative.  

3.4.3 Recommendations, 

The sensitivity of releases to lower limitsfor " aiated matrix datuiOn", should be nvestgated_ 

Available field and laboratory data should be identified and used to develop a rational basis for 

determining a more realistic and conservat bounding value.  

3.5 REFERENCES 

AbabouL R_. and A.C. BagtzoglMU "BIGFLOW: A Numerical Code for Shimulatulg Flow in VarmblY 

S•atu-ted, H et genels Geologic Media, Theory and Users manual, version. , I.1.  

CNWRA 92-026. Washington, DC: Nuclear Regulaty Co--n"im 1993.

3-13



Baca. R.G.. R.D. Mantewu :!. S. Mohanty, S.A. Stothoff. and G.W. Wittmeyer. Performance Assessment 

Research in B. Sagar (ed. "-NRC High-Level Radioactive Waste Research at CNWRA. July-December 

1993." San Antonio. Texas. Center for Nuclear Waste Regulatory Analyses. CNWrRA 93-02S: 7-1 through 

7-29. 1994.  

:,agtzoglou, A.C., S.A. Stothoff. and M.A. Muller. "Progress Towards Estimating Infiltration and Deep 

Percolation at the Yucca Mountain Site." San Antonio, Texas. Center for Nuclear Waste Regulatory 

Analyses. Letter Report. 1995.  

Carlos. B.A., "Mountain. Nye County, Nevada." Los Alamos. New Mexico, Los Alamos National 

Laboratory, LA-10927-MS, 1987.  

Carlos. B.A., S.J. Chipera, D.L. Bish, and SJ. Craven. "Fracture-Lining Manganese Oxide Minerals in 

Silicic Tuff, Yucca Mountain, Nevada. USA," Chemical Geology 107:47-69, 1993.  

Czarnecki, J.B., and R.R. Waddell, "Finite-Element Simulation of Groundwater Flow in the Vicinity of 

Yucca Mountain. Nevada-California." Water Resources Investigations Report. Denver, Colorado, U.S.  

Geological Survey. WRI-84-4349, 1984.  

Czarnecki, J.B., "Simulated Effects of Increased Recharge on the Ground-Water Flow System of Yucca 

Mountain and Vicinity. Nevada-California" U.S. Geological Survey Water-Resources Investigations Report.  

Denver, Colorado, U.S. Geological Survey. WRI-84-4344, 1985.  

de Marsily, G., "Quantitative Hydrogeology" Academic Press, New York, New York, 1986.  

Ervin. E.M., R.R. Luckey, and D.J. Burkhard, "Summary of Revised Potentiometric-Surface Map for 

Yucca Mountain and Vicinity, Nevada," Proceedings of the Fourth High-Level Radioactive Waste 

Management Conference, Las Vegas, Nevada. 1554-1558, 1993.  

Fabryka-Martin. J.T.. P.R. Dixon. S. Levy, B. Liui, HJ. Turin. and A.V. Wolfsberg, "Systematic Sampling 

for Chlorine-36 in the Exploratory Studies Facility," Los Alamos, New Mexico, Los Alamos National 

Laboratories, LA-CST-TIP-96-OO1. 1996.  

Fetter, C.W., "Contaminant Hydrogeology," MacMillan Publishing Company, New York, New York, 1993.  

Flint. AtL., and L.E. Flint. "Spatial Distribution of Potential Near Surface Moisture Flux at Yucca 

Mountain," Proceedings of the Fifth Annual High Level Radioactive Waste Management Conference.  

La Grange Park. ILU American Nuclear Society, 2,352-2.358, 1994.  

Flint. L.E At. Flint, T. Moyer, and T. Geslin, "Lateral Diversion of Water in the Paintbush Tuff 

Nonwelded Hydrologic Unit, Yucca Mountain. Nevada&" In Supplement to EOS Transactions, American 

Geophysical Union, 76:F182 1995.  

Fridrbic CJ.. W.W. Dudley, and J.S. SMt es "'ydrogeologic Analysis of the Saturated4-7 Ground

Water System, under Yucca Mountain. Nevada." Journal of Hydrology, 154:133-168 1994.  

Geldon. At.. "Preliminary Hyrogeologic Assessment of Boreholes UE-25c#1. UE-25c #2, and UE-25c 

#3, Yucca Mountain. Nye County, Nevada, Denver, Colorado, U.S. Geological Survey, 1993.

3-14



Lahoud. R.G., D.! I ubn/t~C .lo S \ t-I" ,•Ir.: :;% ,., C Tuff Penetrated by Test 

Well UE-25b#l. Yucca M f,.tatn "-' , ' • ! "v;.,.•orado U.S. Geological Survey, 

bmeyr. D.-ou I. Br, ckfl 'rte..Geohydrology of Volcanic Tuff 
Lobrneyer. D.H., M.S. Witit.R aou n.•-,"cad."DnerColorado. U.S. Geological 

Penetrated by Test %ý1J U.F.25b#1 -f c-:a Mountain "c 'a . Denvvi.  

Murphy, W.M.. 
:CorW 

.buuotf\ af jbjxxwavr .via. .ta- f, rL.nsport Modeling to Evaluation of 

Groundwater TraveI Time ard Groundwat ,o ' >O .J'..oun.ain. Nevada." Scientific Basis for 

Nuclear Waste Management XV'.T'Z Aur'aka&m . v.,ing (eds.), Pittsburgh, Pennsylvania

Materials Research Socity., 4' 9--.2a Yr95.  

Nuclear Regulatory Commission. "Phase 2 DemonstratioD e.f the NRC's Capability to Conduct a 

Performance Assessment for a High-Level Waste. Repository." Washington. D.C., Nuclear Regulatory 

Commission, NUREG- 1464, 1995.  

Pearcv, E.C.. I.D. Prikryl. and B.W. Leslie, -Uranium Transport through Fractured Silicic Tuff and 

Relative Retention in Areas with Distinct Fracture Characteristics." Journal of Applied Geochemistry 

10:685-704, 
1995.  

Pearcy, E.C.. J.D. Prikryl. W.M. Murphy, and B.W. Leslie. "Alteration of Uranifite from the Nopal I 

Deposit. Pefa Blanca. District. C'hihuahua, Mexico, Compared to Degradation of Spent Nuclear Fuel in 

the Proposed US High-Level Nuclear Waste Repository at Yucca Mountain. Nevada." Journal of Applied 

Geochemistry 9:713-732. 1994.  

Pruess, K., "TOUGH Useres Guide," Berkeley, California, Lawrence Berkeley Laboratory, LBL-20700, 

1987.  

Pruess. K.. -TOUGH2 - A General-Purpose Numerical Simulator for Multiple Fluid and Heat Flow." 

Berkeley, California. Lawrence Berkeley Laboratory, LBL 29400. 1991.  

Robison. J.H.. "Ground-water Level Data and Preliminary Potentiometrc Surface Map of Yucca Mountain 

and Vicinity, Nye County Nevada" Water Resources investigations Report, Denver. Colorado, U.S.  

Geological Survey, 84,4197, 1984.  

TRW Environmental. "Total System Performance Assessment- 1995: An Evaluation of the Potential 

Yucca Mountain RepOxtory,-" B000000.01717-2200"00136, 
Rev 01. Las Vegas, Nevada, Civilian 

Radioactive Waste Management System. 1995.  

r, AR. D.C.G TI Robey, C.A_ Rauflm an, and R.W. Bazafl1 - Stocbasti lydroglic 

Units and HydrogeOlOgic properties Developmlent for Total-System~ Performance AssesSIUC' 

Afb _._,a-, New MeXiCO, Sandia Natioal LabatOfi SAND94-02
4

. . 1995.  

Tsang, Y.W.- and K. PrueSS, "Preli,.il•y Studies of Gas Pbase Flow Effects and Moisture Migrato at 

Yucca Mountain. Nevada." Berkeley, California- Lawrence Berkeley IAbotatory, 1989.

3-15



Wilson. M.L.. J.H. Gauthier. R.W. Barnard. G.E. Barr, H.A. Dockery, E. Dunn. R.R. Eaton. D. C. Guerin.  

N. Lu. M.J. Martinez, R. Nilson, C.A. Rautman. T.H. Robey, B. Ross. E.E. Ryder, A.R. Schenker, S.A.  

Shannon. L. H. Skinner. W.G. Haley. J.D. Gansemer, L.C. Lewis, A.D. Lamont, I.R. Triay, A. Meijer.  

and D.E. Morris. ,Total-System Performance Assessment for Yucca Mountain-SNL Second Iteration 

(TSPA- 1993)," Sandia National Laboratory, Albuquerque, NM, SAND93-2675, Vol I & 2, 1994.  

Winograd, I.J.. B.J. Szabo. T.B. Coplen, and A.C Riggs, "A 250,000-Year Climatic Record from Great 

Basin Vein Calcite: Implications for Milankovitch Theory," Science 242:1275-1280, 1988.  

Winograd, 1.., T.B. Coplen, J.M. Landwehr, A.C. Riggs, K.R. Ludwig, B.J. Szabo, P.T. Kolesar, and 

K.M. Revesz, "Continuous 500,000-Year Climate Record from Vein Calcite in Devils Hole, Nevada," 

Science 258:255-260, 1992.  

Wittmeyer, G.W. and D.R. Turner, "Regional Hydrologic Processes of the Death Valley Region," NRC 

High-Level Radioactive Waste Research at CNWRA July-December 1995. B. Sagar (ed.), San Antonio, 

Texas, Center for Nuclear Regulatory Analyses, CNWRA 95-02S. 8-1 through 8-18, 1996.  

Wittwer. C.. G. Chen, G.S. Bodvarsson. M. Chornack. A. Flint. L. Flint, E. Klicklis, and R. Spengler.  

"Preliminary Development of the LBLJUSGS Three-Dimensional Site Scale Model of Yucca Mountain.  

Nevada," Berkeley, California, Lawrence Berkeley Laboratory, LBL-37356, UC-814, 1995.  

Xiang, Y., S. Mishra. and B. Dunlap. "Hydrologic Sensitivity Analyses for the Unsaturated Zone at Yucca 

Mountain. Nevada." BAAAFOOO-01717-0200-00008, Rev. 00, Washington, D.C., U.S. Department of 

Energy, Civilian Radioactive Waste Management System Management and Operating Contractor, 1995.

3-16



4 KEY TECHNICAL ISSUE: THERMAL EFFECTS ON FLOW 

4.1 SCOPE OF REVIEW 

The portions of TSPA- 1995 relevant to the KTI concerning prediction of thermally driven 

redistribution of moisture through partially-saturated fractured porous media caused by emplacement of 

heat-generating high-level radioactive waste are identified in Table 4- 1.  

Table 4-1. Total System Performance Assessment 1995 scope of review for the Key Technical Issue: 

Thermal Effects on Flow 

Section 
Title 

4.1 Introduction 

4.2 Drift-Scale Thermal-Hydrology 

4.3 Repository-Edge Thermohydrologic Calculations 

5.3.3 Exposure Parameter Transformation 
----

5.7.10 Alternative Thermal-Hydrologic Model _-- ----- --- --

L 7.5 Transport of Gaseous-Phase Radionuclides 

4.2 AREA OF CONCERN: CALCULATION OF TEMPERATURE AND 

RELATIVE HUMIDITY 

4.2.1 Description of the 1 otal-System Performance Issue 

A significant conclusion of Chapter 10.2.1 of TSPA- 1995 (p. 10-3) is that the thermohydrologic 

environment of WPs strongly affects the initiation and rate of aqueous corrosion. The thermohydrOlOgic 

calculations presented in TSPA-1995 neither reference nor build upon previous analyses conducted for 

TSPA- 1993 (Wilson et al.. 1994). In addition, the results presented in TSPA- 1995 have different trends 

than those in TSPA- 1993. especially the evolution of the WP temperature prior to and after emplacement 

of the backfill In TSPA-1993, the maximum WP temperature is obtained after backfiling, leading to a 

temperature increase of about 330 *C (p. 10-2 6 of Wilson et. aL, 1994). In TSPA-1995, the maximum WP 

temperature is obtained prior to backfilling, with a temperature increase of less than 20 oC (p. 4-2 4 of 

TSPA- 1995). Another important difference is tha a 2D) model was used in ThpA- 1995 whereas a 3D 

model was used in t1PA- 1993. The 2D model averages the WP heat source over a lager volume, hence 

tending to drpFed temperatures. Because th thenh -,pc environ•-en. t of the WP affects many 

nearfield pimSpoltant to TPA. •-dependent calculations were in•u nti) rc•pde the UIPA 

1995 results using the same data and dimens=& and (H) evaluate the dffrences ntoduced by using a 

21) instead of a 3D model
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4.2.2 Description of the Department of Energy Approach and/or Position 

In TSPA-1995 the FEHM coupled thermohydrologic code (Zyvoloski et al.. 1995) is used to 

predict the evolving hydrothermal field near WPs. In TSPA- 1993. similar calculations were performed 

using the COYOTE (Gartling, 1982) code. The similarities and differences in the calculations are 

,-ompared in Table 4-2. Probably the most significant difference is that TSPA-1993 included a full 3D 

model of the WP residing in a drift while TSPA- 1995 uses a simpler 2D model. The TSPA- 1993 results 

show an increase in WP temperature of about 330 0C (from 190 to 520 1C) after backfill is emplaced, 

while TSPA- 1995 results show negligible effect on WP temperature (AT of aboui 15 0C. an increase from 

150 to 165 °C). Some of the differences are explained by variations in (i) diameter of drift, 

(ii) conductivity of backfil. (ii) areal mass loading, and (iv) time of backfill. However, these differences 

do not fully explain the reported results.  

4.2.3 Description of the Nuclear Regulatory Commission Approach and/or Position 

Independent calculations have been performed by CNWRA in an attempt to reproduce the results 

in TSPA- 1995 and to evaluate the impact of using a 2D model. The calculations have been performed for 

both the 25 MTU/acre and 83 MTU/acre Areal Mass Loading (AML) scenarios. The calculations have 

been performed using the ABAQUS (1995) and MULTIFLO (Seth and Lichtner. 1996) codes. MULTIFLO 

simulates coupled heat and mass transfer in a porous medium, the same processes included in the FEHM 

code .-hich was used in TSPA- 1995. ABAQUS simulates transient conduction heat transfer which is 

considered the dominant mode of heat transfer for low AMLs. Both codes are expected to yield 

comparable predictions for low infiltration rates. Thermal-geologic parameters are the same as those used 

in TSPA- 1995 which are essentially the same as those used in TSPA- 1993.  

The thicknesses of each thermohydrologic unit are taken from Figure 4.2-1 of TSPA- 1995 while 

thermal properties are obtained from Table 4.2-3 of TSPA- 1995. Some thermal properties are not fully 

described in TSPA- 1995, hence some judgement was exercised. For example. rock wall and WP ..- issvity 

values and the method for generation of radiative view factors are not discussed in TSPA- 1995, yet must 

have been addressed based on the last paragraph in Section 4.2.1 of TSPA- 1995. Also, the specified 

properties of the pre-fab support and concrete invert were not found in TSPA- 1995. In order to complete 

the audit review analyses. an effective conductivity model was developed and used for the unbackfilled 

drift region. and properties for concrete support/invert were assumed.  

In an unbackfilled drift with temperatures above 100 °C, fthmal radiation will dominate the beat 

transfer from the WP to the drift wall. The rate of radiative heat transfer is given by (Eq 13.23 of 

Incropera and DeWitt, 1990): 

q--d - + p- r, (4-1) 

wher 

a - Stefan-Boltzmfn constant (-5.67x10"8 W m"2 K-4) 

T - absolute temperature of waste package surface (K)
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Table 4-2. Comparison of TSPA-1993 and TSPA-199 5 thermohydrologic calculations 

~TSPA- 
1995 

TSPA-1993 
(TRW, 1995) 

INPUT (Wilson et al, 1994) 

Code Used COYOTE (Gartling, 1982) FEHM (zyvoloski et al.. 1995) 
Conduction with ad asted Multiphase, non-isothermal flow 
specific heas to simulate boiling using finite element method 

Geometry 3D waste package scale 2D waste-package scale 

7.62 m diameter drift 5.0 m diameter drift ------

Thermal Loading 114 KW/acre (-125 MTU/acre) 83 M-rU/acre (-80 kW2/acre): 
11.88 mn waste package spacing 19 m waste package spacing 
25.4 m driftc spacing 22 m drift spacing 

25 MTU/acre (-24 kW/aCre): 

32 m, waste package spacing 
45 rn drift spacing 

Spent Fuel 26 vr from reactor 23 vr from reactor 

37.3 GWd/MTU average burnup 38.5 GWd/MTU average burnuP 

(est. 9.3 MTU/cask) (est- 8.8 MTU/pkg) 

HOSE Rock properties Same as in TSPA-1995 Same as in TSPA- 1993 

Time of Backfill 75 yr i0y 

Effective Conductivity Of 0.2 W/(m-C) 0.6 W/(m-C) 

Backfl -'------ 170 *C at -15 yr for 83 MTU/TZW 
mMaximum Waste Package 52o -C at 75 yr 160 -C at -00 yr for 2o5 MTU3aU/ 

rtue p- kage Tepera btre t e15 C both 25 and 83 suUfaaee 

t l Atherma msiiyo ae akg ufc 

Increase prompyAte 
Backfill Emptaced_.---.---
Relative Humidity promptly not calculated 30% for s3 MTUM/acre 

Afte Backfdl50% 
for 25 ,MTlacre 

TM - absolute temperature of rock wall surface (K) 

EW, . in &=g emissvity of water pacage surfac 

= thmal emissivity of rock wan surface (-) 

A- area of waste package surface (M2) 

Am = area of rock wal surface (m2) 

Fm-m- view factor from waste package to rock wall (-)
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In general. the emissivity of rock is large and assumed to be unity in this work. 'te view factor 

is F,.,,=1.0. In addition we use the algebraic relationship: 

= ( ~ j~ ) (TA + T ) (A - B) z 4Ta') 3  (74 -T B(4 ) 

Equation (4-1) is then reduced to: 

q,d = A *,eC 4(T,,,) 3 (Ti - T1") (4-3) 

The rate of heat transfer in the unbackf'iled region using an effective thermal conductivity is given by 

(Eq.3-27 of Incropera and DeWitt, 1990): 

q = 21rLk af(TIP - TW)(4) 

where 

L = unit depth in third dimension (=IM) 

eff effective thermal conductivity (W m- k 

Equating Eq. (4-3) and (4-4), and using AwP = 70DP, L. one solves for effective conductivity: 

kJff= E 2 a 4(aT8)3 1n( ) (4-5) 

From Figure 4.2-5 and 4.2-9 of TSPA-1995. the average drift temperature is about 12O0 C. Assuming 

%P,,O.8, D,, 1.8m. Dw-5.0m, one calculates kff-10 W m-t K-t, which is the value used in our 

simulation. An effective thermal conductivity approach is also justified and used in TSPA- 1993 (Section 

C.2.3 of Wilson et al., 1994). After backfliling, the value of k4-0.6 W m -' K-' was used as specified 

in Table 4.2-3 of TSPA- 1995. The thermal properties of concrete support/invert are not discussed in 

TSPA-1995 so they are assumed to be k-l. W m 1 K-, p 2.5O kg m -3, andC_840 j kg K 

(based on Incropera and DeWitt, 1990).  

A small portion of the computationeal mesh wear the WP is shown- in Figur 4-1 for the 2D 

simulations using ABAQUS and MULTIFLO. ABAQUS is based on the finite element method so that 

the geemetry is more precise. The MULTIFLO code uses a rectangular grKi, so that ft WP and drift sizes 

are based on equivalem cross-sectionl areas.  

The relative humidity is calculated using the same approach as Eq. 4.2-1 mn Page 4-6 Of TSPA

1995. The relative huidity is a measure. of the temlency for liquid to e _st on the surface. Within the 

emplacement drift, the absolute humity i assumed to be uniform due to the relative ease wth which 

vapor can flow within. the drift The vapor pressure at the WP surface is then dictated by the vapor 

pressire at the drift wall.
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In Figure 4-2. TSPA- 1995 results and CNWRA independent calculations are coripared for the 

25 and 83 MTU/acre cases. For the 2D. 25 MITU/acre restlts, the temperature and relati, e humidity are 

25 general agreement over longer periods of time (i.e. Yreater than 100 years). For the first few hundred 

years. the TSPA- 1995 results show a higher WP temperatwe and resulting lower relative humidity. In 

general. the TSPA- 1995 results show higher WI temperatures prior to backfilling. After reviewing the 

description in TSPA- 1995. it is believed that this trend is due to underestimating the rate of radiative heat 

transfer from the WP to the drift wall prior to I00 yr. However, this could not be confirmed due to sparse 

documentation of methodology in TSPA- 1995. The report states that a radiative transfer model was 

employed, but does not discuss how view factors were calculated or how emissivity values for the package 

or drift wall were obtained.  

For the 2D. 83 MTU/acre case, the temperature and relative humidity results are in better 

agreement. The TSPA- 1995 temperatures are essentially the same as the ABAQUS and MULTIFLO code 

results out to 10,000 yr. The relative humidity is lower for the ABAQUS simulation due to higher waste 

package temperatures.  

The 3D model shown in Figure 4-3 is used to predict WP temperature and is motivated because 

the 2D model averages the heat source along the drift, resulting in underpredictions of the WP 

temperature. Calculations were performed to determine the magnitude of the underprediction. In Figure 

4.4, the WA' temperatures are compared for the 2D and 3D models using only the ABAQUS code. The 

3D model more accurately captures the geometry and near-field thermal evolution of a backtfiled WP. The 

results show that the 3D model predicts higher temperatures throughout the tine of interest. The 

temperature difference is most distinct immediately after backfilling, with a temperature increase of about 

40 to 50 -C in both the 25 and 83 MTU/acre cases.  

4.2.4 Description of Likely Effects on Performance 

Independent calcv'.2tions conducted by the CNWRA were not able to reproduce some of the 

thermohydrologic results in TSPA-199 5 . In general, TSPA-1995 has higher WP temperatures before 

backfiling. believed to be due to the radiative heat transfer model employed and different assumptions 

about heat transfer mechanisms. However, the documentation of the model in TSPA- 1995 is inadequate 

to fully explain the differences. The report does not discuss how view factors were calculated nor the 

emissivity values of the package and drift wall surfaces. In addition, the TSPA- 1995 results do not predict 

a significant temperature increase at the time of backfilling. As noted in TSPA- 1995. different modeling 

assumptions can lead to significant differences in results.  

The geometrical detail used to describe and simulate the near-field is another source of dff[w= 

in predictions. The 2D model, such as employed in TSPA- 1995, averages the heat source over the entire 

WP spacing length. This tends to produce lower WP temperatures than those predicted using a 3D model.  

The overall effect of lower temperatures may be conservative in the TSPA. but the discussion in TSPA

.5 does nt clim to be bounding or conservative. Rather, it is repted as an unbiased esmifle of 

anticipat comid. Because &he WP -he-mohydlOlOc environment is an fnpcltlt" fa.tor in ft o release 

and tanspo of radionucitdes in the near-field, ftu TSPAs are encouraged to examine two fars in 

the calculatos (i) the heat transer models in the drift prior to backf,-if, and (U) use of 2D vers 3D 

models.
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4.3 GENERAL COMMENTS_-ThERMo(if"YI)R1L:OiL 
•V 

4.3.1 Statement of Concern 

Three sets of analyses in TSPA-1995 (Chapter 4) re tae 1 n1z=iydrology: (i) a primary set 

of drift-scale analyses, (ii) an alternative drift-scale model (Buscheck et al. 1995). and (iii) a set of 

repository-edge calculations. All analyses were predicated on an equivalent continuum model (ECM) 

(Pruess et al., 1985) in which hydraulic equilibrium between fractures and the matrix is assumed.  

Justification for invoking an ECM was cited as: (i) a paucity of data on geometric/hydraulic characteristics 

of fractures at YM, and (ii) the computational complexity associated with modeling hydrothermal behavior 

in a discrete fracture network. ECM models have not been shown to be representative of groundwater flow 

through heterogeneous media. Consequently, the Chapter 4 interpretations of moisture redistribution at a 

HLW canister predicated on an ECM cannot be demonstrated as representative of the proposed repository 

at YM.  

4.3.2 Basis of Concern 

The assumption of hydraulic equilibrium between fractures and the matrix inherent in the ECM 

formulation precluaes episodic fracture flow back to WPs. This or other fluid transport mechanisms not 

included in the ECM formulation could result in significantly different water contents or fluxes in the WP 

environment than those suggested by the thermohydrological analyses. The presence of water, either as 

bulk liquid water or as a thin film on the canister s,.,rfacc, can enhance the onset and rate of corrosion of 

the WP. Water transport models are required which accurately incorporate the mechanisms which dictate 

the saturation, flux of water through either the matrix or fractures and the time at which water re-enters 

the near-field environment of the WP subsequent to the onset of heating. The omission of a mechanism 

such as episodic fracture flow from an ECM suggests that results drawn from the analyses are not 

conservative (Pruess and Tsang, 1993; 1994; and Wittwer et al., 1995).  

4.3.3 Recommendations 

The lack of conservatism in the thermohydrologic modeling can be assessed, at least in part, by 

comparing the ECM formulation results with results derived from alternative conceptual models. For 

example. one possible alternative conceptual model could be formulated from dual-porosity and/or dual

permeability representations. Additional alternative conceptualizations could be taken from a discrete 

fracture flow model or from an ECM model in which the hydrauLic equfilfibim requirement is trlaxed.  

These flow models could be used to investigate the relative importance of episodic fracture flow and 

provide evidence to test whether the ECM formulation adequately incorporates the important fluid 

transport mechanisms expected at the proposed repository.
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5 KEY'TECtIINI..L rSS E R 

CON,,TAINER TIFE AND IOR( E TNERM 

5.1 SCOPE OF REVIEW 

The portions of' TSPA- 1995"--etevanrt to ,tje KT.. :.,cething the predictron of container life and 

radionuclide release over long periods in a deep ge,)juýýiC repos-itory environment are identified in 

Table 5- I.  

Table 5-1. Total System .perforsm'W e Assess ge• 1 99 ,sc.)1trevIew for the Key Technical Issue: 

Container Life and Source Ter=

5.2 AREA OF CONCERN: WASTE PACKAGE FAILURE MODES 

C 0 1 newriotion of the Total-SYStem PerformancL Issue

Titcinu cncptaldesign of fte WP for spenft m ad vitrfied -defense hihsevl w-t The cmair I coneptid M . . .,_.tI W SA-t995 U0 a 90m=u Wti wr .ia.o• 

(ILW) Depm Met of En , (1994)1 was evamd . .....- ep sg esaste in TPr

MOdl. is design is a sificant depa fom fthe singe-WallU tainer con-ept el _ n SA

199 ( consists of an outm dosal ovrack - mae of a =0650 

aowance mateMl (cabon steer) and an ine contin - of- Ma Mc s uch ao alloy 4W25) 

An additoal containmn barfie of a moderatlY corsmr
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included in the low thermal-load repository design (Department of Energy. 1994). However this additional 

containment barrier was not considered in TSPA- 1995 based on the argument that modelh for predicting 

the performance of this type of material are not currently -vailable. Also, the multipurpose canister (MPC) 

made of type 316L stainless steel and the pour canister for DHLW are not included in TSPA-1995. since 

no credit is assigned by the DOE to these canisters as containment barriers.  

Although several corrosion modes, including crevice corrosion, stress corrosion cracking.  

mnicrobially influenced corrosion and galvanic corrosion, are briefly mentioned in an introductory 

discussion (TSPA-1995, pp. 5-2 and 5-3) as potential failure modes for the WP, the performance 

calculations in TSPA- 1995 include only general corrosion and pitting corrosion as relevant modes. It is 

stated, however, that the carbon steel outer barrier will provide some degree of cathodic protection to the 

alloy 825 inner container through galvanic coupling.  

The WP performance calculations presented in Chapter 5 of TSPA- 1995 are considered to be 

nonconservative because: 

* Relevant failure modes, such as crevice corrosion, stress corrosion cracking, microbially 

influenced corrosion and thermal embrittlement of steel, are not included in the analysis.  

The chemistry of the environment contacting the WP does not correspond to bounding 

environments described in the DOE long-term testing program (Lawrence Livermore National 

Laboratory, 1995a) 

5.2.2 Description of the Department of Energy Approach and/or Position 

In general terms, the approach adopted in TSPA- 1995 regarding WP degradation is consistent 

with the hypothesis on waste containment presented in the DOE WaS for the YM site (TRW 

Environmental Safety Systems, 1995). In particular, the WP environment in both documents is considered 

to be hot air with the presence of water vapor.  

In the TSPA- 1995 report. humid-air corrosion is considered to be corrosion which takes place 

under a thin film of water that forms on the container surface above a critical relative humidity range 

uniformly distributed between 65 and 75 percent. Aqueous corrosion refers to corrosion of metal in contact 

with bulk water, assumed to occur at relative humidities greater than a threshold value uniformly 

distributed between 85 and 95 percent. Humid-air corrosion and general corrosion in the aqueous 

environment were assumed to be negligible for the innet corrosion-resistant container.  

Mwe conceptual model for humid-air corosion of the outer steel container is based on assuming 

an expoential dependence of the corrosion rate with the relative humidity (RU), the inverse of absolute 

temperatue (T) and the concenuation of SO2 in the environment ([SO21), in addition to a power 

endcof the general corrosion depth (D.) with time (t), which leads to the following expression 

n D, = ae. alh t + /S + a3IT+ 4 2 (5-1) 

"TMe parmeters ai in Eq. (5- 1) were obtained fom Ia regression of 166 data points acquired 

from atmospberi corrosion exposures in different locations extended up to a total time of 16 yr, using
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a specific equation to ac,:-)unt for the tune tMaction, 0dring -r-b It r bt atrmiditY was greater than 

70 percent. Pitting corrosion was treated by IiS112 3 pitt'i t:cq oi, ) irder 5t. obtain pit depth from the 

general corrosion penetration in humid air.  

An expression similar to Eq. (5-1) was 'Isec for geret •orrJS.Ui. or the outer steel container 

under aqueous conditions (5-2) 
In Da -bo +btln t ÷b 2/T "b.•1l 

The parameters bi in Eq. (5-2) were obtained from long-term (up to 16 yr) corrosion data 

acquired in polluted river water and tropical lake water combined with short-term (100 days) corrosion 

data for the temperature effect.  

As in the case of the hurmid-air environment, pitting corrosion was evaluated from general 

corrosion calculations by assuming a pitting factor. For pitting corrosion in an aqueous environment tie 

median pit growth rate was expressed as 
(5-3) 

in R, = A - o.51n t - B/T

wfere I , ,.- ,,it arnwth rate in mm/yr and A and B are constants.

w hlere X~ • is , 1-,, F atte...... b ane r m th r o yd~ ~ i 

By using temperature and humidity profiles at the W surface obtained from by 

modeling and Eq. (5-1) through (5-3), stochastic simulations of WP degradation were performed by 

adopting a set of additional assumptions which will be the subject of detailed examination in a further 

review of "ISPA- 1995.  

5.2.3 Description of Nuclear Regulatory Conmission Approach and/or Position 

The NRC considers that the definition of the WP environment adopted by the DOE and the 

failure modes arising from the interaction of this type of environment with the WPs may not lead to a 

conservative assessment of performance because this assessment is based on a simplified consideration 

of atmospheric corrosion. Among other aspects, the relative humidity criterion. based only on ambient 

temperature observations without considering the hygroscopic nature of corrosion products or other forms 

of capillary condensation (Leygraf, 1995; Fyfe. 1994), may be nonconservative.  
-.... :..,, ,.,,nnrehensively

Evolution of the near-field environment with time (Sridhar et al. 1 , .  

addressed in the TSPA- 1995 analysis of WP performance. "Ie possibility of fracture low and 

. .asa conse~quence Of • chdrirtdhee taal~ymsisand 

c. " of ninimk Secies in the g dwater as a98s6) is not included f .  

1993) and c henM al interactions with minerals (Abrahm et al., 1986) -s not not analysis ad 

tefc of liqui water or concenhuted aline soatu= With the I srf te are not in 

ts tes than the pdcted by the relative humidity crite-o .o..tiO n rom tesef te 
partilt ange mn conmce. .tf- of anionic species in the rUndaSuaio f condutedI 
"patcua ..... -, b,, , in~ss may altte mr , si T W•,h r sls IP ror a c 

wetting and dying processesm 
r 

in TSPA-199 5 and their effects must be quantified- , ý ýrvafive

Use of Eq. (5- 1) for evaluating corrosio of .th ue s te rmsb for te a a of agge-

estimates of the extent of corosmS " W MEuatio- (5-- ) does not COntai trm
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species, with the exception ".- SO2 which is not expected to prevail in the repository environment. The 

inclusion of atmospheric environments containing chloride, which is one of the most detrimental anionic 

species, was omitted from the atmospheric corrosion database used to obtain the parameters ai. This 

omission was justified stating that marine environments are much more corrosive than the near-field 

environment considered in TSPA-1995. The aqueous corrosion model described by Eq. (5-2) does not 

inciude the important effects of pH. redox species (or corrosion potential), and other environmental factors, 

such as chloride concentration, that may be relevant to the corrosion of the outer steel overpack.  

In general terms, long-term predictions using simple logarithmic power laws may underestimate 

long-term corrosion rates, particularly when the database covers a very limited time span (16 yr) compared 

to the extrapolation time (thousands of years). Power linear models and composite models have been 

shown to better fit long-term corrosion data according to McCuen and Albrecht (1994), but other 

extrapolation approaches should be considered.  

Using linear regression fits to determine the parameters needed in the models introduces 

uncertainty in both intercept and slope. Statistically, the uncertainty is at a minimum at the mean of the 

data (Hays, 1973) and increases above and below the mean. However, the curve fits to the data for the 

corrosion models exhibited constant uncertainty, indicating that the uncertainty involved in applying these 

models for periods up to I05 yr is underestimated.  

The use of a piitting factor. with a normal distribution around a mean of 4 and a standard 

deviation of 1 for both humid-air and aqueous corrosion stochastic calculations, appears to be questionable.  

Larger variations can be expected. McCright and Weiss (1985) reported a pitting factor greater than 9 for 

1020 steel in J-13 water at 100 °C after 5,000 hr exposure, whereas data reviewed by Vinson et al. (1995) 

revealed penetrations at pits of at least 10 times the general corrosion values. Although the cumulative 

distribution functions for pit depth reported in TSPA- 1995 seem to exhibit consistent and reasonable trends 

(as a function of environmental variables such as temperature, relative humidity, exposure time, etc.), the 

quantitative predictions may not be sufficiently accurate.  

The lack of dependence of pitting corrosion on chloride concentration and corrosion potential.  

for a corrosion-resistant alloy such as reflected in Eq. (5-3) for alloy 825, is contrary to the findings 

reported in a large body of literature (Szklarska-Smialowska. 1986). As a consequence, the calculations 

may be nonconservative for a wide range of conditions encompassing relatively large chloride 

concentrations and high corrosion potentials. Relatively high corrosion potentials may arise not only from 

the presence of air but also from a combination of factors, including oxidizing species generated by 

radiolysis if localized breaching of the thick outer container occurs prematurely and groundwater contacts 

the inner container. The concept of cathodic protection as a result of galvaMc coupling Is valuable, but 

requires a more accurate evaluatio. T lack of an eletolyte as a conducting medium, which is accepted 

as a plus for the extended integrity of the outer container, may in turn limit-ft throwing power (or 

protection capability) of the cathodic current to closely contacting areas.  

Mltbmzgh dry oxidation is not considered an issue in TSPA-1995, the pOtetii for pain

botndary oxiadatin at low tempenaure (below 350 *C) bfacltated by gram boundiary diffson of oxMhM 

needs to be evaluated. This is a well iestblished phenomenon a higher te"pe--- (Newcomb and 

Stobbs, 1991), but its potenta incidence at repository temperatures should be considered Even more 

impotant as a potential failue mode is the thmeal embritlement of the outer steel o verpack. par•iay 

in welded areas. Thenmns (or temper Imbrildent) of low-aloy ste used for proewn vessels is a well
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eabihd�phfme,, .O�., >-daries (or that of other 

equivalent impurities sucnaffracture toughness.  
as rhto' o tbc" energy .- "••"B: n. -',jence of a similar effect 

asrevealed by tdrop of mat 

300 
pC-mayUhave 

on C-Mn stee.ls after extendeC exposure ion ID A.3..-gatur alculation a re 

significant effect on perfonflance that requaeS -rd: atio' w l'SP" '> dmhough calcu3ationt are 

needed to establish a conservatrvY ,xiteriofl.stes'e' a-sifl fron' 3isiii •.-'nt$ or present as residual 

....- - f ,riaI is emhr~trdf

stresses. may be .suificiev.'- .o indu.c, 
W AY In 

Variability in the ca7osion1 L~Ue• .:sx.tmtrarfly parfitk.tm-ween spatial variabilitY in 

perforlance and uncertainty in t model pa(1arn1eois. Spatial variability is iikdty in the repository, resulting, 

temperatute "ariatk 6 to variable thermal Soads in WPs and/or position of 
pefrac n neti. viaklX •ltý ovral hra efrac and 

the WPs in the repository.- The arbitri.s' partition between spatial variability in perfoelnasce and tha Ws in thmp e, f e ~ stro m 
at v p r a h h c d ~ rt t s f i u e 

uncertainty in model parameters is a noDC-,&Orvative approach which d ,sZrgauteS failures and releases over 

time, thereby reducing peak release and Iose. The delayed onset of drippig may cause pulsed release of 

radionuclides beyond the steady-state release.  

5.2.4 Description of the Likely Effects on Performance 

Most of the limitations of the corrosion models adopted by the DOEr as discussed above. may 

lead to a nonconservative assessment of performance. The most important factor appears to be related to 

the selection of the conceptual models and the lack of consideration of several relevant failure modes.  

Withe exception of thermal embrittlement. however, the lack of consideration of other failure modes.  

such as crevice corrosion. stress corrosion cracking. and microbially influenced corrosion. n the 

simulations of WP degradation is acknowledged in the current iteration presented in cteSPA-99 bs e 
- _•.. ,,i the restricted databa~s.e

An additional factor that may influence the assessment ot penters. ..  

selected for the deterinati~on of the relevant equations and the parameters involved, combined witl 

limitations of the functional depecnde ntc used in the various models. The selection of ae inadeofate 

functional relationship may lead to significant diffetences with respect to more accurate expres5si.s when 

data obtained over a period of few years is extrapolated to predict the behavior after thousand of yeas.  

No indication of approaches to deal with this level of uncertainty is presented in 

Underestimating uncertainty concerning corrosion models results r a lower probabilitY of early container 

failure realizations. Earlier release of radionuclides increases he cumulative releases to the accessible 

environment. A WP failures and EBS release

- train ito spatial varmaluny StP,• .. S "vrIm 
Arbitrary partitioning of uncertainty sa;.r... "um dose. ino saia 

rate over longer time intervals thereby lowering peak LBS releases and 

should be demo., ,ated using mechanisc ar-guments-.

5.3 

5.3.1

GENERAL COMMENTS-WASTE PACKAur D 

General Co mmen-Cdng Degradation Modes -

5.3..IA StateU'5t Of Co n 'SPA-t995 aro nce rt'• 

~~~~UU dti fiueModes of Ziraloy fuel claddig consideze in (Pa19 na et al, 1992)r 
t l ddg osm equation_ s for time to faifu•e of ft cladiag by Creep 

and cladding sp -. Th"e- -
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and the rate of cladding "split" growth (Einziger. 1994) are based on an empirical fit to the data. Although 

the cladding "split" growth rate is based on properties of irradiated cladding, the data used to develop the 

empirical relations for creep strain appears to be relevant to unirradiated cladding and. therefore. may not 

provide reasonable estimates for spent fuel cladding.  

5.3.1.2 Basis of Concern 

The mechanical properties that determine the creep rupture life of cladding can be modified due 

to irradiation of the fuel in a power reactor. Irradiation-induced hardening has a deleterious influence on 

the creep strength of cladding and can therefore result in a lower time-to-failure for the cladding.  

5.3.1.3 Recommendations 

The creep failure of the cladding shouid be based on properties of irradiated Zircaloy fuel 

cladding.  

5.3.2 General Comment-Waste Form Alteration and Radionuclide Release 

5.3.2.1 Statement of Concern 

The TSPA-1995 assessment of the source term may not be conservative. Five areas of 

uncertainties can be identified.  

* Effects of dry oxidation on the surface area and. consequent dissolution of spent fuel is 

inadequately recognized.  

* Colloidal release is not included in performance calculations.  

• Enhanced release of fission products aw. gaseous release from-fuel are neglected.  

* Although it was concluded that the EBS peak release rate performance measure depends 

strongly on rate of spent fuel dissolution, treatment of the rate of spent fuel dissolution is 

ambiguous in many regards.  

* Equations (TSPA-1995 Eqs. 6.2-2 and 6.2-3) developed for the dissolution, of glass waste 

forms as a fuction of pH and temperature of the leachate do not accont. for the 

concntraonsof ionic species that are known to enhance the dissolution rate of glass.  

532.2 Bass for Concern 

In IVPA- 1995 dry oxidaton of spent fuel for [(YUJI ratios below 2.4 is assuned not to inrase 

smfa area sigfnly for subsequent matrix dissoluion. and matrix dissaoluton is presumed to be 

Fprootioal to the e~xposed surface •m Upon dry ox•at for E(YUI ratios above 2A4, the surfae area 

is expected to increase by a fcor of 100 as a result of the exposure of individual grains to leachates.  

Tragranular ftactures are not considered in the TSPA- 1995 analysis. However, recent DOE expermental 

results AWr' Livermore National Laboratory, 1995b) indicate that individual grains may be exposed 

to leachates whem PCoxidized spent fue with ((oYL ratios below 2.4 is immersed i J- 13 il water. The
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S....... when fuel fragmentý 

exposure of individual grafs imp ies thai drs I tM, a J•-,..z- .•s .,when.fuel-.-a 
men.  

ware oxidized to [O/U 1 rtoS above 2"'* Vr Xa-I'Ll' ." ' .' :. -. " :'s7-' a an i

An empirical equation in TSPA- 1995 (6.2-1) is provided wmicu IS 
rate of dissolution of spent fuel as a function of temperature, p1, and total carbonate concentration.  

presumably a subset of the data and the regression curves are provided in TSPA .1995 Figures 6.2-1 and 

6.2-2. However, the pH value used to generate the curves is not indicated in the report. The range of the 

:t2 standard deviations for a given temperature and ph is about i order of magitude-Theis appa ndtly 

a grat deal of scatter in the data relative to the overall range of regressed variatio4 , which is also about 

an order of maglitufld. It appeals that the same curves are plotted in Figure 6.2-4 in linea l t and 

with different it. However, a comparison of the two sets of curves reveas that they are disereft. For 

p for tol carbonate equal to 0.002 M a ondt10efrom F igure 6.2-4 is curvend s May exaMPtC, valu fm•. _or the same pcntuv values _ "pntf to ••• 

which equals 7.67 g-m2 yT , , but the Lo o tiS iue 6.2-4 is 1 ays be a gooa 

for to.l carbonate equal to 0.02 M and 1 0  -- theactios ale th esame,,,o it may 

figureS 6ot -2 can 6.2-4 a 14.6 gim 21mr and 25 g'I 2 yr_.T at o a s.ba 

guess th 2at d t 6 urSwr generted for different unstaed phi values.  

guess~ tha th riu W~ thi. disS61Utl~f rate regressio (E'Iq~~

It is apparently Wnstated in -SPA-19 9 5 Chapte. . 0 0r,1 iW O It i M 

6tadtbuti fimam for tes of spentf fatdIuit on 

62 -pC at1) 2 w as b~ aC used p11 were selected. It is noted with re petW t o r 50l aiitie tat "th ce nea tf W 

pH om is uUet to uTe hda

t/

which rnay further increase surtace '- '.......oclds ht cind 
Colloidal release of actinides is discussed in, IS'PA 1995.- .t:.,.•ort concludes that actnide 

release would be increased by a factor 3 by the colloid contrib'atio' ' Hwever, there is no explicit 

treatment of the role of colloids in the release or dose compu of he TSPA. Dissolution tests with 

dripping ground water indicate large amounts of Pu and Am releases (F-i. e" a'.. 1994). It is possible that 

these releases are associated with colloids. and colloids may be transported along fracture paths of host 

rocks without significant retardation. Even if colloids grow and settle out of solution because of 

gravitational forces. there is a possibility of colloidal transport by convective flow of groundwater.  

especially through vertical host-roc fractures. Neglecting the contribuUOn of colloids to the source tern 

It is assumed in TSPA-1995 that fission products and activated radionuclides (i.e.. C-14) are 

released in proporton to the moarix dissolution rate. Also, solid state diffusion is not considered. However.  

fission products and C- 14 can be released by solid state diffusion. This is a more likely scenario when 

spent fuel is subject to a prior dry oxidation. For instance. Xe (which is similar in size to 1- 129) diffusivity 

increases by many orders of magnitude at around 1000 'C as the matrix is oxidized (a sumewaoY in Nicoll 

et al.. 1995). The discrepancy between diffusivities in unoxidized and oxidized spent fuel would be more 

significant as temperatures decrease. C- 14 may diffuse to the surface even without prior dry oxidation 

(Ahn. 1994). The release by solid matrix diffusion would lead to early release of fission products and 

C-14. For instance. if C-14 diffusion kinetics follow oxygen diffusion kinetics. all matrix C-14 may be 

released from the fuel above 73.5 °C within 10,000 yr (Ahn, 1994). Another example is 1-129 release. If 

diffusivity is greater than 3x10-18 cm2/sec. all matrix 1-129 would be released from the fuel within 10,000 

yr (di., 1995a). This fast diffusion-induced release may be likely if spent fuel is subject to dry oxidaton 

(e.g.. Nicoll et al., 1995). Dry oxidation can result in amorphization and fracture (Lawrence Livermore 

National Laboratory, 1995b; Gray and Wilson. 1995). both of which increase diffusion rates. This general 

behavior would apply to otlher radionuclides such as CI-36, Tc-99 or Cs-135.  
- -..... . :.. ,,esion of data for the



than a random selection from a distribution." so a unique value of pH 7 was used in the "altemative 

solubility models." 

Nevertheless, the significance of the functional relation of the dissolution rate to temperature.  

pH and carbonate is questionable considering that the range of variation in rate for the regressed curves 

nearly corresponds to the range of variability in the data for a given temperature and pH, and considering 

the formidable uncertainties in surface area, which may extend orders of magnitude.  

The effect of the enrichment of groundwater with WP corrosion products on the dissolution rate 

of glass waste forms is not considered in TSPA- 1995. The empirical equations developed for the 

dissolution of glass are based only on pH and temperature and do not account for the concentration of 

ionic species which are likely to be present in the groundwater and are known to accelerate the dissolution 

rate of glass (McVay and Buckwalter, 1983). One such species is Fe(3+), which is expected to be present 

in groundwater as a result of corrosion of the WP components. It is also unclear whether the empirical 

glass dissolution rate equations provided in TSPA- 1995 are bounding rate equations for all compositions 

of borosilicate glass anticipated for disposal. The current DOE designs call for an overpack of carbon steel 

for the WP. Continuous release of Fe ions from the overpack will prevent the groundwater from reaching 

the solubility limit of silica. thereby preventing the asymptotic leveling of the glass dissolution rate 

observed in closed systems in the absence of Fe ions in the leachate. Therefore, the long-term dissolution 

rate of glass waste forms could be much higher than that estimated without the presence of corrosion 

produc's in the groundwater.  

5.32.3 Recommendations 

Current Pacific Northwest Laboratories (PNL) (Gray and Wilson, 1995) experimental results 

should be incorporated in PA. Future Argonne National Laboratory experimental results should be 

interpreted, modeled and incorporated in PA. (For sample models, see Ain, 1995b; Manaktala et al..  

1995). Future PNL experimental results and some data from reactor operation may be used in P-,. Clarify 

parameters used to generate dissolution rate figures, and explain how parameters were generated for use 

in Equation 6.2-1 to calculate spent fuel dissolution rates. The glass dissolution rate equations should be 

modified to incorporate the influence of ionic species that are known to accelerate the dissolution rate of 

glass.  

5.3.3 General Comment-Limits of Capillary Barriers 

5.3.3.1 Statement of Concern 

TSPA- 1995 assumes that a capillary barrier can ensure diffusion only release from WPs.  

Capillary barriers are potentially a very significant additional barrier for fte YM proposed repository and 

should be considered. However, capillary barrier per• mace is very snsitive to te (1) usated flow 

properties of the overlying conductive layer, (ii) pce size distribuion of the lower caplary bak lyert 

(Wi) the •ifitatmian rte, and (iv) spatia] and temporw a datbutm of infutrating water 

5.33.2 Bosb of Concer 

Proper functioning of a capillary barrier requires t h unsatuated flow in the upper conductive 

layer wick moisture under sion around the WP. If saturation is approaced anywhere along the bottom
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of the conductive layer. the capillar-y barrier taillý t.aCi, ,o i:WPL'½ .m the waste container and 

associated advective releases The imnitation ot unsatur .te' ýlac• apbo n cap acity 

of a capillary barrier to ciiver,.ntiltratifg water Equations .- r .(- 'jj, e <CJ capacity of a caplilaldybamet 

or the simple case of constant 1nfiltrauon have heen de :J. .. " R,- .. > ,td are applied i walton

and Seitz (1992).  

The case of localized flow (e.g- caused by siact-,e drippmul and Dransie' t dripping events is 

computationafly more complex but amenable to numericl simulation. time more complex problem is 

addressing charges in the properties of the porous medium 'ound the WP over tine as a result of healing.  

The strong matc suction obtained in tuff rock tends to focus evaporation at the edge of the drifts.  

Thestratong episouectlong f also periodically wet the upper conductive layer and then be 
Initrto eioealnfrcues will also for. acapilllarytebarrier have lower 

evaporated at the higher temperatures (the granular materials required for a cala bmp aratures)- When 

thevla~ltndat I th an tgher tmsrrounding tuff rock. leading to higher waste paka t hemprt u re the r a conductivity thaan the thererochaning ,, . . . . •o the po e s z i ti i nf cant uchanges 

the water evaporates, minerals precipitate, thereby changing the pore size distribut oon 

layer. Anticipated water reflux and fracture drip rates are sufficiently high to lead to significant changes 

in material properties over time. Formation of layers of precipitated calcite and/or silica in the conductive 

layer at the point of evaporation may lead to failure of the capillary barrier.  

Failure of a capillary barrier causes the WIP involved to be subiect to advective release. Based 

upon TSPA-1995 (Figure 9.3-44, p. 9-83), capillary barriers can reduce the dose Dy up to a factor of 

10.000 when compared to the nominal case.

5.3.3.3 RecommflenIUaLuICapillary barriers around the WP can lead to large improvements in WP' performance and are 

potentially one of the most effective barriers available at an unsaturated site. At the same time, the 

performance characteristics of capillary barriers are sensitive to a variety of processes active at the YM 

proposed repository. Future P,'. should consider the conditions under which capillary barriers can be 

sustained and the uncertainties related to their performance as a consequence of heating and coupled 

effects.  
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APPENDIX A-DOSE ASSESSMENT CALCULATION 

TOTAL SYSTEM PERFORMANCE ISSUE 

In addition to Complementary Cumulative Distribution Functions (CCDFs). TSPA-1995 also 

presented results of calculations based on single values of parameters. One such calculation in TSPA- 1995 

was the calculation of drinking water dose from 237Np as a function of time based on expected values of 

infiltration and solubility limits. 237Np was selected for this review because it is very long-lived and an 

important contributor to dose. Thus the peak 237Np dose occurring at long times will be insensitive to 

assumptions regarding the thermal period, waste container, and release rates for spent fuel.  

DESCRIPTION OF CALCULATIONAL APPROACH 

Using expected values reported in TSPA- 1995, the dose due to 237Np was calculated by the 

following procedure: 

1) Determine the amount of flow contacting the waste 

2) Determine the release rate based on solubilitv limit 

3) Determine contaminant water concentration 

4) Determine drinking water dose 

5) Compare to TSPA-1995 results 

Two calculations were performed, one for the high infiltration rate (1.25 mm/yr), and one for 

the low infiltration rate p,,.03 i..n/yr). For the TSPA-1995 audit review calculation, the infiltration rate 

remained constant (in the TSPA-1995 calculation, the infiltration rate increased). From the TSPA-1995 

Figures 7.3-5 to 7.3-8. the fracture drip flux and fraction of packages being contacted by water were 

estimated. These values were: 

Fracture drip flux (low infiltration) = 0.0025 mm/yr 

Fracture drip flux (high infiltration) = 0.70 mm/yr 

Fraction of packages dripping (low infiltration) = 0.06 

Fraction of packages dripping (high infiltration) = 0.50 

With a total of 6,468 spent fuel packages (TSPA-1995, page 8-15) the number of packages 

dripping is 388 for the low infiltration case and 3,234 for the high infiltration case. From these values and 

the TSPA-1995 capture area per package value of 41 in
2 , the amount of water contacting the waste for 

the low infiltration case is 0.04 m3/yr and for high infiltration is 92.7 n3/myf.  

Assuming that 23"Np will be released at its solubility limit (34 gim3 or 0.024 Ci/m3), releases 

of 9.6xl0" Ci/yr (low infiltration) and 2.2 Ci/yr (high infiltration) were calculated. The value obtained 

for the high infiltration case is close enough to the TSPA- 1995 maximum annual release rate (2.1 Ci/yr) 

to verify the assumption of release of 237Np at its solubility limit.
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Using the mixing volumetric flow rate of 400.000 m3'yr (Section 7.6.2) and the 237Np dose 

conversion factor of 3.X- I19 mremnyr (Table 7.6- 1). the calculated drinking water doses are 7.5 mremr:vr 

(low infiltration) and !7.000 mremyr (high infiltration).  

TECHNICAL FINDINGS 

The above dose estimates are approximately 2 orders of magnitude different (higher) than the 

S×10-4 mrem/yr and 200-300 mrem/yr doses presented in the TSPA- 1995 for the low and high infiltration 

cases, respectively. The apparent extra dilution estimate' in TSPA-1995 is believed to come from the 

model abstractions for inter-unit fracture connectivity used in the TSPA- 1995 RIP model. Figure 7.4-3 of 

the TSPA- 1995 would seem to indicate that a release could be extended over a much longer period and 

thus allow for significantly more dilution. For this example, a very short pulse of 23 7Np is assumed (at 

a release rate of about 2 Ci/yr, the 70,000 Ci inventory of 21 Np in the waste packages would be depleted 

in less than 35,000 years). However, the TSPA-1995 results (page 9-67) show that 2 7 Np release persists 

for over a million years. This delayed release is approximately equal to the 2 orders of magnitude increase 

in dilution necessary for the example results to make sense.  

Unfortunately. the parameters used to derive the particle transition rate of random travel length 

in the fracture is not reported in the TSPA- 1995 document. and the extra dilution attributed to the factor 

is not known. Geochemical information seems to indicate that the fracture water and matrix water have 

different geochemnical properties. The inter-unit fracture connectivity abstraction is a concept that warrants 

closer inspection in that modifications could reduce potential dose estimates by orders of magnitude.

A-2



APPENDIX B 

EVALUATION OF MARKOVIAN TRANSPORT MODEL



APPENDIX B-EVALUATION OF MARKOVIAN TRANSPORT MODEL 

TOTAL-SYSTEM PERFORMANCE ISSUE 

The unsaturated flow transport model used in TSPA- 1995. as described in Section 7.4 of the 

document, was evaluated by comparison to the model uqed in NRC's IPA Phase 2. Using simplified 

versions which follow the conceptual models. the similarities and difference between the Markov transition 

model and the model used in NRC's IPA Phase 2 are evaluated. The TSPA-1995 unsaturated zone 

transport model uses the Markovian transition model for transport of radionuclides through the geosphere 

(modeled as four lithologic or hydrostatigraphic layers). The Markovian model is based on the transition 

of particles (representing radionuclides) through fracture and matrix compartments describing the system.  

In the Markov model, particles in both the fracture and the matrix have a velocity in the 

downward direction through distinct flowtubes. A particle starts in a given pathway (fracture or matrix), 

with a probability Ffra of being in the fracture and (l-Ffrac) of being in the matrix, and moves a distance 

(Ax), before transitioning to the other pathway (matrix or fracture). The magnitude of the distance moved 

in a given pathway, Ax, is sampled from an exponential distribution. The time (At), required for a 

particle to move any given dista". is the length of particle movement, Ax, divided by the particle 

velocity. This velocity takes into account retardation of the particle (particle travel times are longer in the 

matrix than in the fracture). After each At, the particle changes state from fracture to matrix (or vice

versa) and continues moving through the layer(s). If the particle moves past the layer boundary, the travel 

time is modified for transport to that boundary. Upon leaving a layer. the particle enters the top of the next 

layer and the process repeats itself until all layers have been transversed. Consequently, the total transition 

time for a particle to move through the unsaturated zone is the sum of the travel times (At) for each layer.  

DESCRIPTION OF CALCULATIONAL APPROACH 

IPA Phase 2 employed NEFTRAN, a one-dimensional network model. An approximation of this 

approach was used for comparison to the DOE TSPA- 1995 approach described above. Like the Markov 

model, the NEFTRAN one-dimensional algorithm starts with a particle either in the matrix or fracture 

state, with a probability Fftrac of being in the fracture and (1-Fftac) of being in the matrix. The particle then 

moves entirely through a given layer in that state. At the top of the next layer the particle again is either 

in the fracture or the matrix, with probabilities again Ff., and (l-Ffrc), respectively. Since there is no 

change of state for the particle except at the top of each layer, it is not necessary to actually sample 

probabilities for each particle. For a four layered model there can only be 24 (16) possible pathways with 

the travel time and probability uniquely known for each pathway. This algorithm description differs from 

NEFTRAN in that it ignores longitudinal dispersion. However, this should not have a large effect on the 

outcome, as dispersion was shown to have only a minor effect on results in -the IPA Phase 2 analysis.  

Comparison of the two models (see Figure B-i) was conducted with a 5,000 particle tri on a 

single column like that used in the TSPA- 1995 (4 layers in the unsaturated zone using data typical of the 

ig inf.itr.aion case, 2 mm/yr). Matrix and fracture particle velocities, Ffnc, and layer thickness values 

used in comparison trial calculations were taken from TSPA- 1995. The retardation factor in the fractures 

was taken as mity (no retardation). The retardation factor for the matrix is a represntative value estimated 

from the information of Kd and density given in the TSPA- 1995.
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Results of this trial apply only to an instantaneous pulse release to a sing'e column in the 

unsaturated zone. The comprehensive scenario differs in a number of important respe ts: 

1. There would be multiple columns with different layer thicknesses that would also include the 

transport through the saturated zone to the points of use.  

2. The release rates to the top of the columi. ,. ould be continuous rather than an instantaneous 

peak.  

3. The release rates and velocity vary in time from column to column.  

TECHNICAL FINDINGS 

Results of an instantaneous release 5,000 particle trial for each model have obvious differences.  

The particle arrival times are much more spread-out using the- TSPA- 1995 Markov model. This is 

expected, as the pathways and particle travel times are much more random in character compared to the 

limited number of pathways specified in the IPA Phase 2 model. The NRC model would lead to a higher 

peak concentration at an earlier time than would the Markov model. The Markov model also disperses the 

pulse over a much longer time.  

The attached plot presents a CDF for the fastest 1,000 out of 5.000 particles for one realization 

of each model using the same hydrologic parameters. It shows that the IPA Phase 2 model has a 

significantly greater number of particles at about 35.000 to 50,000 years. The absolute values of the travel 

times is not significant because they are dependent on the hydrologic parameters of the realization, 

however, the comparison of the models is significant.  

The TSPA- 1995 value chosen for the parameter ). appears reasonable at first glance: "For 

TSPA- 1995, the default ,,rticle-transition rate for the Markovian dispersion process between fracture and 

matrix is set equal to the inver-. of the pathway length. This means that on average a radionuclide particle 

will travel the length of the pathway (e.g., througt the TSw) within a fracture, before transitioning to the 

matrix-flow mode or vice-versa." This overstates the conservativeness of the model used for the following 

reasons: 

1. The transition distance (Ax) sampled from the exponential distribution is weighted toward 

values much less than the layer thickness (L). The area under the curve of the exponential 

distribution between Ax--0 and 1 is fe -dx=l - e -- 0.63. Over 63 percent of the 

particles transition to the matrix, with its much slower travel timeb, before reaching the end 

of the layer. Similarly, over 39 percent would have transitioned before reaching LJ2 and over 

18 percent would have transitioned before reaching U5. This-constitutes a considerable 

amount of credit attributed to the desirable properties of the matrix.  

2. Tiere is no field evidence of any significant matrix diffusion at this site, and some evidence 

to the contrary (e.g., isotopes in perched water bodies are significantly out of equilibrium 

with the rock in which they are in contact).
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In conclusion the Aarkov transition model employed for the radionuclide transport calcuL..  

in TSPA- 1995 appear' to give too much credit for flow and transport in the matrix. Therz is practically 

no justification for choice of this model or its parameters. The results of the model lead to the 

conclusion of a substantially lower peak concentration. spread over a much longer time than would be 

derived using a more conservative transport model. The model used in the next TSPA should account for 

the interchange between matrix and fracture by molecular diffusion but should have more defensible 

parameters. The Markov transition model or something similar may be applicable for the performance 

assessment calculations if it can be defended by more complete :::odels.  
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