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ABSTRACT

The second preliminary total-system performance assessment for the potential radioactive-waste-

repository site at Yucca Mountain has recently been completed. This paper summarizes results for

nominal aqueous and gaseous releases using the composite-porosity flow model. The results are found
to be sensitive to the type of unsaturated-zone flow, to percolation flux and climate change, to saturated-

zone dilution, to container-wetting processes and container-corrosion processes, to fuel-matrix alteration

rate and radionuclide solubilities (especially for _'37Np), and to bulk permeability and retardation of

gaseous 14C. These are areas that should be given priority in the site-characterization program. Specific

recommendations are given in the full report of the study.

INTRODUCTION

Two years ago, Sandia National Laboratories conducted a preliminary total-system performance

assessment (TSPA) of the potential repository site at Yucca Mountain, Nevada. This study, referred

to as TSPA-1991, l included estimates of releases of radioactivity to the accessible environment over

a 10,000-year period from several processes: groundwater flow and aqueous transport, gas flow and

gaseous transport, human intrusion in the form of expioratory drilling, and basaltic igneous intrusion. In

1993, we performed a second iteration of TSPA, with calculations once again in the four areas listed

above. This paper summarizes some of the nominal-condition results of TSPA-1993. 2

An important aspect of both TSPAs is the analysis of nominal releases (aqueous and gaseous releases

without the occurrence of disruptive events) using two different conceptual models of flow and transport

in the unsaturated zone at Yucca Mountain. The unsaturated-zone flow in Yucca Mountain is not yet well

determined, so it is useful to consider alternatives in *.hisway, to explore the consequences of different

assumptions. We have found that the choice of flow model has significant effect on predicted repository

performance.l-3 The sensitivity of the results to the choice of flow model is a result of the key role that

"This work was performed under the auspices of the U. S. Department of Energy, Office of Civilian Radioactive
Waste Management, Yucca MountainSite CharacterizationProject, under Contract DE-AC04-94AL85000.
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unsaturated-zone water flow plays in releases of radionuclides to the accessible environment.

The two flow models used are referred to as the "composite-porosity" model and the "weeps"

model. !,3,4 The composite-porosity model assumes that flow is shared between the rock matrix and

the fractures _ause of capillary forces (pressure equilibrium between matrix and fracture flows), while

the weeps model assumes that water flows in locally saturated fractures with no matrix/fracture interac-

tion. Both of these conceptualizations are idealized, and reality is probably somewhere in between. We

believe that at the present time there is not enough evidence to be able to rule out either type of behavior,

so it is important to study both models and it is important to look for field evidence that could determine
which model is a better representation of reality (if either).

In this paper, discussion is limited to the composite-porosity flow model. The weeps model and its

results are discussed by J. H. Gauthier in these proceedings. 5

CHANGES FROM TSPA-1991

Improvements and extensions were made in several key areas for TSPA-1993. Some of the most

important changes are listed below; for details, see the TSPA-1993 report. 2

As part of the Ad_,anced Conceptual Design process, the Yucca Mountain Project is currently recon-

sidering many of the choices that were made for the original repository conceptual design, 6 including

the choice of 57 kW/aere for the thermal loading and the choice of relatively small, thin-walled waste

packages emplaced in boreholes. For TSPA-1993, we evaluated two thermal loads (57 kW/aere and

114 kW/acre) and two container types (SCP-type vertieal-borehole-emplaeed thin-walled stainless-steel

containers and in-drift-emplaeed double-walled multipurpose containers). To make our comparison of

these cases more realistic, the calculations were enhanced in several respects: container and waste-form

temperatures were calculated, along with thermal dryout of the region around the waste containers; a

simple model was used to estimate displacement of groundwater and subsequent shedding due to repos-

itory heating; a phenomenological container-failure model was incorporated, 7 including juvenile failures

(premature failures caused by container defects, mishandling during emplacement, etc.) and temperature-

dependent corrosion rates; temperature and chemistry dependence of spent-fuel alteration was added; 7 the

gas-flow calulations were made time-varying and coupled with the heat transfer (formerly the gas-flow

calculations were steady-state); and the one-dimensional columns used in the flow and transport calcula-

tions were made more representative of the repository area, which is different for different thermal loads.

An example of the calculated container temperatures is given in Figure 1. The high temperatures for

the in-drift-emplacement cases result from the insulating effect of the backfill, which is assumed to be

installed 75 years after waste emplacement.

In the Energy Policy Act of 1992, Congress declared that the Environmental Protection Agency

(EPA) standard for radioactive-waste disposal, 40 CFR Part 191, s does not apply to Yucca Mountain,

. and charged the EPA with developing a new standard for Yucca Mountain, based on radiation doses to

individuals. We did no dose modeling in TSPA-1991 (though Pacific Northwest Laboratory performed

some dose calculations using our release resultsg), so an addition to TSPA-1993 was to include dose

modeling. We did not attempt to do full biosphere modeling, but only a simple calculation of the dose

to an individual who drinks 2 liters per day of water with radionuclide concentration equal to that in our

saturated-zone model at a distance of 5000 meters downstream from the potential repository. Additionally,
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Figure 1. Calculated container surface temperature for a typical container near the edge of the repository
for the four cases considered.

for TSPA-1993 we extended the time period of our calculations from 10,000 years to 1,000,000 years so
that we would include the time of maximum dose for most realizations. Furthermore, for dose calculations

the saturated zone plays a much more important role than it does in calculations of cumulative release, ,R

as for 40 CFR 191.13. Thus, the saturated-zone model of flow and transport in the vicinity of Yucca

Mountain was improved for TSPA-1993.

It was known from previous work 1° that aqueous releases using the composite-porosity model are

extremely sensitive to percolation flux. This led us to reconsider carefully what is known about infiltration,

percolation, and climate change at Yucca Mountain. We implemented a simple model of future climate,

in which the system alternates between "dry," interglacial conditions and "wet," glacial conditions.
Probability distributions were defined for infiltration, based on available information. The distribution

used for dry-climate periods had a mean infiltration of 0.5 mm/yr, and the distribution used for wet-

climate periods had a mean of 10 mm/yr. For the composite-porosity model, the infiltration was adjusted

when it exceeded the rock-matrix saturated hydraulic conductivity, in an attempt to take into account

the possibility of lateral diversion in the Paintbrush nonwelded layer above the repository. The mean

dry-climate percolation flux was 0.35 mm/yr and the mean wet-climate percolation was 1.7 mm/yr; see

Figure 2. In addition, recent information II, 12indicates that the water table has been significantly higher

in the past. Based on this information, during wet-climate periods the water table was assumed to be

from 50-m to 120-m higher than at present.

l0
Fracture properties were also known to be important model parameters, in particular for weeps-

model releases, but also for gaseous releases in the composite-porosity model. Because of this, we
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Figure 2. Distributions usedfor percolationflux duringdry-climate and wet-climate periods.

developeda method to derive large-scalefracture propertiesfrom available information on bulk perme-

ability, fracturefrequency,andfractureorientation.

Severalrepresentationsof theunsaturated-zonehydrogeologicstratigraphyweredevelopedfrom avail-

able driUhole data using geostatistical methods, 13 though the flow and transport modeling were done for "

only one of the representations because of time constraints. The repository was represented by eight one-

dimensional columns for 57-kW/aere simulations and by five one-dimensional columns for 114-kW/aere

simulations; see Figure 3.

In addition to the above changes in models, some parameters changed significantly from TSPA-

1991 simply because additional information was used in developing the distributions. Probably the

most important of these changes were in neptunium solubility, which increased by about five orders of

magnitude, and rock-matrix saturated hydraulic conductivity for the Topopah Spring welded unit, which

increased by up to an order of magnitude.

RESULTS

As in previous analyses, the Total-System Analyzer (TSA) 3,14 was used to perform Monte Carlo

simulations, taking the defined models and probability distributions for the input parameters and generating

distributions of desired performance measures. Two performance measures were considered--normalized

cumulative release of radioactivity to the accessible environment (also called EPA sum), as defined in 40

CFR 191.13, and peak individual drinking-water radiation dose. Time periods from 10,000 to 1,000,000

years were considered.
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Figure 4. Normalized cumulative releases over 10,000 years; 57 kW/acre, vertical emplacement. Shaded

region indicates the EPA limits from 40 CFR 191.13.

Figure 4 shows the 10,O00-yr normalized cumulative releases for one of the cases. The 57-kW/acre,

vertical-emplacement case is shown because it is closest to the original conceptual design for the

repository,6 and thus most comparable to past work. 1'3 Aqueous and gaseous releases are shown sepa-
rately in the figure, and it can be seen that calculated gaseous releases are much greater than calculated

aqueous releases over 10,000 years. The calculated gaseous releases exceed the EPA limits from 40 CFR

191.13 (which, as noted above, are no longer applicable to Yucca Mountain). This exceedence may not

be significant because of the conservative assumptions built into these preliminary calculations. Also,
note that gaseous releases are significantly lower for the weeps model because, with the assumptions
made, fewer containers are contacted by water and fail.5

The combined aqueous and gaseous releases for all four repository cases are shown in Figure 5. It
can be seen that, with the assumptions and approximations made for this study, there is little difference

in the 10,(XX)-yearreleases for the four cases. And in addition, there is little change from the TSPA-1991
results.

Because of the many simplifications and conservative assumptions in the calculations, the differences

among the cases may be underestimated. Some mechanisms that could provide more discrimination

among the cases were conservatively neglected. Two potentially important mechanisms are as follows.

(1) No protection from the fuel-rod cladding was included in the simulations. This protection could

be significant, and could be quite different for the different cases because of their different temperature

histories. It can be seen in Figure 1 that temperatures are much higher for the in-drift-emplacement
cases, which could lead to a higher rate of creep ruptures. (2) The possibility of an "extended dry"
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Figure 5. Normalized aqueous+ gaseouscumulativereleasesover 10,000 years for all four repository
cases. Releases calculated for TSPA-1991 are shown as well.

period was not included in the simulations. It has been suggested Is that water driven away from the

repository by heat may return very slowly, so the cases with higher thermal loading could remain dry

significantly longer than the cases with lower thermal loading, resulting in fewer container failures and

lower releases within 10,000 years. (Both of these mechanisms were neglected for TSPA-1993 because

their applicability is uncertain at this time.)

The peak d_king-water dose rates for the four repository cases (over a million-year period) are shown

in Figure 6. There is a little more differentiation among the cases than in Figure 5, but the differences

are still small. The calculated doses are all rather high compared to typical dose requirements, s, 16,17

As with the high gaseous EPA releases discussed above, the significance of the high dose estimates is

uncertain because of the preliminary nature of the calculations: many conservative assumptions have

been made, and it is unknown at this time how much the estimated doses might change as more realism
is incorporated. It is also unknown at this time what form the new regulations for Yucca Mountain will

take, In addition, note that calculated peak doses are lower for the weeps model, s Thus, it is premature to

draw strong conclusions from the calculated doses, It is necessary to determine what assumptions have

led to the high dose estimates, and to examine those assumptions and determine whether or not they are
reasonable. Additional site data and testing are necessary for this determination.

It is of interest to know which radionuclides contribute most to the releases discussed above. Pre-

liminary calculations showed that, with the assumptions made regarding solubility and retardation during

transport, most radionuclides in the repository inventory make negligible contribution to cumulative re-

leases and to doses. Only nuclides with relatively low retardation factors (i.e., low Kds) make it to the
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accessible environment in significant quantities within 106 years. The aqueous-releasesimulations in-
cludedsix low-retardationnuclides:237Np,234U,231pa,ngI, 99Tc,and79Se. Anotherisotope of uranium,
23SU,could also be important,but its behavior is essentially the same as that of 234Ubut with releases
about an order of magnitudelower, so little additional informationwould be gained by its inclusion.
239puwas also included in the simulations, as a representativeof the nuclides with high retardation;it
made negligible contributionto all cases andall performancemeasures considered. Note, however, that
this conclusion is contingent upon the assumptions made. In particular, it is an open question whether
there is significantformationand transportof colloids of plutoniumand americium;colloids were not
includedin the TSPA-1993 simulations.

The mean releasesanddoses for the highest radionuclidesare listed in Table 1, for 57 kW/acre and
verticallyemplaced containers(resultsfor the othercases are similar). 14Creleases were only calculated
for 10,000 years; it is expected that cumulative releases over longer time periods would not be much
largerbecause 14C'shalf-life is only 5700 yr. Thus, dashes are shown for t4C in the table under 10s
yearsand 106 years, in its expected relativeposition. The doses shown in the table arefor drinkingwater
only, so doses from gaseous 14Care not shown. Individualdoses from gaseous 14Care expected to be
negligible.IS.19

Table 1 shows that it takes hundreds of thousands of years for normalized aqueous cumulative
releases to catch up to gaseous releases in the calculations. At early times aqueous releases and doses
are dominatedby 99Tc and n9I, and at late times aqueous releases anddoses are dominatedby 237Np.

In additionto the final release and dose results, intermediate,or subsystem, results areof interestas



Table 1. Mean releases and dose rates (57 kW/acre, vertical emplacement).

Normalized cumulative release

104years 105years 106years

t4C 0.69 14C m 237Np 1.54
99To 8.0 × 10-4 99Te 0.16 n4C

n29I 1.8 X 10 -4 237Np 0.10 99Tc 0.34
n29I 0.04 n29I 0.14

23Ipa t ,0.04
234U 0.01

Peak individualdose rate (mrem/yr)

104 years 105years 104 years

99Tc 12.8 237Np 3600 237Np 12600
129I 6.4 99Tc 700 231pa 1000

_TNp 0.2 n9I 400 99Te 800
_lPa 300 ngI 500

well. One quantity of particular interest is the time of container failure. In TSPA-1991, container-failure

time was not calculated, but ratherwas an input parameter with a distribution of values defined by "expert

elieitation." As noted previously, in TSPA-1993 phenomenologieal models of container corrosion and

failure were used, with corrosion rates dependent upon temperature and water contact. Thus, there was

more coupling of processes in TSPA-1993 and the assumptions made about temperature and water flow

(see Figures 1 and 2) affect the container-failure results. Distributions of container-failure time are shown

in Figure 7. The container-failure distributions for the four cases are different in three important ways.

(1) The time at which most containers fail varies from ease to case. This time can be linked directly
to the container-temperature histories shown in Figure 1. The corrosion model assumes that there is no

,b

aqueous corrosion at temperatures above 100 °C, Thus, aqueous corrosion begins when the container

temperature falls below 100 °C. The corrosion rates are also highly temperature-dependent, so that

corrosion rates are very high initially but fall off rapidly as temperature decreases. Thus, most aqueous
corrosion and most container failures occur in our calculations near 100 °C. It can be seen that the

dominant container-failure times in Figure 7 agree very well with the times of 100-°C temperature in

Figure 1. Most of the spread in failure times is caused by the assumed spread of temperatures within the

repository. That is, containers near the edge of the repository fall below 100 °C somewhat earlier than

containers near the center of the repository.

(2) The fraction of containers that do not fail varies from case to case. This fraction depends

primarily on assumptions about water contact with containers and secondarily on assumptions about

temperature-dependence of corrosion rates (especially pitting corrosion of the stainless steel). In the

vertical-emplacement cases, we assume that the borehole airgap affords some protection from water

contact; thus, a smaller fraction of the containers fail, on average, in the vertical-emplacement cases.

Secondarily, temperature falls off more rapidly for the 57-kW/aere cases than for the 114-kW/aere eases,

leading to fewer failures before the corrosion rates are too low to cause further failures. This latter effect

also explains why some of the in-drift containers do not fail in the simulations. All in-drift containers

are assumed to be exposed to moisture and subject to aqueous corrosion (after temperature falls below

100 °C, and after the thermal "dryout" period), but the pitting rates at the low end of the assumed

_d'_
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Figure 7. Mean distributions of container-failure time for the four cases and for TSPA-1991.

distributionare low enough thatsome containersdo not fail.

(3) Thejuvenile failures,assumedto be exponentiallydistributedin time, can be seen in the lower part
of Figure 7. A lower rateof defective containerswas assumed for the double-walled in-driftcontainers

than for the single-walledverticalcontainers.The numbersassumedfor the two typesof containers
aresubjective,butthe assumptionthattwo wallsoffermoreprotectionagainstdefectsthanonewall is
reasonable.

PARAMETERSENSITIVITIES

At this stage in thecharacterizationof the Yucca Mountainsite, perhapsthe most importantfunction
of performanceassessmentis to provideguidance to the site-characterizationand design groupsregarding
the performance implicationsof their activities, thereby helping to set priorities. One way to provide
this guidanceis to examine the simulationresults to determineto what model parametersthe results are
most sensitive. These sensitive parametersindicateart,,asof importance,where Projectresources should
be concentrated. Because our models and input dat_,are quite preliminary,however, we can conclude

that the parameters and processes to which the results are sensitive are important, given our present
state of knowledge, but we cannot necessarily conclude thatthey are the only importantparametersand
processes. The simplifications,conservative assumptions,and incomplete site data could be disguising
the importance of some quantities.

Before going on, let us note that, if the cumulative-releaseEPA standardchanges to a standardbased

on individualdose ratesover a time period much longer than 10,000 years, significant changes in the
prioritiesof the site-characterizationprogram may be needed. With releases regulated by 40 CFR Part

0 "--_



191, the emphasis of the program has been on the natural barriers. Radionuclide transport times greater

than 10,000 years would enable the site to meet 40 CFR Part 191. With a regulation based on individual

dose rates, there would have to be more emphasis on radionuclide release rates. This does not mean

that the natural barriers are unimportant, but they are important in different ways. Peak dose rates are

basically affected by two thingsmthe source release rate and the amount of dilution after release. The
amount of dilution is a property of the natural system that would have to be characterized, and the natural

system has important interactions with the engineered system to produce the radionuelide release rates.

For example, the amount of water available for container corrosion and releases, the way the water is
I }

distributed among t.'.,ccontainers, and the geochemistry of the near field are all crucial to prediction of

release rates. Radionuclide transport time is not particularly important to a dose-rate calculation unless

the transport time is greater than the radionuclide half-life (two million years for 237Np).

To examine the sensitivity of the results to the input parameters, rank linear regression was usedm

linear regression performed upon the ranks rather than upon actual data values. (By ranks, we mean that

the values are put in order and the ranks are the order numbersulowest is 1, second lowest is 2, etc,)

A good discussion of the subject, including some of the theory, is given by Helton et al. 2° A regression

analysis of TSPA-1991 results was given in a previous paper, n° Details of the regression analysis will

not be given here, but only a general discussion of the results. More detailed results and more specific

recommendations are given in the TSPA-1993 report. 2 The parameters to which the results are sensitive

fall into a few general categories, as follows.

First, percolation flux is the quantity that has the most influence on composite-porosity results.

"Dry" percolation flux, "wet" percolation flux, and climate-change time are all important to the resultsm

especially to the 10,000-year aqueous releases. The importance is illustrated by a scatter plot of aqueous

EPA cumulative release against dry-climate percolation in Figure 8. ("Dry" percolation is used because
dry-climate conditions usually exist for most or all of the first 10,000 years.) As for the TSPA-1991

results, I° there is a very strong correlation between 10,000-yr aqueous release and percolation flux, but

this time there is a subpopulation that does not fit the correlation. The points on the scatter plot that lie

off of the main band correspond to realizations in which there was a change to a "wet" climate within the

first 10,000 years (with the probability distributions used for the simulations, there is one chance in nine

of such an occurrence). The increase in flux and rise in water table associated with the climate change

can lead to significantly increased aqueous releases (there is less change in gaseous releases).

Second, dilution in the saturated zone is important for calculations of individual dose. As already

noted, characterization of the saturated zone, and especially its dilution capability, is more important
under an individual-dose standard than under a cumulative-release standard.

Third, container wetting and near-field water flow are important to container failure and releases.

These processes are not well understood, and it is clearly important for us to understand container failure

as well as possible so that the repository can be designed appropriately.

Fourth, container corrosion is important. For stainless steel, pitting corrosion is thought to be most

important. The importance of understanding container failure should be self-evident. We might also add

at this point the importance of cladding failure. We included no cladding-failure variability in TSPA-

1993, so it produced no "important parameters," but there is a large potential for reduction of releases

by the cladding, the big question being whether we can have confidence in any model or assumptions
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we make about cladding failure.

Fifth, waste-package and near-field chemistry and release rates are important. (Near-field chemistry

also affects container corrosion, of course.) Neptunium solubility, in particular, is important to the "

long-time results, since late releases to the accessible environment are dominated by 237Np. There were

no variables in our simulations representing fuel-matrix alterationmit was handled with a deterministic

modelmbut the matrix-alteration rate is certainly impertant as well.

Sixth and last, bulk permeability and 14Cretardation factor ate important for the old EPA measure of

cumulative release for 14C (40 CFR 191.13), because they affect how much of the t4C can be transported

to the surface in 10,000 years. Their importance is fairly closely linked to the performance measure used,

so when the EPA promulgates a new standard for Yucca Mountain, the importance of these gaseous-

transport parameters may change. The usefulness of bulk-permeability measurements goes beyond their

application to 14C transport time, however. Bulk permeability is useful in characterizing the fracture

system for water flow, and it is potentially important to thermal modeling if adveetive heat transfer is

significant. 25,21

CONCLUSIONS

The most important conclusion from the TSPA-1993 nominal-condition simulations is probably that

the conceptual flow model is of crucial importance. This conclusion arises from comparison of the

composite-porosity and weeps results, and was noted also in TSPA-1991.1



Some important conclusions that are new to TSPA-1993, because of the incorporation of processes

that were left out in TSPA-1991, include the following.

• The alternative thermal loads and container/emplacement options considered for TSPA-1993 had

Itttle effect on performance. (Note, however, that the differences may be underestimated because

of simplifying assumptions and conservatisms in the simulations.)

• If the cumulative-release EPA standard is changed to a standard based on individual dose rates over

a time period much longer than 10,000 years, significant changes in site-characterization priorities

may be needed.

• Preliminary estimates of peak individual doses are high, for time periods greater than a few tens of

tlhousands of years.

• Climate change is important to repository performance.

• Container wetting has a great impact on container failure and subsequent releases.

• "temperature dependence of corrosion rates is important to container failure.

• Dilution in the saturated zone is important to estimates of peak dose.

• :_37Npis the most important radionuclide after the first few tens of thousands of years.
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DISCLAIMER
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employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or uscfulnms of any information, apparatus, product,or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
encc herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom.
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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