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SUMMARY

The characteristics of ground-water travel time or radignu-
clide flux from a nucliear waste repository are mainiy determined
by the hydrauiic properties of the geciagic environment. The
hydraulic properties exhibit considerable spatial variation.
Because aonly |imited amgunts ot field data are available; there
is considerable uncertainty in any characterization of the
hydraulic properties at the subsurface environment. This
uncertainty is the factor that dictates a probabilistic approach
to decisign-making; it our knowledge of the hydraulic properties
were perfect; deterministic simulations would be appropriate.

We propose to investisate the impartance of using a stochas-
tic approach to characterize the uncertainty in the prediction ot
ground-water travel time and radiognuclide flux. Monte Carla and
conditional simulation techniques will be wsed to investisate the
sensitivity af the uncertainties to the parameters characterizing
the spatial wvariability. The result ot the investigation will
help us to address the data needs in the context of the NRC’s
regulatory responsibilities. For examplie, we will attempt to
determine what parameters should be measured; what data density
is needed to adequately to adequately characterize the uncertain-

ties in gsround-water trave!l time and radionuclide flux. Where

should parameters be measured and over what scale shaould they be
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determined to reduce the uncertainties. Comparisons between the
deterministic and stochastic methods of analysis will be at the

heart of aur presentation of results.
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INTRODUCTION

The U.S. Nuclear Regulatory Commission (NRC) has established
reguiations pertaining to the underground disposal of high level
radigactive waste, in the code aof Federal Regulatiaons, Titie 10,
Chapter 1, Part 60 (10 CFR 40). According to paragraph 122 of
the regulatians,; the tavarable waste disposal site will have a
pre~waste—-emplacement ground-water trave! time alons the tastest
path ot likely radignuclide travel $from the disturbed zane to the

accessible environment that substantially exceeds 1000 years.

Predicting impacts at the waste dispaosal an ground-water
resources and its users is one ot the crucial elements ot the
regulatian. The reliability of the prediction of the impact to
ground water is dependent in part upon the accuracy with which
the geologic enviranment can be characterized. The NRC is alsa

proposing to adopt regulations of the US Environmental Protection
Agency (40CFR191) which establish threskhalds far aliowable
cumulative releases of radionuc! ides to the accessible
enviranment (an area within S km ot the amplaced waste). In
10CFR &0.112 the NRC is proposing the foilowing language: “The
gealogic setting shall be selecteds sg that far 10,000 years
fol lowing permanent closure, cumulative releases ot radionuclides
to the accessible enviranment ...have a likelihood of less than

one chance in 10 of exceeding the quantities calculated in
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accaordance with (parasraph) 0.115.~ The NRC and ERPA

regulations to protect ground water cited above require
predictions of ground-water travel time and ~cancentraticns
ot radionuclides. It is clear from the regulations that an

element ot uncertainty is recognized ta be inherent in the
prediction.

There are many sources ot uncertainty in these predi-
ctions. These sources are: inappraopriate canceptual
representation ot true responses of aquiters, errors in compu-
tation due to roundoff assaciated  with digital camputation
and due to numerical approximation of the soverning partial
differential equations for ground-water flow and transport;
uncertainty due to data collection and estimation: and the

uncertainty in characterizing the hydrologic proaperties at the

tietd site. The uncertainty associated with models and
computational aspects have been adequately addressed in the
jiterature and ground-water textbooks. The uncertainty due

to error in collection and caleculation at hydrologic praperties
in general usually can be controlled and reduced to @ minimum.
The remainder is the uncertainty in characterizing the hydro-
sealogic properties in the field site. This uncertainty arises
tram the fact that only a limited amount ot ftield measurements

are available and the fact that the hydrogenlogic proper-
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ties af the faormatiaons vary spatially. Therefare; we,
hydrogeologists, are facing many gquestions such as how much
canfidence do we have in our predictions? How much data is
necessary to make the predictions with the required degree of
confidence? How does the iocation of the data colliection points.
the spacing between pointsy and the scale ot test used to make
the measurement affect the uncertainty in the predictions.
Ansuwers to these questions relate not only to the regula-
tions, but alsao ta the design ot a ftield data collection
program - the site characterization plan. Answers to these
questians are difticult and have only begun to receive
attention from researchers in about +the past decade. These
researchers have recaognized that geolugic environments are highly
heterogeneous; and some describe the spatial wvariability using
stachastic methaods. Most hydroliogists, tend to wutilize
déterministic approaches to calculate groundwater travel time and
transpart. However; with a deterministic approach the
hydrogenlogic parameters are assumed to be perfectly knouwn
everywuhere, and theretare; there is no uncertainty which can be
determined. Unfortunately, hydrogeoipgic parameters cennot be
determined everyuwhere in the systems; thus there is uncertainty
in the hydrosgseoingic characteristics of the system. An approach
tes quantify uncertainty in ground-water travel time ar salute

transport due to parameter wvariability has not been cleariy
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established. There have been no suftficiently well—-documented

tfield-scale experiments complieted to date which allow wus to

verify any specific appraach.

Spatial variability pof hydrologic properties in aquifers has
long been reccgnized. Due to ditficulties in characterizing the
variability in terms of deterministic tunctians, statistics
are commaniy used. Generally, the hydraulic conductivity

values exhibit a laoag-normal distribution and the standard

deviation of hydraulic conductivities can be very large (Freeze,
1975). For example, Byers and Stephens (1983) tfound a large
degree ot variatian in bydrauliec conductivity in a
small fluvial sand area that would sgenerally be assumed
homageneous. However, the wvariation in hydraulic eonducti-
vity values is not entirely random in space. The values

tend to correlate over a large distance (Bakr, 19745 Smith, 1980;
Russo and Bresler, 19815 and Vieira et al, 1982 and others).
In other wards: the variatians in hydraulic conductivity
values tend to be similar at adjacent sampling locations
and the similarity decreases as the sampling distance incre-
ases. The distance beyond which the hydraulic conductivity
values are na longer correlated is called the correlation scale.
This spatial correlation structure is directiy related to the
size of stratitications ar laminatians of sediments (Byers and

Stephenss 1983).
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Classical deterministic analyses of +tlow and solute
transport throusgh heterogenegus aquifers either employ an

equivalent homogeneous porous medium concept Or discretize the

aquitfers inta zones aor layers of diffterent hydraulic conductivity

values based o©on a limited amount ot field data. Each zone or
layer is uwsually assumed to be hamogeneous. The results af the
analysis are subject tD uncertainty, because of a iimited

number af tests to adquately represent the damain, and because it
is not certain whether the scale of the tield measurement is
consistent with the size ot the discretized zones used in the
mode | .

Consider an area of 5 km radius which is defined as the
distance to the accessible environment in the EPA standard and
NRC regulation. It may be necessary to collect thousands ar
millions af samples of hydrologic properties at a small scale
wfthin the geologic tormations in order to accurately predict the
ground-water travel time throughout this radius with a very high
dearee ot contidence; it a deterministic approach is used to
madel ¢tlow in a spatially varying hydrogeolaosgic setting.
Obviouslys such & detailed characterization of the site is of
little practical interest. Alternatively, one may argue that
tests of hydraulic properties over a scale of kilometers may
integrate the heterageneities sa that the single caompasite

value {mean or eftective hydrauvlic conductivity ) is that which
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should be used in the deterministic model. Howevers; +tield tests

{tor instanc2,; tracer tests) at this scale are impractical.

On the other hand, some hydrogeciagists recoasnize the

fact that due to the small scale ot most ot our measurements
spatiai variability of hydrolagic praperties existss but is
subject to uncertainty. To deal with the uncertainty in hydro-
iogiec property values, they treat the praperties as
stochastic processes characterized by their joint probability
density functions. {Note that the spatial wvariability:

itselts is deterministic it we can measure the hydrolosic
properties at every part of the agquifer.) To ensure mass
conservation and other physical principles; they utilize
deterministic partial diftferential equatiaons tar flow and
transport to predict the behaviar ot the aguifer. For example,
let us examine the travel path of a particie reieased fram the
waste site in a heterogeneous agquifer to the accessible
environment. We might have hydraulic conductivity and
pOrosity measurements at some locations within the aquifer but
tor making predictiaons of travel path we have to “guess” the
values of these properties at locations where no samples were
taken. Thus, the aquiter that we are dealing with is na
longer a deterministic one. 1t the parameters are not measured
everywhere,; we may want to make numerous predictiaons based on

various possible combinations ot parameters. The path ot the
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particle calculated trom the gaverning equatians in each
trial certainly is ditterent. Therefores the predicted particle

travel time throush this heterogeneous aquifer is no langer &
single value but a random variable characterized by its
probability density functign. Thus: the |likelikhaood that the
particie reaches the accessible environment within a certain
time—-frame is addressed.

Certainly: the travel time distribution depends on the joint
probability +functions of the hydrolosic properties. Generally,
the joint probability density function pf a stochastic process
can be characterized by the mean, variance; and caorrelation
tunction. Howevers; in order to employ the stochastic approachs
one has to assume that these statistical parameters can be
accurately estimated from a subset of the entire aquifer under
cansideration. It shaould be pointed out that if an accurate
eétimate ot these statistical parameters requires as many data as
in an accurate deterministic approach; then there is no need to
use any stochastic approach.

This report is a pre-proposal for consideration by the

NRC. In it we outline numerical experiments which we believe
will be useful for a) evaluatinsg the importance ot characterizing
heterogeneity in hydrogeclogic parameters; and b) guiding data
colliection eftortes to minimize uncertainty in predicting

eround- water travei time and cumulative radionuclide releases tao



e e T T e st S e e o e e e S et i on S e o A . —— . ——

the accessible enviraonment.
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SUMMARY OF LITERATURE

Varicus stochastic approaches have been used to analyze
gsraund-water fiow and cantaminant mavement in heteragenegus and
saturated porous media. Types of stochastic methods used include
the spectral method (Gelhar,1976; Bakr et al., 1978; Gutjzhr et
al, 19785 Mizell et al, 19825 Gelhar and Axness; 1983),; Monte
Carlo simulation technigues (Freeze; 1975; Smith, 1978; Smith and
Schwartz, 1980, 1981a, and 1981b) and those used by Dasan (1982),
Simmons (1982), Tang et al., (1982), and Matheron and de Marsily
(1980), and tinally the conditional simulation (Delihomme ,1979).
most of the above methads of analysis have been discussed in part
of a report to the NRC by Gutjahr (1986). In the following
paragraphs; we will review some of these analyses which are less
abstract and pertinent to the analysis of uncertainty in the
predictiaon ot ground-water travel times and radignucliide flux.

The most relevant research related to radionuclide trans-
pPOrt uncertainties at salt sites prapgsed for high
level waste repositories appears to be that of Smith and
Schuwartz (1980; 19681 a,b). They conducted computer exper-
iments to investigate the uncertainty in prediction of mass
transport in graund-water ftlow due to the lack ot
complete knowledse ot spatial distribution ot hydroibsgic

properties. Hundreds ot realizations ot two-dimensional auto-
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correlated hydraulic conductivity fields were generated. A

particle tracking model was used to simulate the mavement ot a

large number ot tracer particles in each synthetic hydraulic
conductivity field. They pointed aut that the mass transport
phenomenon is strongly controlled by the spatial structure

ot sediments and that the uncertainty in madel predictian
can be signiticant.

More specitfically, they found that

{l) as the variance in hydraulic conductivity increases;
the time ot ftirst arrival ot tracer particles decreases (Figure
ia). Because the preferred paths through the tiow domain have
refiatively higher conductivities far the larger value of the
variance o0t hydraulic conductivitys the leading particles can
mgve mare quickly througsh the system.

(2) as the heteroseneity increases, the standard deviation
in the exit time distributians also increases (Figure ib). This
increase reflects a sgreater uncertainty in the prediction of
salute transport through these media.

(3) a greater variability in the exit times is observed as
the correlatian scale increases; as shown in Figure 2. This
indicates the importance of considering the correlation scale in
the analysis of uncertainty in the graund-water travel time
and path analysis.

The importance of correlation length on ground-~water travel
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time was also demonstrated by Clifton et a2l (1985), wha fcurs
that the mean travel times are greater in the medium with the
jarger correlatian scale (Figure 3).
These conclusions demonstrate the importance of consider-—
ing the spatial structures of the hydraulic - conductivity in

the stochastic analysis ot uncertainties in prediction of
salute transport and ground-water travel time and path. To
turther address the significance ot uncertainty in the data
base derived from site characterizatian plans with respect to 10
CFR 460 and 40 CFR 191, we are proposing the scope af work which

is described as belguw.
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PROPOSED WORK PLAN

A three phased investigation is propased. The
tirst is a survey and analysis ot available scientitic
literature; the secand phase inciudes an analysis ot the
importance of the spacing and scale of measurement of hydraulic

properties wusing a deterministic apprgach, and the third phase

pertains to the use ot stochastic models in addressing
uncertainty in +tlow and transport.
Rhase (1. _| Literature Review, Compilation pt Concepts, _and
Glossary

The tirst phase ot the work plan will be a detailed review
ot |literature on uncertazinties in solute transport gr ground-

water travel time and path which are attributed to hydraosgeoliosgic
parameters. We will eritically review all the relevant scienti-
tic articles related to the analysis ot uncertainties in

prediction ot ground-water travel time and path ar in mass

transports and we will examine the signitficance of the tindings
to the NRC’s waste management program. We will furnish a
phase | report that clearly explains and illustrates the

stochastic caoncept and the methods for stochastic analysis so
that subsequent discussions are based wupon common wnderstand-
ing. A glassary of the terminalogy in the stochastic

analysis will be provided so that manasgsers and geolosgists:
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hydrolaogists and others whe are not tamiliar with stochastic

Jargon may have a convenient reference tool when reviewing
papers dealing with uncertainty and stachastic analysis.
Phase 2. Deterministic Simulation_to Compare Travel Time in

N R " R SN ——

The purpose of this phase is to assess the ability of

using deterministic simulations to address the uncertainties
in predicting groundwater travel time at a hypothetical
repositaory site. In this phase af the task we first will

assemble a hypothetical two-dimensional heterosenous aquifer

with a2 known variance in hydraulic caonductivity values

and correlation functions. For conveniences this hypothetical
aquifer, rectangular in shape; will be gur analag of a real-uworld
site) in lieu o+t working with compiling data from a
well-characterized graound-water basin. We anticipate that the
rectangular flow domain will be wvery finely discretized at
regular intervals, and it will have pairs ocf constant head and
impermeable boundaries on opposite sides (Figure 4). The

prescribed hydraulic parameters in each grid biock or
element could be considered analogous to measured, and
therefore known, vaiues obtained from insitu tests wuwhich sample
gver a space equal to the size of the grid block. (We are not

addressing uncertainty due tD measurement error here.) With
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this hypothetical parous media we will determine the travel
times and paths at tracer particles released from the inflow
constant head boundary using a numerical model ot flow which
conserves mass. The deterministic result will represent the
ground-water travel time in an aquiter where the exact spatial
distribution of the hydrologic properties is knaoun. It will
serve as a standard for numerous subsequent deterministic and
stochastic analyses.

During site characterization it is unlikely that tests tor
hydraulic properties will be conducted at regulariy spaced
locations at a relative density which approaches that just
described to represent the real-world analas. in fact, within
the accessible environment, the test locations will probably be
very sparse and samewhat random; but mare densely spaced near
the repository. To evaluate how many sample sites are needed to

predict the travel time distribution fram the real-world analog;

we will select a small subset of data points from the finely
discretized domain. These values of hydraulic properties will be
cantoured in much the same manner one might contour sparsely

spaced tield data. At the locations, or grid blacks, far which
there are no “measured” data> parameters will be assigned by
interpolatiaon based on the contouring. These data will be used
in the sround-water t+low model tp estimate ground-water

travel time and path. Numergus repetitions ot the experiment
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will be conducted using different numbers of sampies and

lacations where field data might be obtained during site charact-

erization of the hypothetical aquiter. The result of this
analysis; when compared ta results fraom the assumed-real data
base, will allow uUs tno as5585S the feasibility of us ing

only a few measured data to reproduce the ground-water travel
time determined tor the real-world analos. We will
also investigate the number of samples required to reproduce
the result obtained with the assumed complete data set.
We believe this analysis will be relevant to the tield
samp!ling design in the site characterization plans far
the repasitory site.

Another important aspect of uncertainty associated with
evaluating data needs far flow and transpart predictive madels,
pertains tn the importance of the scale of parameter measurement.
From practical viewpoint alone; one may easily argue that a few
large-scale tests are a better alternative to a very large number
of iocal scale tests to characterize a repository. However, is
there a signiticant difference in results ot sround-water travel
time distributions using the different data bases? Starting from
the very tinely discretized domain representative 0f our
real-would anaiogs; we will run simulations in which we will
sequentially increase the size ot the ftinite ditterence or

tinite element blocks in the fiow mode! so that the hydraulic
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conductivity value in each block represents an average value of

several smaller blocks used in the previogus analysis. The
tinal case will be o©one in which all the heterogeneities
are integrated intq a singie value using some effective mean
ot all the data trom the finely discretized real-worid
analog. The graund-water travel time calcuiated using these
average values will, then; be compared to the results from

the hypothetical aquifer.
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The objective ot Phase 3 is to investisate the relevance of
using a stachastic approach ta address wuncertainties in
predicting sround-uwater travel time and solute transport.
Fram the results of this analysis, we will be able to deter-
mine the data needs ftor assessing the uncertainties. The
results ot the analysis may alsao alliagw us to provide
information useful to establish guidelines tar the data
coliectian programs; such as where to sample, and how many
samples are required to more fully characterize the tlow
system parameters and to reduce uncertainties.

We are proposing:

(1) to investigsate the degree of uncertzinty in predictions of
tflow and transport through a hypothetical two-dimensional aguifer

due to a lack of complete knowledge ot the spatial variability of
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hydraulic praperties; (2) ta determine the reductiaon of the
uncertainty in predictions that can be achieved by some
additional knowliedge af hydraulic property values at variaus
sampling points; (3) to invesfisate the ettects ot errors in
estimating statistical parameters characterizing the spatial
variation and correlation structure ot hydrologic properties; and
(4) ta apply to one af the candidate repository sites, to the
extent possibles the conditional simulation procedures (Appendix
1) and assess the degree of uncertainty in the predictions and
the data needs.

In the tirst step ot the stochastic analysis we
will generate random fields af hydraulic canductivity
and porasity using nan—canditional simulation technigues (spec-
tral or turning-bands methods). To do thisy we will use the
same statistical properties (mean, variances correlation
Iéngth) which were employved ta construct the hypathetical,
real-world analog of the aquiter described previgusly under
the section pertaining to deterministic modeling. This step
will in eftect produce many realizations ot possible aquifer

praperties based solely an the statistical characteristics which

are known aprior. None of the parameter fields generated by
this method is flkely to be identical ta the real-warld
anainmg at all locations. However; they should have the

same mean; variance, and correlation function. Parameters

CAarL P;.T KRR

Y



—1{

=3
<
i

UNCERTAINTY PROPOSAL _ _ e e ——-_Page__23
then will be assigned at nodes or grid blocks ot a +tinely
discretized two-dimensianal +liow domain identical ta the

one descr ibed previously for deterministic modeling (Figure

4) . Far each reaiization ot the parameters we will predict
ground-water travel time and solute transport and compile the
results in the form @t 2 cumulative prabability. These
results wouwld be expected to produce considerable

dispersion and uncertainty: because there are na locations in
the aquitfer under consideration where data are actually
knawn and held canstant. This case represents expected uncer-
tainty in results using mean hydraulic conductivity and
parosity.

Then we will assess the importance of including field
measurements. To obtain “tield measurements’ we will select
locations from our finely discretized real-world aquiter analosg
aﬁd assume that at these laocations there is no'uncertainty in
hydraulic properties. The caonditicnal simulation procedure will
be invoked to produce many realizatiaons of hydraulic
propertiess preserving the measured values at their respective
locations. We will vary the number of “measurements’ as  well
their locations to assess the importance ot test site locations
such as it may relate to site characterization activities.

For each realization we will again prediect sround-water travel

time and salute transport and compile cumulative prabability
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density tunctions for arrival time and concentration. This
step will be repeated by adding more iocatiaons tram the

real-world aguifer analog where parameters are assumed to be
known fram “field measurements’. By comparing the various cases,
we expect that the dispersion in the probability density
turction shauld decrease as the uncertainty in knowledge of
hydraulic properties decreases. As the number of known data
points increases. the cumulative probability density +uncti£n
trom the stochastic result should approach a step function
which is representative ot the deterministic analysis at flow and
transport in the real-world aquiter analos.

In the procedures descr ibed in preceding paragraphs,
the true statistical properties nver the agquiter were assumed
to be known and were kept the same in zall cases. (Recall! that
we arbitrarily desisnated them in order to construct the
real-worlid aquiter analog.) However, the true statistical
properties within the entire accessible environment would not
likely be abtained fram only a few testing ar sampling {oca-
tions. The statistics derived from these |locations would only
represent thaose of the sample set; when the sample set is
sufticiently larsge it may be representative ot the popula-
tian. Theretfare, there are likely to be errors in predictions
of ground-water travel path and travel time or solute transpert

because statistics from the sparse data base are different



SE3ER 13 roveian

¢ e,

UNCERTAINTY PROPOSAL _ _ _ e ] Page __25
+rom those ot the population. (These statistics are used tao
obtain estimates ot hydraulic properties at locatians tar

which there are no data.) To examine the significance ot
this sgurce of uncertainty: we will return ta the several of sets

of ‘field measurements’ selected for the analysis Jjust described.

Recal!l that each data set contains more values. The mean and
covariance structure will be determined for each data set.

Conditiaonal simulations then can be carried aut with the
estimated covariance functions to senerate several
realizations ot randam parameter ftields with which several
ground-water travel time distributions can be obtained from
the numerical simulators. Mean and variance of sgraund-uwater
travel times and concentration thus can be evaluated. The
effect of uncertainty in parameter estimation will be deter-
mined throush the comparison of the ground-water travel

time and solute distributions obtained from the previous
analysis.

The last part of the third phase is to extend the
geastatistical method to the proposed repasitory site of the
Deat Smith County site. In this case a cross-sectional model
similar to that employed by the Texas Bureau ot Economic Geology
will be used. The cross-sectional model will include the
Ogallaia Formation, Dockum Group, Permian Evaporite Strata, and

Deep—Basin Brine Aquiter. Each formation will be assigned a mean
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and wvariance at hydraulic conductivity. Conditional

simulations will then be employed to analyze the uncertainties in
ground-water travel time and ecancentratian distributians. We
will investisate the sensitivity of the uncertainties in
groundwater travel time and concentration to the statistical

parameters (such as correlation scales, variances, means: and

distributions) ot each faormation. The results af the analysis
will provide us with the intfarmation about the impartance of
these parameters and thus, direct our attentian ta the

data needed to fully characterize the uncertainties &and to
reduce the uncertainties. Faor example, more densely
spaced hydraulic conductivity measurements in the Permian

Evaporite Strata and Deep—-Basin Brine Aquifer near the vicinity

of the proposed repository may reduce the uncertainties in
travel time and radionuclide +flux predictians. Therefore,
the results of this analysis may assist the NRC in establishing

a sampling guideline far the DOE site characterization program.
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BUDGETARY CONSIDERATIONS

The entire scaope of work described herein is beyaond the
scope 0of the current contract. However; Phase 1 and passibly
signiticant parts of Phase 2 cauld be compieted under the current
contract between Nuclear Waste Cansultants and the NRC. We
estimate professicnal time to complete the three phases aof the
work plan would be rousghly 1, 3 and 12 man-months; respectively.
Technical support:; technical review and administratiaon time would

be in addition to this etfort.
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APPENDIX 1

GENERAL CONCEPT OF CONDITIONAL SIMULATIONS

1+ the insitu hydraulic properties of the formation were
pertectly known,; the groundwater travel time and path could be
determined by applying various deterministic mathematic models.
Unfortunately, pertect knowledse at in situ hydraulic properties
is not available. The intormation available at the planning
stage for a repaository site is usually very fragmentary and
limited to the properties ot a few sampies. The estimations
deduced from this intormation:; for example thraugh Kriging (a
method ot estimation of random fields), are +tar too imprecise
for the accurate determination of the gsroundwater travel time
and path using a deterministic approach.

Canditional simulation provides a solution to this problem.
Each conditional simulation is considered to be a plausible
version of the unknouwun hydraulic properties of the heterogeneagus
aquifer. The complete theory of conditional simulation is given
by Matheran (1973) and Journel and Huijbregts (1978). Briefly,
the procedures to be used to conduct the conditional simulation
in this proposed study are first to generate noncanditional
simulations (i.e.»> the synthesis of ditterent realizations ot the
randam field of saturated hydraulic conductivitiess having

the actual covariance function that has been inferred trom the
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data). The tirst step can be obtained by various methads, such

as those, for instances based on spectral analysis (Jenkens and
Wattss 1948) ar the so-called turning bands method {(Journal,
1974: and Montoglou and Wilsons 1982). One realization fraom this
analysis may be presumed to be representative ot the variability
ot the real system. In the second step we conditian the simula-
tians obtained in the first step based an measured data (i.e.,
making the interpolation consistent with the known values ot
parameters.) For the second step, one has to empliay Kriging.

Kriging: is an interpolation scheme which preserves the knoun

parameter vaiues at the sample points. In additiaon, it preserves
the spatial covariance pf the phenomenon. From the actual
(X

samplie values, Z(x), Kriging yields an estimate Z*Aat any point
x. For exampie) in Figure Sa, it we measured the parameter Z at
the tive locations Kriging would produce intermediate values
which ciosely approximate the known values. 14 x is not a sample
point, the true value Z{(x) is not availables and the Kriging
error Z{x)-Z%(x) remains unknoun. But Z(x)=Z¥{(x)+LZ{x)~Z%(x)1].
Kriging (e.g.; interpolating permeability values) can be per-
formed wusing as input data the values (e.z.» permeability
predictions) from a gsiven nanconditional simulation at the actual
sample locations. The sampie value obtained from the given
nancanditional simulatian S{(x) can be decomposed as the sum

of +the Kriging estimate S*%{(x) and the Kriging error,
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i.2.18(x)=S%(x)+[S(x)~S*¥(x)] (Figure Sb). Since this is derived

the nonconditional simulationy all terms are known. By

substituting S{x)=-S*%(x) ftar Z{(x)- Z¥{(x), the conditignal simula-

tion Z2s{x) is detined as

Zs(x) = Z% (x) + € S{x) = Sx{(x) 1]

Theretore, Zs(x) is rconsistent at the sample points with the

sample values; Zs{x) and Z(x) have the same cavariance functians;

the averase ot many conditional simulations at a given

point x is the Kriging estimate, and their variance the

Kriging variance (Figure Sc).
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