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1. INIRODUCTION

Uncertainty in the prediction of groundwater travel tiame éanrderive fron a
variety of snurces.‘ Un:ertainti iﬁrinherénfrin the hydrogeolegic
conceptual sodel of the spe:ific site under study, in the spatial
variation of hydrogeclogic properties of the aediusm, iﬁ the sparseness of
field measurements and neasureneniré?rors associated with thea, and in the
nunerical accurac; {or inac:ura§9)7§§'cdnpu£er codes used to generate
travel tiees (see e.g. U.S. NRc.sléﬁb, and Hunter lﬁd'Hanh. 1988).
Considerable confusion is evident*i#garding the various neahings of
uncertainty and ghe terss used in defining it in the context of
groundwater travel time. Soee qf this confusion is re#lecied in the DOE’s
Final Envirenmental Assessaents (FEA’s) and in thé documents that support
it. The purpose of this paper is to elucidate these sources of
uncertainty and to consider thelr interactions. This discussion of
uncertainty is intended for use as a baseline ior'lqterpreting analyses of
uncertainty in groundwater travel fine pfedi:tions perforeed by
hydruqeolugisti studying pnssiblérhijh ievel naste feﬁosifnry gites. To
date these analyses have used Monte Carlo and/or Latin Hypercubg

selections fro: sonewhat hypntheti:il distrihutionsrof hydrogeologic

properties in repeated riuns of numerical models of porous sedia through




which particles of water move. Details among the studies differ markedly,

but the general approach is consistent.

2. UNCERIAINIY

The New Webster's Dictionary (1981).de{ihes uncertainfy'asi *The quality
or state 6{ being uncertaing dcuﬁtfulness; hesitationg soiething not
exa;tly known or uncertainj a contingency.® Uncertain is defined as, "Not
sure or certaing doubtiul; not,ﬁertdinly khuun; indeterninint; ambiguous;
not having certain knowledge; unreli;ﬁle; qot to ke dépénded on;
undecideds not having the mind made up; vagué;‘nut steadyy fitfuly fickle;
variables inﬁenstunt; capricious.® Clearly, the intent of the use of the
word in hydrogeological circles fs the>itate of not hivinq certain
knowledge or of being vnriahie._,ﬂopéfuﬁly, our use of the word does not
include fitful, fickle, or cupri:ious. Each sajor source of untertlinty

in the context of qrnhnduater;ifavel'tine is congidered below.

2-;- Uncertainty Due to Errors in the Eegssnuei Hodel

It is generally agreed asong hydrnqenlogists that n;theaafical groundwater
models that are appropriate for assessing groundwater trnvel tise at
specific sites should be baseg unAEnn:eptual sodels that incaorporate
specific hydrogeologic {eatures cf7the site in questiun.‘rnd&els used to
date in snppurtinq dn:unents’fpr the FEA's generally apply analytic or

- numerical variations of Darcian type flow through porous nedii. In :u;!

codels Darcy’s Law has -heen used tq approximate flow tﬁrcugh a fractured



nediua. Regardless of the qctual foraulation, any model can be

represented in the fora
E(!tgx't,!'t’t.o’!tgg,t’ = 0 Sl.lhject tn! = !o at to

where b 2% is a vector that represehﬁs the state of thegilun systes at time
t (starting at tiae tody 'y ¥%5e0. are the‘derivative;'of y with {espect'
to t, 1Y ie a vector of the driving vnriabies (e;q. 2. could be

- hydraulic head in the ﬁar:y context). B is a vector of coe##i:ieuts such
as h*driultc conductivity or effective porosity. For reasons that will
become apparent below, it is ;ﬁre appropriate to call these quantities
coefficients rather than paraseters. Suppose that §(.) can be solved

explicitly for Yyo
Yy = 0302080t

where § is a vector of functions suchrthat f‘(.) does not depend on Yie®
The state vector, Yy could contain the cartesian coordinate location of a
moving particie or concentrations of chesical ions nr'other variables
describing groundwater -avenenf. ‘ln‘generic teras, we apply z, to the
andel £(.) with initial conditions Yo and obtain outputs Y (Fig. 1).
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Figure 1. Driving variables produce output 1,
- The model can be of many foras. It could be described in teras of a

di%fereﬁtial equation or a partial differential equatjnn. it can be



solved analytically or nuserically. In order to characterize the effect
of :onceptual‘aodel errors (lisspe:ifi:ations) on uncertainty we consider

the siaple unidisensional linear nudeii

dy,/dt = b
or

Yy © a'+rbt.

where b (the slope) is the coefficient of the tise-space variable and a is
the constant of integration deteriined by initial conditions. This
equation ie the time tera nf.the first order Taylor approxisation of the

actual function, f(.). The model is"
Yy * a + bt + R""thzt"t’

where the remainder tera R(t,ft,th,;t) includes the effects of csmitted y
variatles (!Zt' and z, and the higher order teras in Yer The size of

nisspecification, R‘t’vt?IZt'zt" depends on the ﬁunlinearity of § and how
far avay t, Yer Yoy and g, are froe the nosinal values used in the Taylor

expansion.

For many models, aodel misspecification can be approximated as
Yy = £o08 02 oBot) & Bly 0z, ,8,0)

where io(.) is the function aphroxilatinn used and R(.)

is the additive or aultiplicative resainder. The remainder cannot be

characterized in terms of gquantifiable, measurable variables except in
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simple cases (such as the Taylor approxinatinn); consequently R(.) often

is represented as randos variation £ givinq
!t & io(!tl;tlgtt’ t 5' » ’

The error tern, £, appears to be ranqbi heﬁause all of the unspecified
variables and functions it represents change in ways the—uhdeler cannot
gee, Uncertainty in model fnrnuiltion leadilfn a,ﬁ?ohahilisti:
representation of b 1% through the ijnornnce inc(udéﬂ iq the error ters €,
The sagnitude of the error tera can be ascertained only by validation of
the aodel by coaparing sodel predictlnns,igainst fieldrdata. ¥hether or
not such field data can even be obtained is'quesﬁionahie.

2.2, Uncertpinty Due to the Qggstienehle Stgsnesns N
of the Phenomepa Being Modeled ’

Uncertainty due to spatial var!atinnAinrtherhydrugenldgic properties could
lead us to consider § to be a randoa ve:fnr; Hduever, the grnund‘ater
travel time sodel can be stochastic due to three btﬁer sources as well.,

In the first instance, the function, f(. ), can be des:rihed
probabilistically. For exasple, the nndel could ascrihe a S0 chance of a
particle being trapped in the ismcbile liquid phase of the aediua (a
dead-end pore or fracture). SEcdndly, since this parti:ular sodel is
applied tc a surface and not to a point, the initial condition, Yo Can be
randoe, thereby representing the initiation of a rlndnn pathway. Thirdly,
the driving variables, ) could be stnchasti:. In the case of hydraulic
head, if steady state conditions arevassuied, then randosness, if it
occurs, is not in tiae, but in space. A distributinn of head occurs

throughout the mediun.



We now consider the randosness qf'g. In sost nodels in hydrogeclogy, the
coaponents of § are soee combination 6f hydraulic cnnductivity, effective
porosity, transmissivity, and e{fe:tiVe thickness. Recent hydrogeologic
literature is filled with arti:lés on the gpatial vnrinhility and possible
stochasticity of these hydrogeolagic #rnperties {see Neusann, 1982, for a
history of najor works; see also Journel and Huijhregts, 1978). Because
of this spatial variability and poseible stochasticity of‘thése
hydrogeclogic properties, we refer to effective pﬁrosity,‘perleability,
and transmissivity as coefficients rather than paraceters. Webster
defines paraaecter as , "Maths In an expressiun,:a constant or variable
whose value detersines the speci?icrfnrn of the eipressinn; an
independent variable other than a.:uorninate variable in terss of which
coordinate variihles say be expregged.' Thus the intercept, a,rand slope,
b, given gbove‘are paraseters thit'iudex'arfaoily of lines. The
codrdlnute varilhles are -y and t;i If a and b (effective porosity,
perseability, effe:tivé thickness) are not con#tnﬁt inispa:e or'jf théy
are used as (coordinate) variahle§ in their own riqht..then théy lrernot
paraseters. They in fact are éoefficients. The use of the uérd ﬁnraneter
is a carryaver from the days'uf pure deterninisn; In cufrent stochastic

analysis it is being used incorrectly.

Stochasticity of hydrogeclogic prbperties aust be viewed as a possibility,
not a ceftainty. because in fact these properties do not fepresgnt '
stochastic prucesseé in a spatial hydrogeoiegic sense at cuf,scnle of
interest. #A stuch;sti:‘prucess,VS(t), is by definition a cqlie;tion of
randos variables (8) indexed by an algebraic variihle t. The’vnfilble t

"can be a tiee or space variihle, or both. For a particular value of t,
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§(t) is a randos variable with a'prnhability distribut{nn. Under this
reasoning, effective pornsityvfo;'ekalple cannot be a stuchéstic process.
I+ we select a given t (tiese andrspgcé), then the effé:tiverpnrosity at
that t is constant in tise. In reility,it is not a random variable.
Effective porosity and other propert}es do vary over the Qpatial portion
of the variable t. Consequeu£19 ne gan:con;ider effective porosity (or
any other hydrogeologic prupertyi tu be a regiunaliied variable, that is,
a realization of a spatiilrstncﬁgsti: proégss that say hlvé been created
in geologicrtine at some undefined'scale; keeping in mind, however, that
even that concept is open to dehaté; ‘The scale at which geologic
stochasticity occurs in particular is open to debate. ﬂhén ME gEasure
these coefficients at a point, we are‘cnllé;t{ng ﬁata produced by such
processes. In contrast te spatiiltitothésti: processes as used in other
disciplines such as physics or n;ldiife hinlnﬁy, prediction of future
values of hydrogeologic propertiestis not physically meaningful. The
coveeent of elk in the‘aitterrdot ﬁountains hf,ldahu is a ligitieate
spatial stochastic process. Ne can use data (past observatians of
location) to predict future,locntiuns of the elk probabilistically. This
~ sovement constitutes a stochasti:rprncegs. In the case of'hydrogeolngi:
praperties, ekcept for nensurelent'errur our predictions can never changes
they will have np hrnbability aégnciated with thgn, Under steady state
conditions the valués of hydrogeolapic properties are fixed at all points
in space. It is isportant that investigators understind the significance
of substituting randoe hydrogeclogic coefficients fur’raﬁgunness in flow
pathway (discussed Selou). Froa the geologic point of view the product is
in fact fictitious. \WNe nili deqlllith néasure;ent error and error due te

different sanpling scales subsequently.



On the basis of tﬁis reagoning, the questibﬁ ariges as to how kriging,
<trend surface analysis, and inverse prediction, which-derive fron treating
hydrogeclogic properties as reginnilized‘variiblgs producéd by stochastic
processes apply to the predi:tion of groundwater travel tise. Directly
they do not. They provide descriptive st#tistics'nhich help us to
:harlcteriie the Qpatial variatiunrand to make estiqate§ of ;ydrogeolngi:

properties.

In reality stuchasti:!ly o:cufs enly in the‘initiai hnint of entry of a
flow line, y,. If a particle enté;i the systen at a particular Yy it
will follow the path of least resistance until it is trapped in dead-eﬁd
pores crruntil it exits the flﬁh gysten, subject to sone predefined tige
scale. In a steady state !yftﬁl;rlll subsequent particles entering at
precise{y the saae Yo will folluurexactly thersale pathway. That ig,
effective porosity and other ﬁydfogéologic,prupértiésrare not randoa, even

though the pathways are random at sose scale.

Nevertheless, the ipdels :urrentiyrid~¢se aay not be fallaciocus. These
~nodels substitute assused raudoihe#s in the hidrugenlpgi: input
:cefficients'#or randosness in the flow path Yo ’Frun the nltef
particle’s point of view the hydrdgeologi: properties 1t'en:ount9(s on its
pathway appear to be randoa as'feilizations are‘generhted.rrThe‘hyﬂrauli:
conductivity and effective pnrnjityralnhgrp randoas pathway appear to thé
particle to be lognoreally distributed and to be spatially :orrélated;
even though, as explained abnve.'gf{ectivg porosity and hydraulic
conductivity in the spatial dinengion of t are fixed in nature. As stated

above only the initial entry pnintfaf the pafticle, Yor and its asscciated
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pathway are random. The existiné'iodels'fhat were used to support the
FEA's and many of the articles in the literature use this technique. They
replace the randomness in Yy and fts associated pathway by presenting the
water particle with randoniy'distrihuted hydrogeologic coefficients.
Whether or not this substitutibn hisrtrue'gedlogic seaning is open to
debate. Virtually all of thélpﬁhliihed papers on this subject deal with
the mathematics of the analysis;'rThey do not deal with the validity of
the output of these sodels on a Qite specific basis. Results of travel
time modeling cannot be compared to actual physical measurements; they can
be compared only to the results of other models at the same site or the
same nodel at different sites. if one accepts the substitution of random
coefficients for random pathways, it is reasonable to view sample data as
realizations of effective porosity and other hydrogeclagic properties and
to use them in defining distributions of hydrogeologic coefficients to
present to the particle. This apﬁrnach gay be defensible as long as we
renenber that the hydrogeologic properties at a specific site are variable
in space, but nonstochastic, even tﬁnugﬁ they are being treated as randoa
variables. In nature it is the,pathuay that is random at some scale, not
the hydrogeologic properties. The utility of this approach with respect
to sensitivity analyses and to the prediction of data needs will be

discussed subsequently.
He then nust ask what is the effect of using randomness in B as a
subhstitute for randoamness in Yoe Consider the effect of randonm

coefficients on our sieple linear model with nisspecification error,

Yy = @ + bt + ¢,
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1f a and'b are randoa, the variance of yt'is 6;2 + uhz + c%z + cnvafian:e
terns, where u;z is the variance of x for x - aar bore., If a, by, and €
-.are uncorrelated (perhaps even independent),»then the covariance terms are
zero. In ohr sisple waopdel, the'variability (i peasure of un:er(ninty) due

to nisspecification and randomness in thé coefficients is additive.

The general effect of randulneés in g is not as simple to gauge because
£(.) often i a nonlinear functinn:ﬁf 9. However, it is cle;r that the
effect of randniness in € will be in gdditiun'to aﬁd distinct froa

randoaness due to aisspe:!f!:ation error, e; This reasoning spells out

the two sources of uncertainty.
We will not treat randoaness 1h £(.) itself.

2.2.1. \Uncertainty or Sensjtivity and Error fAnalysis

Sensitivity analysis is a classi?al mathenatical tool for gauging the
gffect of changes in £, 8, cf';t'dn the output, VThe gost coamcn
gensitivity analysi§ perforaed i# with respect to §. Techniques for
coefficient sensitivity analisisggnrnnnliﬁéar nodels are outlined in
Tomovic (1963) and Tosovic and Vuknbrntnvic t1910);‘ Sensitivity is
defined as | '

an

? Bj

Typically these sensitivity equations are difficult to solve because of

the dependence af ayilaﬁj on other sensitivities, ayilank, k¥¢j.

1
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Cunsequéntly, one pay define a noninstantaneocus sensitivity as the

relative change in output, Yy when Gj is changed froa O

i1 to sz, i.e.,

sensitiviiy e f!i ® ZiZ-:-Zil .
88 852" 85

In order toc explore the sensitivity fully, one can perturb the
coefficients fros a noainal value, gl, to a nusber of valuesrgz. If the
coefficient perturbations are selected at random (Monte Carlo simulation),
the sensitivity analysis has been teramed “error analysis® (Bardner et al.,
1980a,b- and Burne, 1975). Statistical experinenfal designs such as
response surface designs (Baker,'lﬁeﬁl and fractional fi:tnrial designs

(Steinhorst, 1979) have been hééd to perturb coefficients in useful (but

nonrandoa) patterns as well.

Statisticians have been quick fn'lnaiy:e stctisfically the pseudodata that
are derived froa these perturbations. VThe use u# nnalysié of variance,
regression, partial correlation, and cusulative frequeacy distributions on
- the generated y's does not constitute a valid statistical lnn;ysis.v The
conputed eeasures ar'e valid jpdices of sensitivity, but they have no

ieaning in the classical statistical/probabilistic sense.

Most of the groundmater travel tile'analysesrpresented in the FEA's and in
their supporting docusents to date are of this "sensitivity anilysis'
type. These analyses are appropriate for 1dent!fyin¢ fritical andel
components that require additional detailed data froa subsequent site
characterization studies, but theranalyses do not constitute probabilistic

analyses. Gutjahr (lqebl_suggests that, "Sensitivity analyses should be
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separated ;rnn uncertaiﬁty ahaij;égf (p.5-34). Becau;g the :unuiative
frequency distributions geneeréd'dq not relate to real pkobaﬁility'
distributions, but only to the fe(ativé frequency distfihdtion: of the.
pseudodata, the groundwater travel tise distributions could be used for

comparisons of different sites only if identical sodel foras are used at

each site.
2.2.2. Uncertainty ip Coefficients as & Bayesian Analysie

Another way to censider the coefficieqt perturbation analyses is to view
these analyses as a numerical tihuiatinn,of a Bayesian analysis. In a
classical Bayesian analysis, ail_priur information abbut'the vﬁlue cf a
hydrogeologic coefficient is sunlarized into a prior probability o
distribution. Eome of this prfpr'infnr;atiun can be quite qualitive and
subjective (as is the case in,tﬁerdocuients that support groundwater
travel time presented in the Féh's’. 'The priors aré ;pﬁlied to the
probability distributions of new data to gﬁneraie what are properly called
posterinrAdistrihutions. This approach is a formal way of interjecting
prior data and apinion into un-gningid#tl analysis. The only difficulty
with using Bayesian aﬁalysis on groundwater travel Fine distrihutions is
that only the prior distributions exist, MNo present prohnbility
distributions exist that can be converted to pnsierinf,distrihutiuns, It
seeas to be a misapplication of Bayesian analysi§ to run the priors
through a conceptual godel and then call the output a posterior

distribution.
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2.3. Uncertainty Due teo Pata Collection sad Estisation

Data are necessary for conceptual and,nulérical'ludgl»fornulation and to
estiiate statistical parameters. WNe use paranéter; pfuperly in the sense
of means, variances, and autc#nfrelaiinns»df :oeffiéiehts. There are
three sourées of uncertainty related to data. VThgsé tﬁree sﬁurces are

scale, sampling variation, and measurement error,

Data ma2y be collected at an inipprnpriate scale. ﬂnq of the lessons
learned froa the stochastic groundwater nndeling'ljteflture is that the
‘results are sensitive to the's:ale of the model (i.e;,ithe size of the
blocks used, Freeze, 1975). In a sisilar sense; it is apparent that point
geasuresents of effective pornsiiy or hydraulic éonﬁu:tivity, for example,
do not represent accurately the ﬁffe:tive porﬁsity,or hydraulié
conductivity at a scale of one to five kiloseters. By definition there is
no way to characterize hyﬁriuli:~conne:tivity,or'hydraulic':nntinuity at a
given site without tests that are iarge encugh in stale to test points
tﬁat are :onnectgﬂ hydraulically at the tiae scale of the test. Even
alluuing‘for a range of values for efféctive'pnrbSityror hydraulic
conductivity measured frpl cdres, it is not clear that spatial sioulaticns
of point (small-scale) values :aptﬁre the sénse of hydraulic conductivity
or effective porosity that operates at the ;élle of groundwater travel
froa a repository to the accessible environlent; Effective porosity or
hydraulic ﬁondu:tiiity at a point is a ph}sical concept that is
appropriate only at digtlnces of meters. This is the reason that it is

difficult to use the (arithaetic or geoaetric) lveraqé of point-source
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effective porosities or hydraulic cunduciivities to derive an equivalent

uniforn value to apply to a genlbgi: unit (see Neuman, 1982).

Hhen one collects data, unceftlinty ihevitlbly is introduced by the design
of the saspling regice. Aﬂditiqhdlly one Aéy be forced to use data that
were collected by someone else fnr 6ther purposes aﬁd perhaps without any
design at all. Thaose who ac:eptrthat hyﬁrngeoloqi; properties are
distributed in space (as a realizatiun vf some stochastic process in
geologic tige or for whatever reason) will ackhﬁuledge;that data collected
systesatically will differ G}on those collected as a siaple randon sasple

or as a stratified randos sample.

Measurenent error probably is thé_léast of the uncertaiﬁties introduced
by data. It can be controlled to a lirge extent by gonﬁ field and
laboratory techniques and a stroég quality assurance program. The
variation in data caused py acasuresent error should be scrutinized
carefully, but it probably will herduar{ed by variations introduced by
scale of testing and by variations in the'saapling progras(s) that
produced the data set.

We now consider again éur silple linear sodel nith uisspeci;ication error

. and randos coefficients,

yca+bt+e,
€ -~ ‘D'(ug » 028 ),
a -~ D(uaa Oza),,

b -~ D(ub’ Uzb),
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2

where ~ means "is distributed as";ﬁd Dl;&, g x) indicates a generic

probability diitribution uitﬁ'nean'gx,;nd'varian:e qzx. Assune for

sioplicity that €, a, and b are,iﬁdependent., Since u_, qzé,'u., 02" My
and czh are unknown paraseters, theyvlust héreétilated from data collected
at the site. The alternative iirio'take';alues froa the.literature or
$ros "pxpert cpinion.® Under repeafed sanpling, the estirators dennte¢ as

£ 32,, fig® 32‘, By azh are randoa variables with their own probability

€
distributions. For exasple, 3, will be some function of the randon data,
€ ,
If it is an unbiased estinator,“it will have a distribution

-~ '., ~ 2
i z(ue:aue ) |

buhere g indicates the saapling distributinn of ﬁe with sean M, and

standard error, JE?ET. A preﬂi:tinn of y is 7

§=a+bt € Its incert&inty will dépénd on the sodel uncertainty ¢ on
the use of coefficient uncerta!nfy'as a surrogate for pathﬁay,uncertainty,
and on the uncertiinty intrnduééﬂ'hy q;ing~d;tn to estimate unknown
paraseters that characterize the"nndel and coefficient uncgrtlinty. These
three sajor forms of uncertainty probably are not captured by the randon
coefficient perturbations used in groundwater travel time anglyses that
support the FEA‘s. This technique seess to be sore of a representaticn of
coefficieﬁt ggﬁgggggi;x as degcribed'abnve-ind!ur the randomness of
pathways per se. Furthereore, the ﬁncertainty assu:iiteﬁ’uith
probabilistic mechanisms that are needed to specify the sodel §(.)
correctly have not been considereﬁ;t Likewige 7the uﬁ:ertiintyvlssuclated’
with the driving variables 1Y has not been cnnsidgred. However,
uncertainty in the driving varxables.r;t, prabably is not important in

saturated sedia where steady staie conditions can be assumed. External

forces like groundwater recharge play a sinor role in these deep
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groundwater flow systems. On the 6ther~hind, these statements will not

ipply to unsaturated flow regines.sd:h as tﬁff {Nevada Test Site, Yucca

Mountain) where driving variables hih changé with recharge events,

2.4. Uncertsinty Due to Cosputing

There are uncertainties associ#ted nith ca;puter implementation of
.qroundnater travel tige noﬂgls.' In any reasonably large cosputer code
there are logical errors and :ndinqrerrurs.' In addition there is roundoff
error associated with diqital~cud§utdtion.' 1f the aodel is in the fore of
a systes of ordinary differential equations or partial differentixl
egquations solved nulefi:ally, there are érrbrs due fo the numerical
approxinatidn of finite differenqe, finite élenent, or other solution
methods. These sources of unceftiinty ire:denlt uithkat length in the

- literature.

Other numerical uncertainties are present in the coeputing process, but
they are less well-defined. For exasple, soae qfoundnater travel tice

nodels do not conserve mass.

3. MODELING ASSUMETIONS USED l" QQDMEEIE EEE D I
EUREORT OF EEA’S

On the basis of the above discussion it is clear that the assusptions
ioplicit in the groundwater travel time andeling analyses (presented to

date in supporting docusents for the FEA‘s) include the fulldutng:



1.

2.

3.

4.

The conceptual model used in each of the calculations is assused to be
known perfectly. No uncertainties in the designation of the
cohceptual model are inccrpufated into the output cumulative fregquency

distributions of qrnunduatéf travel tige.

Randoaness in the input'cneffi:ieﬁts is assuaed to be repfesented
accurately and is assuaed to be a suitable surrogate for the
randooness inherent in a particle’s  pathway at the 5 or 10 ka
scale. This assunptinb ik parti:uiarly isportant and should be the‘
sub ject of considerable futﬁfe'¢el!heration in the hydrogeologic
praféssinnal ccnpunityf Furtherlore, combinations of randoaly
generated hydrogeologic :neff!:ient; uged in the modele are assune& to

be physically neanianulvat‘thérscale of the test data used in the

analysis of groundwater travel tise at a given site.

Randoanéss in hydraulic head; thé input driving variable, is assused

to be negligible.

The test data on which hydrogeologic preperty input data distributions
are based are assumed to be'tbllecﬁed at a scale appropriate for
analysis at the scale used to simulate groundwater travel times (5 or

10 ka).

No variation is assumed to exist in the data base due to different

_sanpling prograss.

17
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6. HMeasurement errors in the data are assused nbf to exist.
7, The conputer codes are asshied in be 100X accurate (verified).

g. No prohabilistic nechanikls are assumed to be operating on the

particles (such as Brownian motion). The 6utput tuasulative frequency
distributions of groundwater travel tinei are assused to be

probability distributions of groundwater travel tices.

The earlier discussion has elucidated the inpnrtiﬁ:e of these assuaptions
and has illustrated how they relate to the true uncertainties that are
inherent in the cutputs of theraﬁdels. Unfortunately the uncertainty
inherent in each of these assuhptions is notrﬁuanfified hyvthe output of
the oodels. By using coefficient fandolﬁess as a.surr6Qate for randomness
in the water particle’s pathuay,-nodelers are providing only & partial
representation nf‘uncertainty. Sensitivity tnalygiﬁ ;elativé to the fore
of the nodel and to the drivihg variables say sériertn‘help us understand
these additional sources of'uncerta{nty. Uncertainty due to scale of
testing, sampling design, measureaent error, and praobabilistic pechlnisns
acting on the particles (if any) will Be more difficuit in quantify but
clearly these issues must be approached separatelf. Nuserical
inaccuracies in the computer code will be minor if care is taken to use

the aost modern conputational techniques.
Itez nunber 2 above in particular should be the subject of debate in the

hydrogeclogical professional cossunity. The nsevnf flndonness in

hydrogeologic coefficients in space as & substitute for randoaness in flow
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paths is not a strdightforward; ;asiiy.ﬁndefstood contept;- Whether or not
the product is seaningful is not clear. It ig clear houe&e; that a

cunulative frequency distributiﬁﬁ‘of groundwater travel times generated by
this procedure need not be expecte&‘to contain the true groundwater travel

tiones at sll.,
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