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PROCEDURES FOR PREDICTING GROUNDWATER TRAVEL TIME
:by,

| &
Willfams and Assocfates, Inc. ¢ Q,p

1. Pumose

The United States Nuclear Regu‘latory Comnission has prdmulga’ted rules and

'regu'lations which govern the disposal of high Tevel radiocactive wastes in

the United States. These rules and regu'lations were promulgated as Title _
10, Chapter 1, Code of Fede'ralr Regulations-—Energy;'Part 60. These rules
and regulations outline criteria for the disposal of high level radioacti ve
wastes in geoIogi; repositories. The primary}c'riteriar of fnterest for this
paper are‘ the criterfa concerning gr?oundwater travel time from the disturbed

zZone to the accessible enviromhent, a distance of 5 km.

| Groundwater flow 1s the principal mechanism by'which radicactive wastes

might migrate from the repository to the accessible environment. The
accessible environment 1s now established as being no greater than § km from
the edge of the disturbed zone of the repoéffoty.- The rules and regulations

state under 60.113 Performance of I_’;rticxﬂar Baériers After Permanent

Closure, (2) Geologic Setting that l'Thé geologic repository shall be located

so that pre-waste-emﬁlacement groundwatér travel time along the fastest path
of Vkely radionuciide travel from the disturbed zone to the accessible
environment shall be at least 1,000 years or such other travel time as may
be approved or specified by the Commissfon.™ The rules and régu‘lations
state further under Section 60.122 entitled Siting Criteria (b) Favorable

Conditions, that "(iv) Pre-waste-emplacement groundwater travel time along
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the fastest path of 1ikely radionuclide travel from the disturbed zone to
the accessible environmént th#t,Substantia]1y exceeds 1,000 years.” This
paper pertains to sites wherein sqturated groundwater flow {s the primary
mechan{sm fdr'radionuclideVtranSport. 'ﬁﬁsétufated flow is anticipated at
the Nevada Tesf Site but‘Satufated flow is theipreddminant flow mechanism at
all other sites being considered for the disposal of high level radfoactive
waste. However the concepiS'outiined in,the following report may be

applicable, in part, to the unsaturated zonéralso.

The prediction of groundwater travel time'iﬁ g'multipart process that may

use a variety of models. 1In a)i'cases the 1nif1a1 model that must be

formulated 1s the conceptual model (ffg. 1). B |
CONCEPTUAL Ty )
MODEL A sers
l N
MATHEMATICAL
MOODEL T 7 .
1 - -
|~ e
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Figure 1. Four Aspects of a Transport Model and |
¢ o spropr ate Model Verification Techniques
- (Jones and Gee, January 1984, p. 56). :
A mathematical model may be applied using the hydfogeologic framework
outlined in the conceptual model. Analytical solutfons may be used to
support the aigorithms ﬁsedrin the mathematicﬁl'model;l'Jones and Gee

(Januany 1984, p. 55) state,that,mode]'verificatfon is arsimpie concept that
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defies rigorbus“ definition. Jo,neVs a_nd Gee provide a c1ear1y' stated
discussion of the model verification rrprocess. Regdrdiess of 7the mode1
selected experimental data sefs,are ,requi'red to verify it. In hydrogeology
experimental data sets pertaiﬁl to data on hydraulic conductivity,
transmiséjvity. hydraulic head, e'fvf'ectivev porosity and in fhe transient
case, storage coefficient. The acqur'lsjﬂon of such dat',a'sets reduires the
use of analytical orr numerical ,mrode'ls.r Such modeis are determini stic by
definition. There are nb stoéhhstiprmodels for meaﬁur‘lng'hydrau'lic
conductivity, effective porosity, transm'lss'ivity. or hydraulic head in the
field or in the laboratory. The model (analytical or numerical) that {s
selected determines the scale of thé;tést,(both {n time and ‘'space). The
scale of the test in turn determines the vo'lume'rof rock for which the

verification data set is representative.

This paper 1s difected at the ves'tab'lis'hment 6f testing procedures and
criteria for the two basic lnetﬁddblogies that are b'eing employed for
estimating groundwater travel tinrre.r Groﬁhdwater iravél time analyses are
intended to be conducted under the assumption of steady state flow
condftions at the sites 1"n7 qu‘estrion because pre-waste-emplacement
groundwater travel times are the pffnary’ {nterest. Testiﬁ'g techniques are
discussed herein in general té;'ms“for obtaining the nécessary'hydrogeﬂdg'lc

data required for m'od_e‘l vérirrfi,c,atidn and fncorporation into the two

'prevalent wmethods of estimating groundﬁater travel time.

The two methods of p_red{'cting grouridwater trave‘l,’t‘lme‘ considered herein are
referred to as the pure!yld‘eterministic approach and the stochastic

approach. In fact the stochistic—ippfoach requires the éstablishment of a
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partially deterministic model fifst so'that the geometry of a hydrogeologic
framework can bé estab1ished:, Without the geometry of a hydrogeologic
framework a stochastic approaéh cannot be fmp1emeﬁted. Hydraulic boundaries
and hydrostratigraphic units orﬁgones must be fnput to a stochastic model.
Recent hydrogeologic 1iterature contains many articlés on the spatial
variability and possible stochasticity of hydrogeologic properties (see
Neuman, 1982, for a history of'ﬁajor works;asee.also Journel and Huijbregts,
1978). Because of this spatial iariabiIity hnd possiblé stochasticity of
hydrogeologic properties, we réfer herein to{effective porosity, saturated
hydraulic conductivity (pefméability), and transmissivity as coefficients
rather than parameters (as'expiained in an accompanying paper on

uncertainty).

Stochasticity must be vieued.as a'possibility 1n'hydfoge0109y, not a
certainty because in fact hydrogeologic coefficients do not represent
stochastic processes in a spatial hydrogeologic sense at our scale of
interest (5 km). The coefficients do vary uith position in space but that
does not mean that they are stochastic processes. A stochastic process,
S(t), 1s by definftion a collection of random varfables (s) fndexed by an
algebrajc varfable t. The variable t can be a'tjme or space vafiabIe, or
both. For a particular value of t; S(t) 1s a random variable with a
probability distribution. Under this reasoning, effective porosity or
hydraulicAconductivity by definition cannot be 2 stochastic process. If we

select a given t (time and space), then ihe effective porosity at that t is

constant. In reality it is not a random yariabie. Effective porosity, for

example, does vary over the spati&l,por@ion of the variqué t. Consequently
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we can consider effective porosity (of:ipy other hydrogeologic coefficient)
to be a regionalized variable, that 1s a realization 6f a spatfal stochastic
process that may have been crreaterd inéquogic time at some undefined scale;
keeping in mind however that even that concept s open to debate. The scale
at which geologic stoc'hastﬂ»:fty'rocchfs in particular is open to debate.
Probabilists differentiate between a random variable and fts realization.
When we measure hydrogeologic coeffigﬁie'n'ts at a point, we are collecting
data produced by surch process;es. Ih éontrasf to spatial stochastic
processes as used in other discipunéé :rsﬁch; as physics or wildlife biology,
.prediction of future values 'of‘v hydrogéologic properties is not physically
g:eaningful. The movement of elk in 'the Bitterroot Moi.mtajns of north Idaho
is a legitimate spat'la'l srtoch'ast'lc: prdéess. We can use data (past
observations of location) to 'predic't;/fqt'drrer locations of the elk
probabilistically. It is for this reasonthai th"lsvlrmvement constitutes a
stochastic process. In the 'ca<s'e of hjdrogeo]bg?fc"coefficfents our
predictions can never change; they will have g_q probability associated with
them. Under steady state _co‘nditions' thé rrivv'ames of hydrogeologic
coefficients are fixed at al‘l points in sp&ce. We have po‘i'nted out in our
paper on uncertainty that regiona'livzed' variables are being treated as
random variables produced by stochastic prpcesse§ in 1ieu of random flow
pathways. But it fs important that ihvestigatdrs rurnder}stand the meanfng of
this substitution. From the geofogic poiht of view the product in fact is
fictitious. R |

The deterministic and Stochastic methods 'différ signific&nﬂy as outlined in

the fo‘llowing discussion. This report elucidates the major differences
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between the purely detenninistic and the stbchastié methodologies and their

inherent influences oh the testing’ methodol ogfés that must be employed to

achieve usable {input datarbas'éé for each typé of analysis.

The detail by which hydrogeologic data are evaluated and collected at a site
is directed to a considerable rezxtent by the methodology or approach which
will be used to predict grqdndv&ater‘trave'l time. The pu‘rely deterministic
approach and the stochasticr 'app'rdach' fof estimating groundwater travel time
create distinctly different reqdirements peft&inihg to the hydrogeologic
data basé. These requfrementé,deline#te to a .cdnsid/erab‘le extent the
methodologies which nust be used for designing a' field testing program, for
analyzing the data, and ultimately for obtaining the required hydrogeologic
data base for predicting groundwate} travel time. As explafned below, the
" methodology that s used forﬁf-edictihgr groundwater travel tiuiverto a large
extent directs the scaie of 'terértivng and the consequent validity of the

groundwater travel time predictionﬁ when large volumes of rock are involved.

2. Scale

2.1. Conceptual Model Scale

The first step in developing a prdcédure for estimating groundwater travel
time s to develop a conceptual groundwater flow model. Several scaleé may
evolve 1n the development of a. conceptual model{s). The scale of the
conceptual wodel can vary between regfonal (basinwide) scales and a varfety
. of smaller scales. An intemediai:e scale perhaps might be referred to as a

performance assessment scale. Historically, a grbundwater basin or a
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surface water basin scale has been used to défine hydrogeoiogic
environments. The basin scale Ais helpful -in understanding the groundwater
flow systems that pertain tofpredictiog grouodwatérf travel times at 2 site.'
For the sma'llest practical scale, a oonceptuo‘l oodel mqy be deve'looed which

7' 1s pertinent only to the vo]ume'of oateria‘l influenced by a single well

hydrogeologic test (a sIug test or a test on drill core). A repository
scale conceptual model should be of greater value, assuming that the
distances tnvolved in groundwater travel time prrerdictions are equal to or

Tess than the § km 1imfit to the accessible environment.

4

The performance assessment scale ;_t'xe'n,tioned above is a more realistic scale
of interest. The performance assessment soile may require the use of a
basin scale for the delineation of Qroundwater"f‘low systems and probable
groundwater flow paths. The use of the basin scale is especially
appropr‘late for numer‘lca'& simu'lation of groundwater flow for the
establishment of boundary conditions. Additiona] conceptua'l model scales
may be of interest depending upon the site in question' and 'o‘n'the degree of
knowledge which has been obtafned about that siter.r The three scales
outlined above are considered to be representative of the scales that will

be of {nterest at any given sfte.

2.2. Hydrogeologic Testing Scale

Scale s fmportant also with ré'spe'ct to hydr‘ogeologic‘ testing. The single
well tests that currently are befng used at the sites consist of slug tests
or drill stem tests (DST's). Single wells also have been used for very

small scale pumping tests; the pumpe‘dee'll and the observation well are
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coincident 1h this 1nstance.' The scaIe'of the tests varies4depending upon
the hydrogeologic properties (transmissivity and storativity) of the medium.
These two hydrogeologic coefficients, aiong with hydrogeologic boundaries
determine the areal extentiof the perturbatfon caused by the test. The slug
~or DST types of test charactéristically dd not influence a large areal or
volumetric extent pf the rocks being tested. The small areal extent of the
test volumé results 1n part from the short duration of the perturbation that
usually {s created for the test;: There are'exceptions to this-rule in that

DST's can be carried out for long periods ofrtime; fn such cases the areal

extent of the area of herturbation chn‘rgach,1arger distances from the test
well. Single well pumping tests aiso coVer'Iddger perfods of time than slug
type tests. Consequently the areal extent of the test s larger. However,
the information derived from such a test is 11mited due to the absence of

separate observation wells.

The scale of the test s increased significantly by the use of multiple well
testing techniques. These tests common]y’éﬁbidy a pumping well with more
than one observation ue11; Observation we?ls may be located at different
radial distances from the pumping well; they also may be installed in the
confining units above and/or below the pumping unit in order to ‘measure the
vertica1 permeability of the confining 1qyer. These tests frequent]y are
run for long periods of time'dUEing uhich largé'vplumes‘of fjuid are removed
from the pumping well. These testsrstress a large volume of the
hydrogeo]ogic system. 51gniffCant]y more dati and hydrogeoIogic {nformation
are obtained from this type of test due to the larger volume of rock

characterized. Analytical orrnumericai techniques are available for testing
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anisotropic rocks, bounded aquifefs. parﬂaﬂy penetrating conditions, leaky

aquifers and aquifers whose thiéknésses vary in space.

Vertical hydraulic conductiﬁtj r'can be es‘til_nated by seieral techniques.
Yertical hydrau‘lirc' conducti vity,c'anrbe' gstimated very crudely by a single
well test technique which has‘bee"n out-}‘ined by several authors in the
petroleum {industry 11teratﬁre. The'sﬁgﬂe well vertical permeability test
stresses an isolated portion of a 'pe'rrm'eable liyer—whi 1e monitoring above
;nd/or below the injection horizon s'o as to meashre hydraulic pressure or

head perturbations produced by the imposed hydraulic stress.

The state of the art method for estiﬁating vertical hydrauli ¢ conductivity
involves the use of multiple weils. Wells are located both within the
pumped zone or aquifer as well ‘as in the confining units above and/or below
the pumped aquifer. The data from all "'1,:'he wells ordinarily are evaluated by
,analytiéa] techniques to estimétef the iertical,t\ydrad‘lic conductivity.
- Vertical hydraulic conductivity can'be‘estimated on a scale approximately
equal to the areal extent of the cone of depression by using conventional
analytical techniques. These cénvenﬁdnﬂ analytical techniques evaluate
the data derived from the pumpedadu‘lfer but they do not entail the use of
observation points fn the oveﬂying'or‘,under!ying confining units. Analyses
of data from observation &eﬂs ifn the éonfining unitﬁ yield results which
are répresentativé onlj of rthe' vertical Jhydrau'lic conductivities in the
{mmediate vicinities of the cbservation wells: lieverthele;s this analytical

technique constitutes state of the art field measqfement procedure.
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~ Effective porosity can be measured 1n the field by only one method. This
: method is a tracer test whi@h'rrequires_m'or'e than one well to measure
effective porosity accurately. ‘The' ,rstat'er of the art for field tracer tests
is not well advancéd but tracer 'téfsts ﬁ&éed do constitute the stite'of the
art for this measurement. Metﬁddblﬁqgiésr'e:dst for conducti ng tracer tests
fn single wells but th'e,'repre'isehﬁtfveness of the data is reduced
significantly. The multiple weﬁ'lj__'téchn'lque has obviqus' advantages; it
mx}imizes the scale of the_tesf’andtthe volume of rock being tested.
Multiple well tracer tests yireid'dar't'a that can be fnterpreted fdr
quantifying effective thickness ffdrf thaﬁ Lzone located along the flow path
between the two wells used in rtiie rt';rrac'»er test. As used most commonly
effective thickness is the product qu' ccﬁtributing zone thickness and
effective porosity but at least 'o‘rne” othef‘ definftion exi s'ts‘. The scale of
the valie obtairned by this method ,1s_:c0nst'rrained by the distance between the
two wells. Extending the dist-ancev.ﬁetwéen the two weﬁs or 1ncorpdrat1ng
the use of multipTe source or’deir:gctor weﬂs for a tracer test increases the
scale but 1t also increases the prdbabﬂfty that a detectable amount of
tracer will rnot reach the obéervﬁtinn wells. ~ The dist’ance separating the
wells in a tracer test can become "ré.o: great that the travel ‘tie between the
wells will exceed the practical ﬂmits,of testﬁ:g. The field determination
of effective thickness (synonymbds uitﬁ effeétivé porosity asr usgd herein)
is complicated at several sites by the pfobab'le existence of fracture flow
and by hetemgeﬁéities. Testing to date ‘at the sites has been minimal; two
tests have been conducted in one flow top at one site (BWIP). Tracer tests
are hampered by the vertical fdfrsjta'nce(Q) that separates the

hydrostrat{ graphic unit of interest fi-om the ground surface. The mechanics
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of conducting the test become extreme‘ly difficuit because of the long |
transit times that occur in the tubing which carries the tracer to the test
horizon and back from the test horizon to the sensors which usually are

Tocated at the surface.

Effective porosity can be estimated based on the evaluation of geoph,ysical
logs; this method of testing is very approximate and indirect. The
‘corre'lation between effective porosity values determined from gegphysical

logs and the true effective porosity that controls groundwater movement 1s

~ not clear.

2.3. Time Scale

Time scale 1s a significant issue which must be considered during test
design. The time scale of most hydrogeo'logic testing is on the order of
days to weeks whereas the regul,atory,standard noted above for ground water
travel time is 1,000 years. It iis",not ',practi:c’ai to conduct hydrogeologic
tests even for a durationio’f o;fen years. This statement 1s valid
especially for tracer testsr.nr 4 4 isrlon1y, semi-practicai to conduct long term
(up to a year) hydrogeologic rtests for determination of boundary conditions
and hydrogeologic ooeffjcientsr._";, iiechanica'l probiems dsuelly override

hydrogeologic problems in 1ong. term tests.

The scale of time is a critioal component with respect to the determination
of groundwater flow di rection and gradient. The rules and regulations as
quoted above fndicate that the fastest path must be ‘determined for
ground‘water travel time. Low hydnau'lic'gradients (such as 10-3 to0 1074 at
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the BWIP site) create a probfem qifh fespect toiidentifying the fastest
path. Transient effects on hydraulic head cfeateﬂ by dri111ng,act1vjties
and testing activitfes have cregted‘pefturbations on the system. These
disturbances can 1nf1uence}adveise1y the determination of the static
groundwater potential distribution that is supposed to be unaffected by
transients. Construction of the repository must be considered As a
potential perturbation to the,hydrogeologic'systém. ,Thefdirection of
groundwater flow and hydiauiic'gradiehts should be measured before
construction of the repositOry'hégins. Conditi@ns of 1ow hydraulic
conductivity require long peribds'ofrrecovery from fnduced transients.
These long recovery periods cause difficulties in 1déntify1n9 the direction
of groundwater flow both hofizoﬁta11y and vertically and in the .
determination of the magnitude of hydraulic gradient both horfzontally and
vertical1y; The long recoveny'periods can create time constraints with

respect'to meeting deadlines.

The time scale {s important'with respect tb traéer or solute transport.
Solute transport over § kms cannot be demonstrated on a 1,000 year criteria.
It can be 1nfe}red but not démonstrated. ‘Tracer tests must be much shorter
than the travel time standard. ‘Tracer tests are required for~the estimation
of effective ,thfckness/efféc'me porosity. This mdrogeowyc coefficient
is vital to the estimation of groundwater travel time.
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2.4, Influence of the Sfmulation Method on Testing Design

2.4.1. Purely Deterministic }ﬁprbaéh '

The purely deterministic mefhod “of simdhting travel time requires the
establishment of the most Iikel& groundwater flow path. The identification
of the most 11kely flow path requires rthat the hydrogeologic system be
understood to the extent that the hydraulic gradients can be defined in both
the vertica) and horizoﬁtaiﬁ d‘lrection;.. The gradients VdetermineA the
directfon of flow which is 1nipar'tfa' reflection of the distribution of
transmissivity a‘t the st te. ”cdnsequenﬂy a purely deterministic approach
requires that the spatial d_istrszqtilonwof hydrogeologic coefficients be
measured in the horizontal and'ver;icai directions along this most probable
fastest flow path. In order to defiVé hydrahhc conductivity g'long such a
path the thickness of the zorne_rr(sﬁ) of inierest must be defermined. The
prediction of groundwa»terr travel time aiong the most probable fastest flow
path requires that the distribution of effective porosity be obtained along
that flow path. It should not be ‘concluded that this most probable flow
path 1s a straight 1ine from the disturbed zone to the limit of the
accessible environment (S'km).r Inétead. ) thé length of flow pa’thlnd the
direction of the flow path may 1bé of a sinuous nature due to the variable
distribution of effective poros{ tyr and tran$m1 séiﬂty at the rsi tes. The
sinuosity of the flow path is also a ‘factur,'m the vertical direction
because a substantial component of —verticaj flow may exist at several of the
sites 1f not at all the sites. Consequently the determinatioh of the most
probable flow path is a horizongai and a vertical problem which must be
solved prior tb the establishment of bounds of hyﬁrogeologic coeffici ents
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" along the flow path. The treatment of the problem pure‘ly deterministically
at the scale of 5 km by ,defjnitibn requires large scale tests. Hydraulic

continuity at this scale, for4 ‘example, cannot be demonstrated by small scale

tests.

2.4.2. Stochastic Approach

The stochastic simulation of groundwatér travel time approaches the problem
fi-om a different 'perspective.', This apprbaéh, defines the distributfon of
vertical gradients and horizontal gradients af. the site but not necessar{ly
in any particular directioﬁ'. ,A"Iarge ﬁumbef of different flow paths is
génerateciby allowing wdrbgeoiogfc properties to vary randomly in space
between zone(s) of high head'and zone(vs) of Tow head. Some type of
deterministic model or at 'I’e:asrt'a vgeometricaﬂy well bounded and well
structured conceptual modelrtn’ust be,qeveloped first in order to provide a
hydrogeologic framework for the stochastic analysis. The hydraulic
conductivities in the vertical and rho,rizonta.'l directions still must be

defined but the values within the‘units of 1nterést are allowed to vary
| randomly & fixed points ml space amdng different "realizations” of the
regionalized variables. Effective porosity and hydraulic conductivity must |
be as/signed in some manner along the multiple possible directions of flow,
but they are not restricted to the most probable fastest flow path as 1s the
case in the purely deterministic approath' because flow paths are allowed to
wander rdndomly within thé mddel as twdkogeo'logic properties are jvaried at
each point among different realizations. | Again the princ‘lpﬂ interest is
the assigned di sfribution of éffective porosity ahd hydraulic conductivity
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in a vertical and horizontal sense. ,"It, is the distribution of these
hydrogeologic properties at each fixed point in space that fs of primary
fnterest in the ‘generation of cumulative frequency distributions of

groundwater travel time.

A method of estimating travel ‘time stochastically employs mu'lf.‘lpie
simulations based on randqm ,chrofce's of hydrogeologic coefficients to be
assigned to fixed points in the conéeptuaf model (Monte Carlo technique).
This app;oach uses the resmting;hypothvetical distributions of hydrogeologic
_properties at each point ﬁl the m@de'l to genérate'traveI times which yield a
- cumulative frequency dfstrfbﬁtfon of‘r’sfmu'flated traiel times. This approach
assumes that a large number of pbssi_b‘le combinations df ‘the values for thesé
hydrogeologic coefficients can dccur 'withi;t the ’co_nceptua'lr model. If real
data are used in such a mde]'thév stgtikﬁé@T requirements of the approach
guide the {nvestigator toward the Aacquisi‘ti'on' of large numbers of data
points. This requirement implries the use of large numbers of small scale
tests. Stochastic analyse§ ¢ah be 'adaypAted to the results of large scale
tests but large numbers of tests are étifl' required to develop fnput
distributions of hydrogeo‘logfc hrwe_ftieé. Large numbers of large scale
field tv,e'sts, are not feasible VdAuerto' 'tﬁherrconstraints discussed above and
below. Stochastic theory in"combin-af"lon with &pplied hydrbgeo'logic
experience suggests that iwdrogeolpgiq: coéffigients measured Ana!ytica‘l‘ly at
different scales should not be combined ,gs mputs to a stochastic model.
Data sets derived at different rs‘car‘lre's reflect completely dffferent
characteristics for the sﬁme rocks. Small scale tests offer no evidence of

hydraulic conti nufty from point to po‘in't whereas large scale tests reflect
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fastest path hydraulic 'conductivity; for example, between pumping well and

observation wells.

3. Defining "Site® Hydrogeology

Any conceptual model for groundwﬁtert,ﬂbw is 'dependent' upon the scale that
is of interest for estimating Qr_ouhdwat;er travel time. A conceptual model
can vary in size from that of the scale of a test to that of a basinwide
scale as noted above. The p'rrinrcirpva‘l scale of interest for estimating
groundwater travel should be ron’ the‘ ofdé_r of the performance assessment

scale (Svkm) to basinwide scale.

The predicti'on of groundwater vtr'aVeT time is method dependent; as discussed
above the two principal methods in use are the purely deterministic method

and the stochastic wethod, Both methods generally assume porous media or

‘equivalent porous media flow. ‘F'racture' flow can be accommodated in these

methods by various Tmanipulaﬁidris of the data. Specific fracture flow models
are not practical due to theirrinébﬂi‘ty/to resitﬁtate solute transport on a
scale of kilometers and Vsecor'my due to the nature of the data required
about the fractures that ,cannotr rbre' -obtained from boreholes. Unfortunately
field data acquisition teéhnfques required for verification of or fnput to
any kind of fracture Flow modeling effort have lagged behind the

- sophistication of simulation metheds thatra're available to analyze

groundwater behavior in fractufed niedia.
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3.1. Defining Geologic Framework

The geologic framework must be 'defined for both thé deterministic and
stochastic methods of estimating travé"l,"t‘lmés.. The stratigraphy must be
defined in order to input the approximate bounds on hydrostratigraphic
units. The establishment of a geologic framework is an essential
prerequisite to the establ{shment ’ofla,t;ydrogeo'logié framework. Geologic

structures must be mapped for 'éithgr'appr‘oach.r Faults, fracture zones (as

- opposed to individual fractures), discontinufties, anticiinés. synclines,

facfes changes and hydroStfa’tigraphi;runit pinchouts (facieschanges) must
be located for the determ'lnatibh" of igrroundwater travel times because of the
necessity for fdentifying the fastest most probable flow path. The
stochastic method can accommodate geologic structures by incorporating the
distribution of the hydrogeologic coefficients within the structures into
the conceptual model. The groundwater travel time fs then "realized" based
on the assigned distribution of sogfﬁcients at each point in the model and

& scenario that {ncorporates ﬂqw paths through such structural features.

3.2. Deffning ﬂydrogeo'logi_c Framework

The hydrogeologic framework 7must'be”deffned for both methods of estinating
groundwater travel time. HydrauHc conductivity in the hor{zontal and
vertical directions must be determined for both the stochastic and the
purely deterministic methods of estinating travel tirme.r ‘The possib'le or
probable distributions of hyds‘asﬁc pifoperties must be input for the
stochastic method; the abso‘lute value of hydraulic condu‘ctiﬁty along the
most probable fastest flow path mSt—be input for the pure‘ly deterministic



-/

'\
ki ) 2)

-/ co o/

| - | 18
method. The hydraulic gradient‘mu§£ be 1nhut 1h both the vertical and
hor{zontal directions for the pure]yrdeterministic_method and for the
stochastic method. The expécted'éﬁnge of gradients (based on field
measurements) can be bounded. The puréi&?&eterministic method requires that
the fastést path of radiohuclideAtfansportrbe identified. In order to do so
2 good distribution of hydraulfc head measurements must be obtained in order
to define the direction of groundwater flow in the horizontal and vertical
dimensioné.' The determination of the gradient can be complicated by the
hydraulic conductivity distributipné within the hydrostratigraphic units at
the site. Low hydraulic conduétj?ftfes create long recovery times for water
levels perturbed by'drilling'and'teStjng. Ldng recovery times complicate
the measurement of the head distributioh that identifies the fastest path.
Addftfonal perturbations caused;by subsgqﬁent teStSng also will influence
the measurement of -the hydraﬁ1fc_grad1ent adversely; consequently the
fdentification of the fastest path for radionuciide transport will be
fnfluenced adversely. The rédufﬁements;for,hydraulic gradient for a purely
deterministic approach'are nuch moréiriggrous and more sensitive to
uncertainty because of the additional requirement stated as 'determining the
fastest path'. Stochastic méthods are not constrained by this requirement
because the stochastic'anaiysis_generates g.lﬁége numper of paths. The

fastest path may or may not be fncluded in the mo&el output.

Effective porosity is required for both the purely deterministic and
stochastic approaches. The stochastic approaéh requireé that a distribution
of effective porosity be obtained qnd 1nput for those units considered to be

involved in the transport ofrradionuclideé‘away from the reposftory. A
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purely deterministic approach 'r‘equires' 7that the effective porosityr
distributfion be obtafined »arlongrth'e rf‘arstest path. rThe fastest path for
radionuclide transport cannot Se fdentified unﬂ 1 the hydraulic gradients
have been measured to sucﬁ an exi:éht fhat the fastest path can be
ascertained with reasonéb'le éerfaiﬁty.- It shou‘ld be obvious that the
spatial distribution of derg;jﬂc conducti\?it,y -and effective porosity under
the purely deterministic appfoaﬁh wﬂl,:be' rgﬂected by the measurements of
the distributiod' of ‘hydraulic heqd at the site in the early stages of
fnvestigation. The hydraulic gradient governs the direction along which the
hjdrogeo‘logic testing should proceed at a pfoposed site.

Hydraulic continuity mdst be demo’nstrdted for the hure‘ly deterministic
approach. Hydraulic continufty refers to the continuous flow path that must

‘be shown to exist between the fepositdry and the aqcessibIe environment

along the fastest path of radiiohur‘:lide transport. It is not necessary to
demonstrate hydraulic continuity for the stochastic approach because this
approach uses fnput distribAurtions‘ ,"f, hydraulfc conductivities, hydraulic

gradients, and effective porosities fdr thé prediction of groundwater travel
times. However hydrau'lic coﬁtfnu{ty is ﬁcitly assumed to‘ex‘lst along all
pathways'genefated by the 'stochaétic approach. rThvis ;ssumption is seldom
highl{ ghted but §f hydrau'licrcontﬁ‘guityfdoes not exist within a stochastic

mode]l the model cannot function.
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4. Hydrogeologic Testing Methodology

4.1. Influence of Deterministic Approach éﬂ Testi_@_

The purely deterministic approach ‘assumes that equivalent porous media flow
fs appropriate for the medfum of interest. Hydraulic conductivity can be
determined by several methods 'is pointgd out above. A predominance of low

hydraulic conductivities at a site :Fequirres that small scale single well

) 'type'tests be used for the measurement of hydfraujic conductivity for those
- racks. Under this set of hydrogeologic conditions a large mumber of such

tests are required in the purely determinisf.ic' approach to determine the
distribution of hydraulic conductiv'ity._along the fastest path.

If state of the art testing is to prevafl, rocks with a moderate to high

hydraulic conductivity require a different test plan. Multiple well long

duration tests can be conducted in the higher t;ydi‘aﬂlic conductivity (higher
traﬁsmissivity) unirts or zones. The number of tests éequired when using the
multiple well technique {s smaller than the number required with the small
scale single well type tests. ﬂulfih‘le well test results in some respects
replace the “"averaging” prb?;ess that stétistfcal analysis of small scale
test data_attempts to. accomplish. ’k'rhe“ term 'aigragirié' 1s not quite correct
because fn fact the multfple well test measures the transmissivity only
along those openings that are hydraulfcally connected at the time scale of
the test and at the spﬁtﬁl distance between the pumping well and the

- observation well. Smaller sc”ale’ openings are dead ended and not ref‘le(:ted'

in the test results. | A few tpseveral multfple well tests may be required
depending on heterogeneities and boundary conditfons at a sfte.
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Large scale multiple well test techniq'ues are adaptabie' to the measurement
of vertical hydraulic conductivity i-'or input into deterministic models. The
large scale tests require the existence of a hydrostratigraphic unit of
sufficient permeability to allow pumping from the unit for extended perfods
of time, preferably at a constant rate of discharge.. Data obtained from
observation wells completed ,in'the pumped iwdrostratigraphic unit can be
analyzed to yield a value of verticajl iiydraulic di fiusivit,y that reflects
the effect of average vert_ica'l' hydraulic conductiv'ity of the individual

‘confining units or the effects,of _the coni’ining units both above and below

the pumped unit.

The vertical hydraulic conductiirity of the confining units also can be
estimated from observation wel‘is conipleted in the confining units. Each
well completion in a confining unit yie'lds data that can be analyzed for
vertical hydraulic conductivity. each value calculated from the data is
representative of the h,ydrau'iic characteristics of ‘the media between the
observation well (point) compietedin the,‘; confining unit and the adjacent
pumped unit. Mu'ltip'le observationpoints yield multiple values of vertical

hydraulic diffusivity for the monitored confining units. Such values are

essential as data fnput to a pureiy deterministic model.

Fault zones must be tested and incorporated along the fastest path in the
purely deterministic method of predicting travel times. It is essential
that they be identiffed and characterized along the fastest path {f their
hydraulic properties differ frrom'r those of the rocks they transect.
Hydraulic continuity may be created by or interrupted by such zones.
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Hydraulic gfadight can be measured, under most hydrr'ogeo‘log'ic conditions. As
explajned above low l\ydrau'licfctmdﬁttivities i:omplicaté the measurement of
hydraulic gr#dient due to the nec;eséity fov?rinstallirngr éssentia]ly permanent
measuring facilitfes. S_‘emir'-‘pe'bm'giﬁeht facilities are required because
records of long duration afe needed to‘ allow for full recovery from
perturbations to the systemf.rf fébturhations are ,cqmsed by the drilling
activities required for 1nsta17':lili§an;! opérating monitoring facilities for
collection of samples for chemical analyses or from shaft sinking. Low
hydraulic conductivity 'envirdhrrn'e'htsrrrequirfe thatrﬁerturbartions be minimized
so that the hydraulfc gradients and flow directions can pe {dentified. A
moderate to high hydrau“cr }i:orrxd'xitlﬂvzity requires tempoﬁry to sémi-pemanent
facilities for measuring the ’cri'iis'ti'{ibu‘tion of uydraulié ﬁead. Less timé is
required for delineating the staitfc héad# necessary for the determination of
hydraulic gradient and ﬂdw di;&écfidﬁs when the hydraulic conductivities are
high. Some perturbations can fbe;;tdlerated under these conditfons because
the system will recover,fromv'thle perturbations much faster than it does

where low hydraulic conductirvirties prevail. Low hydraulic gradients

~ confound the measurement of thé magnitude and direction of the gradients.

Consequently low gradients create difficulties in identi‘fyingvthe direction
of flow; lneasuremenf accuracj,—piiys & signffic_ant iole in determining the
fnsitu undisturbed gradients under such conditfons. ‘Measurement error can
be a significant factor in dje’terr"mining,lwdraul'lc .gradients whe’ﬁ they are on °
the order of 10~ to 10'4.: as apparently is the'éase @t the BWIP site for

. example.
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As noted above effective por’osi'ty’ imrust be measured by the use of insitu

tracer tests. Two well tracer tests currently are being used or are

proposed at the sites. The d:u'r_'aftidnr -ind »scale of the tests must be
controlled by the expected values of hydraulic conductivity at each site and
within each zone of interest. Low hydraulic conductivities will create

difficulty in me&suring effective pdro"sri'fy due to long tracer transit times.

Low hydraulic conductivities also m'akefdirfficd'lt the injection of the tracer

and the removal of the tracer from 6bs'ebvation wells. The injection and
removal of the f'lu'id can Vcréate—sig‘nificvant perturbations upon the
hydrogeologic system. It §s not practical ‘to conduct a test at the scale of
the accessible environment for a number of'reiso'ns. These reasons {nclude
Tength of test, unknown distribution"of fheterogeneiﬁes at the site, and the
difficulty of detecting tracer in the observations wells at the time scales
reqﬁirgd' rfor a Atest at suich a scale. Nevertheless in spite of their
{nherent problems, tracer testS ‘constitute the sfnate of the art procedure

for measuring effective porosity. -

Hydraulic continuity must be demonstrdfed for jmre'ly deterministic methods
of predicting travel times, Hydraulic continufty can be demonstrated by
only one method; large scale mul‘t'iprle ﬁéﬂ i:ests*are required. Such tests
directly and {ndirectly ref'leét the:preseﬁc‘e or absenéer of hydraulfic
continuity. Observation wells can*proﬁde data whfc_:hrindicate the existence
of barrier boundaries due to the rna:ture 7o’f rdrawdown data produced by the
tests (image well theory). Observation'ﬁellé 1ocated on épposite sides of a
hydraulfc discontinuity may yield direct évidence of the presence of that

discontinufty. It {is obvious that several large scale hydrogeologic tests
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may be required along the fastestrpath of radionué'lide transport from a

" repository to characterize such ,bqu'ndaries. 'It-is not likely that a single

lTarge scale Vtést can answeﬁf the 'ihajor questions of interest regarding’
hydraulic continuity along the rfav.?;vtest flow path. These same' statements are
applicable to.the measurement of 'éffectivé porosity and to i:he distribution
of hydraulic conductivity along the fastest path.

4.2. Influence of Stochastic Approach on Tés_ting

The stochastic approach for estimatiﬁg 'groundw'aite'r'travel time requires that
& distributfon(s) of hydraulic conductivity be input to a model that
portrays the hydrogeologic fraﬁéwork within thé'ar;a' of interest. The
statistical nature of this n’etho,do'l_ogy- requires that a large number of tests
be conducted 1n order to obt.;irn'a: valid distribution of values. Otherwise
the input data simply must be_synthgs’ized. A large number of tests is
required in order to obtain a defénsib!e {nput distribution of the pertinent
hyrdrogeo'logi.c coeffirciernt. tons:equenily the stochastic method tacitly
steers the methodology for .field testing toward conducting many small scale
tesvts. regardless of the hydrauﬂc cbndixctivity of the units in question.
In addition to conformabii{ity with"stétisticral analysri s small scale tests
are advantageous for éevera'l jddfﬂédal reasons 1ncmding cost and the long
time periods required for conductfhg numerous large scale tests. ‘Stochastic
methods require a large number dlf’ ‘values i;o establish a 'distribution for
{nput to the model which is not practical to obfain with large }sca'le tests;
consequently small scale tests are necessary even though they may not

reflect hydraulic properties at thg scale of intergst. ,,I-nterestingw enough



25

an field data for 1nput to stochastic models must be obtained from the

application of a deterministic aﬁalytiéal wodel or numerical model. There

are no stacrhdstic methods for obtaining field measurements of hydrogeologic

coefficients.

A stochastic method does not requirev that flow direction be determined by
field dati. The model itse‘lfrgénerates nume_rods flow paths that are called
“realizations.” Hydraulic gradient must be established in a horizontal and
vertical direction but only at ceﬁtain end hoihts or at bounda'riés of
hydrogeologic zones or unfts. The expected'fange in hy&rau'l‘lc Qradients
usually r*ls fnput to the model. Th)e'distribution of hydr}aulic gifadient can
be obtained using standard testhrethrqu. Since no fastest path need be
fdentified fewer measurements are 'rieduiréd to establish the gradfent within
the flow system; however, suf-ficirlent;va]ue's must be co'nécted to develop a

distribution or at least a finge that ca_ﬁ be input to a model.

Effective poéosity values must be fnput to the stochastic mddeI for
predicting travel times. Effectﬁe' p’orosity nust be obtained using a number
of tests that is sufficientlyi iarge'to give a valid distribution of
effective porosity in the'hydﬁogeologic units of interest. Effective
porosity does not have to be singularly determined along the fastest flow
path as is the case with the pureiy deteministic method. 7 The,nethod
assumes that the values constitute a valid distribution. In order to obtain
a statistical defensible distribution, large numbers of small scale tests
almost by definftion must dominate the dete’rminatfo’n of efféctive porosity
in thismethddo'logy. Large numbéfs' of 'Iargé scale té'sts are not practical

to conduct.
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Hydraulic continuity does ndtrhave to be demonsfrated with the stoéhastic
approach but the method tacitjy as;&mes that it exists along all flow paths
that are generated by the model. This approach assumes that the
distributions of hydrogeologié'broﬁefties are valid and that fldw paths are
continuous in any direction p}oceediﬁg away from,fhe reposfitory.
Demonstrating hydraulic continuity fs an additional bonusfdbtained by
conducting‘1arge scale tests in the ﬁodérate to'hfgh hydraulic conductivity
environments. The preseﬁce of'hydrdgeologfcVboundaries which could restrict
flow or act as preferential pathways ordinarily would not bé reflected in
the stochastic approach because the scale of testing would be too small'as 2
consequence of the requirement that a ]&rge:number of tests be conduéted in
order to obtain a statistiéaily defensfb}e input’distbibution for thé model.

5. Deterministic Groundwater”TbaééI Time,ﬂode]s ,

It 1s not the purpose 6f thi# papef to'p}esent the hationale:used in
fmplementing a purely determinfstic wodel for estimating ground water travel
time. The previous discussion ébmpares the general characteristics (and
clarifies the diffefenées)’df the data requirements for the purely
deterministic approach and theAStochastic approach.r A discdssion of purely
deterministic travel time predictions is best served by a separate paper.
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6. Stochastic Groundwater Travel Time Models

Several stochastic approaches ai"e';\‘f.aﬂab‘l;e for estimating groundwater
travel time as shown in -current piﬁpfessional practice. All of these
approaches sre based on a stochastic :analysi s of the hydrogeologic framework
of some groundwater flow —model which by definition is partia'ﬂy

deterministic, at least in 1ts geometric framework.

61 ‘Mean and Variance of gydmgeologi_g Properties AppHed to Deterministic

Models

The most simple and direct 6f ‘the‘se methods involves a mathematical

combination and propagation of the meiui_and vaﬁsnce of input hydrogeologic

- properties to estimate a mean arid vari'ancé of 'the output variable ( téavel

time). 1In this case no assumptions are mandated about the shapes of the
distributions for the input random variables. Simprying assumptions,
particularly about geologic conditions and about the conceptual flow model,

make this procedure general and'very approximate at best. The basfic steps

involved 1n such an analysis include the following:

1) Establish or define a deteémiﬂistiéﬁo’de1 of the hydrogeologic
framework, which typically is described by one equation or 2 series of
equations that relate measurable (or estimable) {nput random variables

(hydrogeologic properties) to the desiiéq output variable (travel time).

2) Measure or predict the neén and\rariancgr of Aesch input coefficient that

is to be treated as a random varfable.
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3) Use established theorems. transformations. and re‘lationships among
random variatﬂes to comb'lne them for predicting the mean and variance of
the output varfable (travel time) In most cases rearrangement of finput

terms must occur or simplifying assumptions must be made.

If desired, the sensitivity’ of the oUtp'ut variable to each of the input
variables can be assessed byrrusing a variety of acceptable mathematical

methods.

6.2. Linear Combinations of Liydrogeo‘logic Coefficients Applied to
Ueterministic Models

A second approach {s more 1{nited in terus of flexibility of the stochastic

model, but it does provide a oumn'rlrative'frequency‘di stribution of the output
random variable. The key ‘restnfction in this aporoacn is that the output
random variable (travel time) must be considered as a Hrnea'r' combination of
the fnput random varfables. This limitation dictates that simplificatfons

be made (such as assuming that some of the input coefficients are
constants), which may be unacceptab‘le from a rational technical viewpoint.
Basic steps in this stochastic approach are: '

1) Construct a mathematical model consisting of one or more equatfons that
contain 1fnear combinations of hydrogeologic coefficients that

eventually lead to the prediction of the output random variable (travel
time).

2) Estimate ;the distribution of each {nput hydro’geolog:ic 'coefficfent that

is being treated as a random variable. This process may be accomplished-
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by collecting a suffici'ent'ﬁumb'er of data values that is sufficient to
define a defensible distributfbn; .

3) The distribution of the qﬁtput»randbm ‘variable then may be estimated by

using acceptéd ana1yticﬂ or 7nnm;erica‘l_procedures.

4) Estimate exceedance probabilities for groundwater travel time using the

~ predicted cumulative frequency distribution.

The above stochastic models feLy" on conceptual flow models that are
relatively simple and that'infefrv s;tatyir onarity and homogeneous condftions
throughout the hydrogeologicxurnﬂi'tj_s: in the area of finterest. Thus, the
hydrogeolegic coefficients’arr’e, treit_ed as random variables that vary
throughout the unit, but the variation is similar in all locations. This

approach 'corresponds to a geostgtifsﬂcal r?ange of {nfluence equal to zero

‘distance. Hydrogeologic ‘lnfo'rmatiénf from large-scale tests would yield data

that corresponei to these assumed con&itions. Modeling of {nhomogeneities
and spatfal correlatfons requirés "input from,la'rge numbers of tests, which

in essence fmplies small scq'le tests.

Unless some complexity {1s 1ncofpp'rateﬁ into the above models (which may not

always be possible), there 15 ho"-capabﬂitly for modeling multiple |
hydrogeologic units and the random flow paths that cross 'th'e'l_r boundaries.
In order to include the effects of such flow p_tiths and.,the effects of
hydrogeologic property spatial corre'latfon:s (nonzero range of influence),

some type of computer simulation is needed.
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6.3. Simulation Approaches -

The type of hydrqgeologic' simurhtion, and the assocfated assumptions on
which it is baked. is detemﬁned’by the scale of available hydrogeﬂogic
information. Thus, we can distinguish two broad categories of ‘simulations:
those related tb reIativ_ely—‘laEge.-sycaie' test result_s; (on the order of
several hundred meters to severﬂ kms) and those related to small-scale test

results (on the order of a.few meters or less).

6.3.1. Simulatfons Based on quogg‘ne‘ous Zones

The first category of s'lmu"lntiqns relfes on the assumpﬁion of hydrogeologic
homogeneity over defined regions *qi- zones. Input data for such simulations

are obtained from intemediate[sc'a‘l'e to large scale tests, provided enough

tests can be conducted. There are two general methods of simulation, which

are related to respective assumptions on hydrogeoiogic conditions.

Method 1: Hydrogeologic édefﬂc‘lents (treated as random variables) in
a particular nydrogeo»logic uni t are considered to" be statistically
homogeneous over a 'Iargé arei (leoba‘lly stationary"). That 1s, the
estimated distribution of a 'gjveﬁ rando'm variable fs the same
throughout the entire are,at of 1ntérest. During the computer simulation
process, for a given "pass," or iteration, the sampled ya'l,u'e
(realization) of the random varfable fs assumed to be the same

everywhere within the hydrogeologic unit wi thin the study area.

Method 2: Hydrogeoiogic prdperﬂes in a partfcular hydrogeologic unit

are considered to be statistically homogeneous over sub-regions in the '
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study area ("locally statiohény'), fThat fs. the eétihéted distribution
of a givgn raﬁdom vari#blé?iﬁfthe séme throughout a particular sub-
region, but the dfstribuii@n'canrvanyrfrom one sub-region to the next.
During the computer S(mulétidn proéeSs, for a given 'pasé.' or
fteration, a value of the random varfable must be sampled for each
specified sub-region.” One,disgdvantagé of this method fs that abrupt
changes {n values of hydrdgeoiagic coefficients can occur at sub-region

| boundaries, whicﬁ 1s not a typfcai, realistic situation unless

11thologic contacts or major faults have been mapped.

Sophistication can be added to efther of the above methods by incorporating
the intercorrelations among 1nput,random variables and/or the spatial

relationships among sub-regions.ir :

6.3.2. 781mu1ations That IncorpofatéfgpAtial andVCross cbrreIations ,

The second category of sinulatioﬁs also can be dfvided into two methods
based on the amount of informafion ava11ibie and the assumptions about
hydrogeolegic conditions. Each)ﬁethod requfres a gedstatistical,analysis of
the pertinent hydrogeologic proﬁerties to define their spatial
relationships. Such an analysis re@uires considekable data, realistically
which can only be thained from small scile tests. ,Uﬁually. this analysis
involves the generation of variograms (functions that describe spatial
variation) fof point variables and théftdentification of statistical trends.
If desired, cross-variograms also can be generated to study intervariable
relationships. These spatia1 correlations and trends are essential 1nbuts

for a spatfal simulation of input properties.
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‘Method 1: The area of {nterest {s discretized into zones or elements

with dimensions that should be on the order of at least the smallest

sampHrig area (determined byf‘;sical'e of test). 'For each simulation pass

& set of values of a giv_gn'lwdrogeoiogic property is simulated so as to

_have the proper distribution and variogram. One value {s assigned

properly to each of thé,eiements. The same is done for each of the
other {nput coefficients that 'a:re,treated as spatial random variables.
Several cbmputer methods are available for this type of two-dimensiona'l
simulation, 1nclud1ng' *turning-bands® type (Journel and Huijbregts,
1978), Fourier-domain type (Tahen, 1980), and random-coin type
(Sfronvalle, Feb. 1980). - '

An additfonal step can imake the simulation even more unique to the
local setting. The spatiﬁ;l sﬁmflatiqn canr'bre "conditioned” to
original, known data values.. V,':Thuis';—arrrconditionai sfmulation provides a
set of values that has the proper dfstribt_xtion and variogram, and has

values at data locatfons that agreé with the measured data values.

Method 2: If correlations among random varfables are to be

fncorporated in the compﬁtet»study, then some type of co-simulation is
required. In this case a suite of values for several random variables

1s simulated all at once s»o' that each has jts' proper distribution and
var'logram, and each has the v'prpper correlation with the other random
varfables in the simulation. A vector of properly correlated values

(one for each random iariahle) is thus simulated for each of the
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discretized elements (or zo’nes) A co-simu‘lation also can be
conditioned to the known data va'lues. -

The purpose of any of the above simulation ‘methods is to provirde a domain
{probably two-dimensfonal) of hydregeolrogf'e_ coeffieients. efther based on
large scale or small scale infomation'. that can be used in a standard flow
model. This flow model shou1d be estab‘lished so as to describe adequate1y
the fn-situ conditions and ,expected, groundnater flow behaviqr. At present,
most flow models assume porous medium flow and nse' ﬁniterelement (mf finite
difference) procedures or’paftie'l_e trackiingi"pnocedures to prediet a
distribution of tr‘ave1 times iacv_'nss n‘sinuleted hydrogeologic domain
(sonceptua'l mode1 er‘determfnistic framework); Eech simulation 'pass
provides one realization (éeléula‘ted Vaiue) of groundwater travel time;
consequently repeated passes provfde a di stribution of predicted trave1
times. This distribution can be plotted as a cumuhtive frequency
distribution curve, which has been interpreted to. constitute an estimate of
the travel time cumulative probabi th distribution function (cdf). NWhether
or not the distribution of simu!ated values 1nc1udes the real travel time
can never be determined because ‘of the spatial randomness of hydrogeologic
date that serve as model 1nputs' and because of V,th'e uncertainty about the
yelidity of the conceptne‘l lno'de'l.r -; At any rate. thergene'reted cumulative
frequency distribution curve 'does not represent aﬁ of the uncertainty

inherent in groundwater travel time r-prediction (see companion paper).
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