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ABSTRACT

The development oflNTRAVAI_ Test Case 9, aspreser_ted in this rep_rt, was made possible by a

past subsidiary agreement Lothe bilateral c¢.mperative agreement betweel_ the I..'.S. l)epartment o1"
Energy (DOE)and Atomic Energy oi'Canada l,imited (AECl,)encompassing variou!a uspects oF
nuclear, waste disposal research. The expet'imental ttst)q:ct, of this test case, which it_clud(.'d a serie_ of

laboratory expe.riments designed to qtmntit'y the mig,'ation oCtracet's in u single, rmtuvatl fracture, wa.q
undertaken by AECL, The numerical si mullttiotl .of.the i'esulls of t,ht,:_¢;experi ln¢':nt.s wa.ts perfot'llll.'d }:)y'

the Battelle Office of Waste Technology Development (()WTI))by calibrati, ng itri in-house analytical
code, VRACI LO, which is cap_lble ot'predicl illg I'adi__lluelide transport in Ctn idc_alized fractured fock

Three t,vi.tcer migvat, i_n experimcents w(,re p(,rl'ovmed, using nons()vbing ura.lnine dye for two of
them and sorbing Cs-137 for the third. In addition, separate batch e×perimet_t.s were performed to
determine the fi'acture surface and york matrix sorption coefficients for Cs-137. The two uranin(,

tracer migration experinmnt, s we.,'e used to calculate the averuge fracture aport:tire and t,o cal ibrate the
model fly lhc fracture dispe, vsivi.ty and m_ttt'ix diffusion c<)efficient. The predictive cat.mbility ofthe
model was then test.cd by simulating the third, Cs-137, tracer tesi. wit, bout changing the parameter
values determined from tile other experiments, f{reakthrough curves ,)t'both the expe_'iment_l and
numerical results obtained at t.he outlet face of the fracture are presented for each (,xpevi ment. The

' reported spatial concentration profiles for the rock matrix ure ba._ed solely on numerical pvedictic_ns..
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I. IN'I_I_O1)UCTION

Atomic Energy of Canada l_imited (AECl,) pertbrmed the Large Flit)ck Experiment, which
was designed to Understand the processes affecting the migration of t,"aci,,,'s in a single fracture, The
Battelle ()['flee of Waste 'I'echn.logy Development lOW'Pl)} was responsible tbr simulating tlm labora-,

tory results of this experiment using mathematical models of single fracture radionuclide transport.
The 'Pest Case 9 definition describes the details of the experimental design results as well as the ect're.
spending simulatit)ns using the computer code FRACI_'I.,O (Gureghian, 1990).

I-A, PII_OT GROUP II)ENTII,'ICATI()N

The Pilot Group ['or Test Case 9 is the OW'l'i) loca ted in W ii lowbroo k, l llira()is, USA, The t-'ilot

Group Leader is A. Berge Gureghian.

I-B, EXPERIMENT LOCATION

The experiments were carried eel in a laboratory at the AECl, Whiteshell Nuclear Research
Establishment (WNRE) located near Pinawa, Manitoba, Canada: The expc, riments were carried out in
the Oe_)eht:mistry Sect.ion of the Geochemistry and Applied Chemistry Branch by Daniel M. (]rondin
and Doug J. Drew under the direction of Tjalle T. Vandergraaf.

I C. () t_,,JE CT'I V F]S

The objectives of ttlis exercise have been:

• 'Po calibrate mathematical models simulating radionuclide transport in a single planar
fracture including matrix di tTusion.

• T<) test, the adequacy ofthe calibra(,ed values, the experimental approach, and applica-
ble mathematical models. For these objectives, data were obtained from tracer migra-
tion experiments carried out in a natural fracture in a granite blt_ck obtained ft'ore a
surface quarry near Imo du Bonnet, Manitoba, Canada.

I- D, TI-f E O R,IES TESTE 1)

In recent years, some oi'the more imp_)rtant processes associated with contaminant transport ira
fractured rocks, i.e., hydrodynamic dispersion, matrix difl'usion, and ads()rption, have been the object
of intense experimental and theoretical studies (Skagius and Neretnieks, 1988; Melnyk and Skeet,
1986; Novakowski ut. al., 1.985; Bradbury et al., 1982; Vandergraaf'et al., 1982; (]risak :_nd l)ickens,

1980; Neretnieks, 1980; I,allemand-Barre_ and Peaudecerf, 1978). Conceptual m()del._, _ ._ted to the
simulal.ion of radiontlt:lide l,ransp(.)rt in fractured rock, whether based ()n analytical ((]tireghian, 1991);
Attn el al,, 1986; Sudicky and Frind, 1982; Rasmus()n and Neretnieks, 1981;Tang et al,, 1981) or
numerical soluti()ns 11luyakorn et al,, 1983; Nom'ishad et al,, 1982)and using the discrete fracture
approach, are, in the (_pinion of the authors, adequate tbr estimating in this instance the key
parameters ass(_ciated with t.he transport phermmena, A typical inodel incorp(wat, es some or
ali of the following characte:'ist, ics:

• (.)tie or two-dimensional lransport in a singh; fracture or in multit)le planar fractures.
The inlet concentration b(_ctndary condition, which may be ()t'the ftr'st type (1)irichlet) or
third type, should also handle two types oi'release modes in time, i.e., step and band.



The outlet boundary condition may be of the semi-infinite type or second type (i.e,,
finite).

• One-dimensionai diffusion through pores and microflssures in the rock matrix sur-
rounding the fracture, The rock matrix may be of infinite or finite thickness, depending
on whether the system considered includes a single-plane fracture or a system of paral-
lel fractures,

• Idealized geometry of the contaminant source which may correspond to a point, patch,
or Gaussian.

• Steady-state fluid velocity.,

• Longitudinal and transversal dispersion in the fracture,

• Surface adsorpt'ion on fracture walls and adsorption in the rock matrix described by a
linear equilibrium isotherm.

• Radioactive decay (sink term).

Such a model can be validated using the experiments discussed in this document.

I.E, VALIDATION ASPECTS

A logical series of experiments was designed to calibrate and test the model one parameter at a
time, This procedure is outlined below. The first requirement was to set up a parallel and uniform
hydraulic gradient as described later in Section I-F.2,1. The experimental/calibration methodology
described below is also summarized in Table' I-1, where A and B denote the concentrations in the
fracture and rock, respectively,

Table I-1. Matrix of Experiments and Simulations for Large Block

Para- Tracer Type/ Tracer Release
meter Sorption Fluid Dimen- Injection in Output

(TBD)* Tracer R, R' Velocity sion Width Time Function

aL (L) Uranine = 1 High 1-D Full 1,2'* A = fit)

Dp (L2T-1) Uranine = 1 Low 1-D Full 1,2'** A = fit)

Kt'(L), Cs-137 TBD N/A Static N/A N/A Kr(SSA, t)
Kr (L3M-1) Batch

R, R' Cs-137 >_.1 High l-I) Full 2** A = fit)
and/or
B = f(x,z,t)

*TBD = to be determined.

**1 = Step; 2 = Band,
N/A = not applicable
SSA = Specific Surface Area



I-B. 1 Nonadsorbing Tracer Used to l)etermine l Iydro_dy.D.ttmie Dispersion and Matrt.x
Dil't'usion Coefficients

In order to deter'mine dispersive nnd dil'fusivti coeffiefents, experiments wore performed with a
tz'aeer thttt would not chemically interact with the rock {e,g,, uranine or tritium aft), These tracers
t,'t_v01 attho same velocity as the t'lutd without any rota_'dtttion, AI_',CI, provided a value for average

rock porosity, (I_,to use as input tn the simulnl, tons (Section 1- Ie,2.2),

I-1_'],1,1 I)etmrmination of Longitudinal 1)ispers[vity, (aL): Ont.,. Dimensional 'l'runsport

The longt'_,udin_tl disperslvlty, aL, is the first parameter to be determined, I)ee_tuse lt has a

primary role in dictating the shape of the breakthrough curves related to this nonreacting solute,
particularly when the matrix diffusion effects play a minor role on the transport process in the free-
Lure, given the short duratior_ (approximi.ttely 2-1/2 days) of the experiment, 'I'o do this, other compe-
ting phenomena that would affect the resulting t)reakthrough curves and sptttial distributions had to
he eliminated m' aL least minimized, Aceurdingly, high t'luid velocity had to exist in the fracture to
minimize mtltrix difTusion, Also, the tracer httd to be tntrodt_eed across the entire width of the l'r_teture

to minimize the eiTeet ot'any transverse dispersion, The tracer source could be either a strap or a b_nd
release in time,

Next, the tracer breakthrcCugh [concentration (A) versus time (t)l from the experiment was

plotted. 'Phe computer code was run, and the value ot'al_ was adjusted until an ttceeptablra fit occurred.
This calibrated value oral wtts used in nii subsequent code runs,

I-I_I.1.2 lT)etermination of Matrix l)[ffusion Coeft'ieieni,, (l)p): One-l)imransion_.tl Transport

q'he next step was to decrease the fracture flow rate such thttt matrix rill'fusion became more

predominant, allowing e_tlihration of the value of the coe['ficient, l)p. After reversion to a one-
dimensional situation introducing the trac_;r across the entire fracture width, the breakthrough ttr the

outlet was plotted t_tnd, using the aL from ttbove, the code for Dp was calibrated,

l-E,2 Ac__lsorb___in__rpracerUsed to Study Sorption CoraFficients

The final experiment involved a tracer that would ehemieally react with the rock and thus be
retarded and travel slower' than the fluid, An example is cesium (Cs-1 aT), Therefore, this experiment
took a much longer time than the one deserit)ed in Section I-I!_.1, This experiment enabled validtltion
oi'the eomputer code(s) as opposed to the calibrations done up to this stage. 'Phis is because the values
ortho adsorption eoe[ticient(s), Kfttnd Kt, ['or t,he fracLurra and rock respectively, could be measured

independently and used as inputs, in the model,

l-E,2,1 Static l,_xperime_lts

h l,_(]l, performed independertt, st.ati_:, batch-l,ype experiments to determine the sorp!,ive proper-
ties of Cs.-1,37 on the rock, These experimenl,s were done simultaneously with the block migration

ones, Upon completion, AI,',CI, provid_.,d Plattello with a fracture surfac(, _tdsorpt,ion coefficient, Kt'
lcre l, and r_n appropriate rock matrix adsorption coet'licient, K ,,Im l,/g 1.



I-E.2,2 Validating the Code(s)

The high-velocity experiment described in Section I-E,I,1 was repeated using Cs-137 as the
tracer, The high velocity minimized matri× diffusion as well as speed up what would otherwise be an
extremely sl0w transport problem, The breakthrough curve (A = f(t)] was measured until the peak
concentration arrived at the fracture outlet. At this point, the experiment was discontinued, The frac-
ture was taken apart, and the spatial distribution [A = f(x)] of the Cs-137 was determined by
autoradiography,

In both the temporal and spatial cases, the Kfand Kr values from Section I-E,2, l were used to
simulate the transport and compare the calculated spatial distribution (or temporal breakthrough)Lo
the experimental results obtained in the previous paragraph, The closeness of this comparison
reflected the appropriateness of the simplifying assump_,ions made in the mathematical model(s) to
approximate the relevant transport phenomena,

I-F, BACKGROUND INFORMATION

I-F,1 Geological Information

The mineralogical Composition of this particular block is not yet available, However, the
medium- to coarse-grained pink granite from the quarry area has been analyzed and reported and is
given in Table I-2 (Tammemagi et al,, 1980). Analysis ofthe fracture in filling material in granite
reveals that the major constituents are generally calcite and silica with smaller amounts of K-feldspar
minerals. Clay minerals are occasionally identified at the fracture surface and amorphous iron oxides
are generally present (Tammemagi et al., 1980):

Table I-2, Mineralogical Composition of
Lac du Bonnet Granite in
Percent

......... ,,_ ...... ,. ,,,. ...... ,, L ......... -, :: :-: :

Quartz 28.5

Corundum 1.6

Zircoa 0.03

Orthoclase 28.3

Albite 32,32

Anorthite 4.61

Magnetite 0.84

Apatite 0.09

Calcite 0.2

B: _tite 2,94

Sphene 0.5



I-F.2 Hydro_eological Information

I-F.2.I Simplifying Modifications Retluired for Model Calibration/Validation

The f011owingsimplifications were made:

(aj Svm_

Symmetry of the hydraulic gradient and tracer transport was maintained about the center-
line of the fracture.

(b) Hydraulic/Gradient

AECL devised a way to establish a hydraulic gradient across the entire fracture width (as

opposed to a dipolar one). A reservoir i,_created across each of the two open edges of the frac-
ture and a uniform gradient is applied between them.

I-F.2.2 Ro_k Porosity and Density

Measurements made on a similar granite block gave a porosity _ of 2.72x10-3 for the first cm of
rock immediately adjoining the fracture surface, whereas an average porosityof 1.96x103 was
obtained for the next 9 cm (Melnyk and Skeet, 1986). For the mathematical simulations performed in

this report, a weighted average of the above porosities was used, i.e., qb -- 2x10-3. The density ofthe
rock Pr is 2.65 g/mL.

I-F.2.3 Rock Diffusivity

lt was important to establish the value of the rock pore diffusivity Dp, which along with porosity
is an important parameter that governs the tracer diffusion rate into the rock matrix (see Equa-
tiops A-3 and A-4 in Appendix A). Pore diffusivity, defined as the product of molecular diffusion of a
typi,-_al nuclide in water Dd and the geometric factor (Sd/t '2) (see Neretnieks, 1980), varies primarily
with pressure and temperature of the rock. I,iterature values reported by Neretnieks (1980) indicate

that the value of the geometric factor for granite varies between 0.15 and 0.6 at atmospheric pressure
and between 0106 and 0.2 at 100 bars. At this stage, the best estimate of the rock diffusivity was found
in the literature. The definitions used in this report are the same as those used in recent measure-
ments of cesium and strontium diffusion in biotite gneiss (Skagius and Neretnieks, 1988). The
literature ,:alues shown in Table I-3 are consistent with those quoted in the above paper.

I-F.3 Geochemical Information

I-F.3.I Rock and Ground-Water Composition

The chemical composition of the pink granite from the area of the commercial quarry from
which the block was taken is given in Table I-4. For comparison, the range of chemical compositions of
the granite in this batholith is also included (Tammemagi et al., 1980). The ground-water composition
is given in '['able I-5. This is a standard synthetic granitic ground water (GGW) used by AECL in most
of these types of experiments. Yhis composition minimizes the chemical potential gradients between
t3uid and rock which, in turn minimizes chemical reactions that lead to dissolution and precipitation.



Table I-3. Literature Values of Relevant
Diffusion Parameters

i

De Dp
Tracer (m2/s) (cm2/h)

Cesium 1x 10-13 1.8x 10-3

Iodide lx10-14 1.8x10-4

uther non- lxl0 -14 1.8xl0 4

adsorbing

I-F.3.2 Bulk Rock Distribution Coefficient

The bulk adsorption coefficient, Kt, of cesium in the rock was estimated in previous experi-

ments performed byAECL to be 0.34 mL/g. Based on Equation A-6b (Appendix A), the corresponding
rock retardation factor, R', was determined to be 451.

I-F:4 Geophysical Information

No geophysical information is presently available.



r[ able I-4, Chemical Composition of Lac _u Bonnet
Granite

Lac du Bonnet

Element/Oxide Pink Granite Granite

(Concentrations in Percent)

SiO2 72,40 76,9- 68, l

A1203 14,40 16.5- 12,6

Fe20 3 ' 0,79 1.40- 0.45

FeO 0,88 1.60- 0.22

TiO2 0,24 0.27 -0.04

MgO 0.47 0,71- 0.11

CaO 1,19 1,81 9,57

Na20 3.55 4.55- 2.98

K20 5,03 5,84- 3.78

MnO 0.04 0,09- 0,012

.... (,Concentrations in lag/z) .

Ba 879 1718- 391

Sr 215 782- 28

Zr 203 300- 118

P 175 742- 2

C 218 710 115

Sn 8 13- 2

Cs 1.9 13- 0.2

Rb 206 327- 85

T1 1,4 2- <1

Y 4 14-1 ,,

Li 35 110- 17

Th 36 36- 5

U 7 26- 1

Be 1.5 3- 0.8

Ga 29 34- 23

Hf 2 7- 1,5

Pb 23 27- 11

Total 99,25%



Table I-5, ChemicalComposition
of Synthetic Granitic
Ground Water (GGW)

............. .. , ,,,.L..... :

Concentration

Ion (rag/L)

Na + 8,3

K+ 3.5

Mg2+ 3,9

Ca 2+ 13.0

CI-- 5.0

SO42 - 8,6

NO3- 0,62

F- 0,1

pH 7.3



II. EXI-_ERIMI,',NTAI., I)ESIGN

II-.A, PARAMETERS MEASUREI)

First, the block di mensions were de retrained. The vol u metric [low rat(: was established at ..
20 mL/h and the known tracer concentration al, the inlet was used to normalize the outlet concentl"a-

tions, l)uring the experiment, the outlet concentratior_s were measured as a function of time. ()th(:r
input parameters such as porosity and surface and bulk adsorption coefficients were determined s6pu-

rarely in independent exl)eriments. Finally, at the conclusion of the migration experiments, concen.-
trations couid be measured as a functionofspace ,a, the fracture walls as well as in the rock matz_ix.

II-B. SPATIAL AND TEMPOI{AI_ SCALES

The large block, I.,B-2, is 91.5 cm long (in the tlow direction), 86,5 cm wide, and 49.0 cna high,
The t'racture aperture was estimated from the volume of water required to completely fill the I'racture

to average approximately 800 pm (0.08 eta).

The uranine (nonadsorbing) experiment described in Sections IV_A.1 and IX-A lasted 60 hours

(2.5 days). In contrast, the cesium (adsorbing) experiment described in Sections IV-A.3 and IX.-B
lasted approximately 360 hours (15 days).

II-C, EXPERIMENTAl, SETUP

'['he granite block contained a single, natural fracture. This block was positioned to make the
fracture approximately horizontal (Figure II-1). Suitable reservoirs were designed so that as .uniform
a gradient as possible could be imposed across the entire width of the fracture. 'Phe outside surfaces of
the block, as well as the edges of the fracture on the 91.5--cre sides, were coated with a silicone-.based

rubber (GTE, RTr-108) tw avoid evaporation of the transport solution through the porwus rock matrix.

Inlet and wutlet reservoirs were designed tbr this quarried block. These reservoirs were
attached to the short sides oi'the block (86.5 eta) and covered the fracture where it intersected these

surfaces of the block. This way a un if'orm gradient could be created across the entire width of the frac-
ture with apath length o1"91.5 eta.

The inlet reservoir eonsist(,d era 86.5-era-long acrylic tube cut, lengthwise and fitted with two
semicircular acrylic end pieces (Figure 11-2). This reservoir covered the inlet of the fracture and con-

tain(_d tbur pwrts. In addition, a rul)t)er septum was located at the center wf'the reservoir so that a

syringe could be inserted in the fracture t()cilrry out possible point-swurce injections. An tlPl_C-type
pump (ISC() model 314., ISCO, lnc., l,incoln, Nebras;ka, USA) was used t:) inject the transport solution
in the, fracture, thus ensuring a very stable tlow rate l,hroughou'_ the c,xperiment, li'of this experiment,
a flow rute of 20 ml_,/h was selected and a continuous in.iecl, ion ot'a conservatiw, tracer through both
ports located at t,he ends of the inlet reservoir was carried out.

In retrospect, although the inlet reservoir spanned th(,, width ()t'the block, l,he varying _.tp('l'[tll'( t

of the ['racture did not allow t"ora unit'wrm flow from the ialet reservoir. In fact, there is; some evidence

from the postexperimental two-dimensi()nal y-.scanning ()t' the fracture surf, tees that, the ground water
entered the fracture mainly in one location.
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II-D, SAMPLING STRATEGY

The outlet reservoir comdsted of a shallow channel cut into a Plexiglas'" plate, This channel
followed the trace of the fracture as it intersected with the exit, face of the block, The channel was
divided into five compartments of equal length, and each compartment was equipped with a pair' of
valved inlet and outlet ports, The outlet port of each compartment was hooked up to a separate frac-
tion collector, Figure II:3 shows a schematic of this arrangem_mt, In order to obtain representative
values of the breakthrough curves, channeling effects in the fracture were minimized after allowing

the trhnsport solution l,oflow equally to the five compartments, This was accomplished by placing
solenoid valves in the lines connecting each outlet port and its companion frt,ctlon collector, The flow
rate of the ground water through the five different channels was not identical, and this may have
resulted in a very slight increase in the fracture aperture as a result of changes in the resistivity era
particular channel, Calculations showed that thl,_;increase in aperture was less than 1 lain, and cart
probably be ignored,

- _ Fraction
_ //Collectors

Metering _ v i

[ _/' " 5olenotd Valve

Pump

Figure II-3, Schematic Plan View 0('the Arrangement of the Inlet and Outlet Reservoirs on LB-2

Figure II-4 shows the exit of the fracture befor'e the outlet reservoir was put in place and Fig-
sre II-5 shows the actual outlet reservoir and the arrangements of the solenoid valves, The solenoid
valves were triggered in sequence after a given number of drops had been collected in each fraction col-
lector, With an average flow velocity of 20 mL/h and a volume ell mL (20 drops) collected in each vial,
an average of 15 minutes were required to complete a cycle through ali five fraction collectors, This
time was small enough relative to the total duration of the experiment to justify the use elan average,
uniform flow rate,

II-E, INDEPENDENCE BETWEEN I)ATA SETS

The data sets reported in this report, i,e,, uranine and Cs-137, were the results oi'two distinct
experiments using the same granite block,

II-F, BIASES INttEREN'P IN THE I)ESIC}N

The two halves of the block were not bolted together', but the top half rested on the bottom half,
This may have led to some variation in the fracture aperture over t,he duration of the experiment (soc
also Section II-.D),

12
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t

()thor exporil_lenL,,s,wore, ettrl'led out t.lH_tpttv't t_l't,hl_ ct,,,ot'cise, 'l'ht_,Vtlru dos_c.,rlbodalow_,{wll,t_
their corres_pondlng mt_,_ht_mtll,le_tl slmultl, i,lot_,qiii 8t_etiunV _lnd [n Noronhtt et tl,l,, 1988,



III, CURI_,ENT STATUS ANl_)IJ]XI_ERIMENTAI, SCI-tt_I}UI,I_

Tho exportments _r¢_now complete, Breakthrough curves ofo×pertmc_nttll ro_ult_ are awLtlnble
from rho pilot group, Spatial concentrations aro not yet trv,_llable,

q

!
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IV, I_XPI_RIMt,_INTAI, I_,1{8UI/1'8

IV-A, RAW I)A'PA

IV..A,I lJt'ttnlno _MJ_',__..._ i. :

A 2xl0.S mol_gl, ,,-tolutlon ¢II'Ntt+l'lut_roseoin (uranltle} wits prelmrt+d It_dilute grar_ltc, gr<Jund
writer ((J(]W), tttld this tlollrettctlve trtteut' wtl.q ln,luctec',nta flow l,tttlJ ill'20 tnl,/lt. 'l'he uraninu et)tlc:ell-

l,rtttloru,; in the +luato wit,re d lr Idod l+y tjml, In the stttrtlng m+ltltlon to .btntn nor ma llzo¢l cu ncur_trn-
Lion.,+,Th norrnallzod e¢>neorltrtttlon,_ Irt the l'rneturo wore plotted versus time toobt,ttin bruttl<throtlgh
curve._ (A/A (_ver.,+us t, where AOrefers I,othe eormentrttth_rt of the [,r/leer ttr t.Im source at t[ttm equttls

/,0t't>)and ttre shown irt leigure IV-1, The cot'rusponcllrig tttt_ulat, ed vnluo,,_ nrc given in Tttbltl IV-1, 'l'ho
l'ivc elution profiles thttt wore obtttined are not, tderttlenl, 'I'I+._._lrtdit:ateu that t,he t'rtteture ttperturo
vttrles ttet'oss th+._width of t,11ot'rnettlre, Thl,_ ts not an unexpected observtlttola beettu.qe t,he t"rttcl,tlrt+ Ill

this experiment is t:tnnl, t.lrtli l'rtteture, tttld these t'rueturos seldom li'ever hltvo tl eotlstttlat al)t_rttll,o.

IV..A.'2 S_atic' (3t,s_gn i;+'_,per iments

'.':3tatie sorption experiments for Cs-137 were (:ttrt'tod out on ropresentttttvo nttturttl granite frae-
l,ure seri'arms tttken from tlm same ttrett tlm rho granite block used in the mlgrntlon Oxlmriment, 8orl)-
t,ion was studied tt.s u I'ttne_,Jon td'cesium eolleet_trttti(>n (10,100, 1,0{10 mg Cs/la), stlr['aee ttl't+tt-to-.volt.lnte

ratio (0,54, 0.81, 1,62 r.:m--I), enel time (0.1,0,a, l, :_,10,at), and 1{)0 d)+ The uxper[mt+_ntttl mtJth{+d has
been closer[bed by Abry ot al., 1982. The results for the 1,00CI-mg Cs/lt cesium conceal, rat, ion tire shown
In Tttble IV-2,

Based on the short ti me st)nn of the experiment and the rather important rut,ardutlon +frf'cots
that Cs., 137 i:._likely to undergo in the rock matrix of irlturost, both rneehuni,+ms assoeittted wit,h tile
transport of this species (t,e., radioactive doctty and reek matrix dtrru.,iop,),nay[_,,'thepurpose t>t'our
discusstorts be s/lt'ely n.t,glected, In the abFlelleo (Jt' retardation effects trr the fracture and it._view of the
data reportc, d in Seetiori IV-Ii, tilt,, residence t,lme (tT = l.,/u, see ()gattt and Bunks, 196l)ot'Cs-I a7
would correspond to aPI_roxirrtately 1 dtty, l_eeause t,h_ stt:ttlortttry (or saddle) point on the t'epresonta-

IAve uverttge brtmkthrough ex._rve eorrosponding to A/AO -= 0,5 (see 'l'ttble iV-3) indicates n value for t,l,
corresponding to appro×imutely 3 days+, we may deduee that the retardation Pact,o,' in the fracture
wt>uld be equivalent lo the t'utto of these two residence travel times (i,u., R = 3). This estlmate is sup-
ported by the f'net thttt the wtiue of KI' = 0,0G cm reported in Table IV-2 corrt_sponds to ttn uvert.tge
value Pot' surl'ttco-arua-t¢:_-volumu ratio ot'0.81 cre-I, which would yield un almost identical retardation
f'act,or based on l!_qutttion A-6tt (see Appendix A)_trtd tt t'rtteture thic'kness ot'6.23 x 10-2 eta. Although
th_: ct_,iee oi'this parttmeter value KI' :----tj.06 em bears some uncertainty, it was u.dopted in the

mttttmmatiettl prediction described in Sect, ten IX..B,

IV-A,aC_ .e+iu,m .._tjon

The conditions for this eXlm,'inmnt were described in ,.qection II-C, A tl,w rate t._f20 ml3h was

u_m,d, ttnd the eluent was eoll¢mted in l-ml, Increments, A trttcer solution eontttlning 1.2 x 1[1_;Bq/l., at'
Cs-137 was um_d am the sorbing tractor, l)ue t,o time constraint, s, advantage was t,akon oi'the nonl[rmar
sorpl, h>n behavior oPeeslum (Vandergraal'et al,, 1986), so that 1,000 rag/l., of inaetiw_ cesium was
added to depress cesium sorption ai'td to deerettst, the retardation oi' this element in the f'raeture, The
outlet eoneentrati.ons were determined by gamnm speetrontol, ry using a Ge(IA) rh, teeter. Cs..la7 break-

through curves tbr ettch of the tive outlet ports _tro shown in I+'tgurc, IV..2, The corresponding tabulated
values aro given irl Table lV..a,

17



18



Table IV-1. Experimental Uranine Relative Concentration Breakthrough

Curves for the Longitudinal Dispersivity Experiment. A
through E Refer to the Five Sampling Locations Shown irl
Figure II-3.

,

, , ,, ,i i ,,, , ,,,,, , ,, ,,_....... i .... ,, ,,

A/A"
Time Average

(hours A B .C D E A/A °

15.750 0.0119 0.0254 0.0093 0.0102 0.0000 0.0114

16.500 0.01tl 0.0412 0.01.12 0.0093 0.0000 0.0146

17.250 0.0104 11.1014 0.0075 0.0085 0.0000 0.0255

18.000 0.0216 0.2615 0.0115 0.0093 0.0000 0.0608

18.750 0.0328 0.4633 0.0129 0.0101 0.0000 0.1038

19.500 0.0778 0.6011 0.0204 0.0087 0.0000 0.1416

20.250 011661 0.7516 0,0550 0,0074 0.0000 0 1960 '

21,000 0,2597 0,8780 0.1437 0,0105 0,0000 0,2584

21.750 0,3359 0,9626 0,2928 0,0135 0,0000 0.3210

22,500 0,4078 0,9740 0,4724 0,0166 0,0000 0.3741

,.

23.250 0,4952 0,9573 0,5929 0,0393 0.0210 0.4212

24,000 0,5758 0.9406 0,6983 0,1245 0,0194 0.4717

24.750 0.6187 0.9518 0.7702 0,2549 0.0177 0,5227

25,500 0.6652 0,9629 0,8374 0,4008 0.0160 0,5765

261250 0.70,16 0,9740 0,8715 0,5254 0.0142 0,6179

Or'7 FI 1"1F_,_J.uuu 0.7415 0.9751 0.9089 0.6189 0.0158 0.6520

27.750 0.7784 019763 0.9463 0.7022 0.0173 0.6841

28.500 0.8075 0.9774 0.9163 0:7693 0.0403 0.7022

29.250 0.83_7 0.9785 0.9427 0.8252 0.0634 0.7293

30.000 0.8659 0.9797 0.9691 0.8439 0.1265 0.7570

30.750 0.8732 0.981.3 0.9736 .0.8667 0.2171 0.7824

:11,500 0,8805 0,9829 0.9780 0,8894 0.3249 0.8112

32.250 0,8902 0,9846 0.9789 0,8978 0.4246 0,8352

33,000 0.9000 0,9862 0,9797 0,9062 0.4960 0.8536

33,750 0.9098 0.9878 0,9805 0,9146 0.5442 0,8674

34.500 0,9264 0,9943 0,9833 0,9236 0,5920 0,8839

35,250 0.9431 1,0008 0.9862 0,9325 0.624,4 0,8974

36.000 0,9547 1,0073 0.9889 0,9314 0.6593 0.9083

36.750 0.9664 1.0138 0.9916 0,9304 0,6868 0,9178

37.500 0.9780 1,0203 0,9943 0.9293 0.7126 0.9269



Table IV-l, (Continue d)

A/A °
Time Average

(hours) A B C D E ' A/A °

38,250 0,9672 1.0189 0,9892 0,9335 0,7308 0.9279

39,000 0,9563 1,0174 0,9840 0.9377 0.7638 0.9318

39,750 0,9454 1.0159 0.9789 0,9420 0,7859 0,9336

40.500 0,9345 1,0145 0,9720 0,9462 0,8154 0,9365

41,250 0,9236 1,0130 0,9650 0.9504 0.8285 0.9361

42.000 0,9246 1.0138 0,9696 0,9509 0,8515 0,9421

42.750 0,9255 1,0146 0,9741 0,9514 0.8629 0.9457

45,000 0,9285 1,0171 0,9878 0.9528 0:8526 0,9478

46.500 0,9390 1.0024 0,9911 0,9535 0,9014 0.9575

48,750 0,9439 0,9805 0,9959 0,9545 0.8936 0,9537

50,250 0,9520 0.9971 0,9930 0.9691 0,9268 0,9676

52,500 0,9927 1,0220 0,9886 0.9911 0.9589 0.9906

56,250 0.9577 1,0407 1.0f.1 0,9805 0,9990 0.9972

60,000 0.9976 1,0463 1,0000 0.9772 1,0010 1,0044
, .

Table IV-2. Calculated Kf Values (cm) for 1_,000 mg Cs/L
Concentration

Surface Area]Volume (cm-1)
Time

(iday s) 0,54 0.81 1,62

0.1 .... 0.13 -,--

0.3 0.11 .... 0.19
.

1.0 .... 0.03 ....

3.0 0.14 0,06 0.14

10.0 0,12 0,09 0,29

30.0 0.21 0.18 0.34

100,0 0.44 0.38 0,53

Migration of Cs-137 through the 5'acture was retarded. Its velocities in the different channels
were compared with those of uranine and an average retardation factor, R, of 3.27 was determined.
This corresponds to a Kf value of 0,071 cre, which is reasonably close to the qalue of 0,06 cm selected
from Table IV-l,
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Table IV-3. Experimental Cs-137 Relative Concentration I:lreakthrough Curve,,_
for the Sorption Migration ExperimenL A Through E Relbr to the Five
San@ing Locations Shown in Figure II..3,

)llln,ml i { I i i I .... i ] I I r , i _h),l'_i 772- I_1 _ .... ii i ,l_ I II li I I I I I I i Iii i I i r I r[ _

Time A/A" Average

(hours) A B C D E A/A"

48,150 0,0000 0,0000 0.0000 0,0000 0,0(}00 (),0000

50,825 0,0000 0,0102 0.0000 0,0000 , 0,0000 0.0020

53,'500 , 0,0000 0,0296 0.0000 0,0000 0.0000 0,0059

56,175 0,0106 0,0574 0,0000 0,0130 0,0000 0,0162

58,850 0,1460 0,0953 0,0000 0,1200 0.0000 0.0723

61,525 0.2912 0.1554 0,0000 0,2149 0.0000 0,1323

64,200 0,4027 0,2l 37 0.0045 0,2893 0,0000 0, 1820

66,875 0,4894' 0,3108 0.0330 0,3823 0,0000 i0,2431

69,550 0,5540 0,3987 O, 1347 0,3870 0,00()0 0,2949

72.225 0.5885 0.4579 0.2507 0,4753 0,0000 0,3545

74,900 0,6354 0.5273 0,4674 0,4949 0.0019 0,4254

77,575 0,'6786 0.624.4 0,4764 0.5256 0.033l 0,4694

80,250 0.7248 0,6207 0,5388 0,5647 0,0993 0.5097

82,925 0,7540 0,6892 0.5932 0.6140 0.1599 0,5620
9_ e85,600 0.7611 0.686'4 0,6441 0.6744 0..233 0.5978

88,275 0,7965 07253 0,6922 0,6688 0.2876 0,6341

90,950 0.7920 0.7752 0,7047 0,7098 0.3425 O, .}648

93,625 0,8195 0.7493 0,7306 0,7153 0.,i021 0.6834

• e-, ,._ ,96,300 0,8478 0 8030 0.7681 0. ¢,:4,9 0.4314 0,7170

98,975 0.8460 0.8233 0,7449 0,6884 0,4721 0,7149

101,650 0,8336 0.8150 0,7725 0,7507 0,,1938 0,7331

104,325 0.8398 0.8141 0,8011 0,7907 0,5024 0,7496

107.000 0,8655 0.8372 0.7993 0.8177 0,5639 0,7767

109,675 0,8761 0.8501 0.8198 0.7414 0.584.7 0,7744

11.2,350 0,8743 0.8945 (),8011 0.8130 0.5970 0,7960

115,025 0.9027 0,8686 0,8510 0,7600 0.6112 0,7987

117,700 0,8628 0.8696 0,8269 0,7572 0.6306 0,7894

120,375 0.8823 0.8899 0.8689 0,7851 0,6500 0.8152

123,050 0,9115 0,8733 0,8519 0,8214 0,6566 0.8229

125,725 0.8938 0.9093 0,8599 0,786() 0.6840 (),8266

128.400 0,9204 0,8464 0,8635 0.8940 0.7360 (),8521

131.075 0,9204 ,0,9343 0.9010 0.8028 0,7342 0,8585

133,750 0.9027 0.9343 0.8760 0,8279 0,7342 0,8550

136,425 0.9381 0.9056 0.9188 0.8447 0.7597 0,8734
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Table IV-3, (Con, ttnued)

A/A °
Time Average

(hot.,rs) A B C D B A/A"

139,100 0,9469 0,9436 0,8805 0,8930 0,7720 0,8872

141,775 0,9381 0,9195 0,9188 0,8344 0,7682 0,8758

144,450 0,9469 0,9343 0.9010 0,8772 0,7739 0,8867

147,125 0,9204 0,9713 0,8921 0,8344 0,8070 0,8850

149,800 0,9735 0,9621 0.9188 0,8530 0,7975 0,9010

152,475 0.9292 0,9251 0,9099 0.8651 0,7928 0,8844 r

155.150 0.9646 0;9713 0,9277 0,8847 0,8571 0.9211

157,825 0,9558 0.9528 0,9099 0,9395 0,8202 0,9157

160,500 0,9735 0,9528 0,9723 0.8651 0.8117 0,9151

163.175 0:911.5 0,9806 0.9634 0,9079 0,8543 0,9235

165,850 0.9381 0,9436 0,9456 0,8823 0.8647 0,9148

168,525 1.0088 0,999l (/.9545 {),856"7 0,8713 0,9381

171.200 0,9735 0.9898 0,9723 0.9284 0.8675 0,9463

173,875 0,9823 0.9898 0,9456 0,94.88 0,8553 0,9444

176,550 0,9823 0.9713 0.9723 0,8670 0,8912 0,9368

179.225 0.9912 0,962l 0,9456 0,9674 0.8297 0.9392

181,900 1.0000 0,9806 0,9723 0,9395 0,8732 0,9531

184.575 0,9735 0,9713 0,9813 0,9'107 0,9167 0,9507

187,250 0,9823 1,0083 0,9902 0,9860 0,9130 0,9'760

189,925 1,0000 0,9991 1,0080 0,9558 0,9120 0,9750

192,600 0.9469 0.9251 0,8510 0,9256 0.8553 0,9008

195,275 0,9558 0.9806 0,9099 0,8372 0,8638 0.9094

197,950 0,9027 0,9621 0.9277 0,8419 0,8657 0,9000

200.625 (},9204 0,9528 0,9367 0,8223 0.8363 0.8937

203.300 0,9558 0.9251 0,9277 0,8521 0.8808 0,9083

205,975 0.9292 0,9158 0,9099 0,8800 0,8808 0,9031

208.650 0,9292 0.8631 0.9099 0,8595 0.9035 0.8930

211,325 0,9735 0,9241 0,9010 0,8512 0,8921 0,9084

214,000 0,9292 0,9528 0,9367 0,9581 0,8846 0.9323

216,675 0,7761. 0,9436 0.9367 0,8819 0,8836 0,8844



Tablo lV,3, (Continuucl)

A/A"
,Tlmo Avorage
(hour,_) A B C 1) E A/A"

c , '_l21.},350 0,9, 81 0,9343 0,9277 0,9488 0,8(_85 0,9235

222,025 0,9469 0,9621 0,9188 0,9395 0,9253 '0,9385

224,700 0,9823 0,9898 0,9188 0,8642 0,8893 0,9289

227,375 0,9469 0,9214 0,9010 0,8670 0,8865 0,9045

230,050 0,9558 0,8714 (J,9634 0,9144 018675 0,9145

232,725 0:9292 0,9621 0,9367 0,8623 0,9(}63 0,9193

235,400 0.9558 0,9713 0,9545 0,9674 0,8590 0,9416

238,075 0,9292 0,98()6 0.9188 0,8456 0,8666 0,9082

240,750 1,0088 0,9621 0,8912 0,8977 0,8950 0,9309

243.425 0,8752 0,9621 0.9723 0,9237 0,8950 0,9257

'246,1 Oil 1,0354 0,9528 0,9723 0.9051 0,8997 0,9531

248,775 1,0088 0,9713 0,9813 0,9228 (),9461 0.9661

251,450 0,9912 ,0,9436 0,9813 0,9302 0,8940 0.9,181

254,1.25 0,9735 0,980ti 0,9277 0,8828 0,9376 0,9404

256,800 0,9'735 0,962l 0.9545 1,0140 0,9839 0,9776

259,475 0,9646 0,9251 0,9813 {7.8940 0,9555 0,9441

262,1.50 0,9841 "0,9408 0,9376 0,9256 0.9149 0,9406

264,825 0,9788 0,9325 0,9732 0.9079 0,9622 0.9509

267,500 0,9619 0,9593 0.9554 0,9516 0.9082 0,9473

270,175 0,9708 0,9389 0,9376 0.9302 0,9130 0,9381

272,850 0,9637 0,887l 0.9260 (7,9507 0,94.70 0,9349

275,525 0,9867 0.9685 0,9358 0,9805 0,9688 0,9681

278,200 0,9788 0,9815 0,9661 0.9163 0,9622 (}.9610

280,875 0,9664 0.9907 0.9634 1..0056 1.0000 0,9852

283,550 0.9690 0.9621 0,9839 (7,9972 0,9555 0,9736

286,225 0,9929 0,9352 0,94l I 0.9423 0,9688 0,9561

288,900 1,0159 (7,9639 0,9465 1,0149 0.9603 0,9803

291,575 0,9947 1,0019 0,9795 (},9898 0,9773 (),9886

294,250 0,9664 0,9667 0,9786 0,9395 0,9839 0,9670

296.925 1,0168 0,9796 0,9893 0,9926 l ,0237 l ,0{}04
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Table IV-3, (Continued)

,.r*

A/A"
Time Average

(hours) A B C D I,_ A/A"

299,600 1,0080 0,9907 0,9715 1,0326 1,0066 1,0019

302,275 1,0009 0,9963 0,9670 0,9451 0,9839 0,9786

304,950 1,0150 0,9833 0,9732 1,0047 0,9991 0,9951

307,625 0,9699 1,0194 0,9393 0,9935 0,9849 0,9814

310,300 0,9602 0,91_21 1,0054. 1,0502 1,015l 0,9886

312,975 0,9735 1.0000 0,9813 1,0298 0,9934 0,9956

315:650 1,0124 0,9685 0,981.3 1,0447 1,0180 1,0050

318,325 1,0044 1,0167 1,0116 0,8391 1,0104 (1,9764

321,000 0,9292 0,9954 1,0000 1,0437 0,9735 0,9884

323,675 1,0053 0,9981 0,9741 1,0000 1,0076 0,9970

326,350 0,9973 0,9676 0,9964 0,9842 0,99(15 0,9872

329,025 0,9858 1,0129 0,9973 1,0447 0,9839 1,0049

331,700 1,0053 1,0000 1,0062 0,9405 0.9877 0,9879

334,375 1,0257 1,0278 1,0277 1,0177 1,0066 1,0211

337,050 1,0212 0,9944 1,0107 0,9888 0,9517 0.9934

339,725 0,9407 0.9898 1.0161 0,9795 1,0161 0,9884

342,400 10239 0,9972 1,0437 0,9898 1,0218 1,0153

345,075 1,0327 1.0120 1,0348 1,(1047 1,0265 1,0221

347,750 1,0336 1,0120 0,992{/ 1,0028 0,9943 1.0069

350,425 1,0248 1,0324 1,0098 0,9888 1,0303 1,0172

353,100 1.0106 1.0129 0.9295 1,0009 1,0274 0,9963

355,775 1,0106 1,0065 0,9732 0,9935 1,0085 0,99_35

358,450 1,0239 1,0389 1,0071 1,0651 0,9763 1,(:}223
_;,' ,' ','T'',"T........ ':_"_ _

IV-B, PROCESSED DATA

Estimation of Average Fracture Aperture from Uranine Elution Profiles

The pr'imary put'pose of the uranine experiment was t,ocalibrate t,he lontsil,udinal dispevsivit, y
However, it, was also used to estimate the average value for the fl'acture aperture. These valtws
were used in the cesium migration experiment simulation described in Section IX.B, Given N _ul,let,
sampling points, the procedure given below was used to del,ermine the uverttge fracture ttpert_tlre, 2b,
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Asstlrne thai; Lhotc}tal t'Pnctt,lPovoltlmtl, Vi, Is ,_mMlvldoclLnto N ,_ul}volumo,_,Vi,ol'oqunlwlclt,h,
W/N, and caPrylng equal flow t'tttes, Q/N, t,ho I'ollowlng (_Cluatlons t,hon rolato the apoPI,ur,J Ill {lath
zt}no, 2bl, t,uI,ho travel time, Ii, tn each zt}no,'

LCW/N)2bI/tl '= Q/N 1'-=L,N {IV., 1a}

O I'

2bl = (Q/I_W} LI l = I,N {lV-l b)

thoreforo,

2b, ;-= {(Q/I,W) t, (IV.,2)

whur{: "*" den,}tos tho arithmetic mean valuo,

A iso,

Vi = I,(W/N)2bi , {=I,N (IV-.3}

Vt :": E (Vi} i:-- I,N (IV-4}
arid

2b, = Vr/( LW} (I V-8}
u = Q/W 2b, (IV- {-I}

Accordingly,firstrhotime,Li,ttrwhic,.hAIA ......{).5was iclo,]til'iocll'{},'{Jac'.hl},'o,,l{l,h,'(}tlghc'.urvo.'l'ht,n
b i was ec}m p u ted t'ro m EClu a t {(}n ( IV..l i}}, Vi f"{' m l';(1ua t {c}n ( IV "-,'_), Vt I'l'c}ml']qual, li}r_(IV-4), 21},Prom
{;_,it,hc}r l_Icluation (IV. 2} oP (IV-Sl, and ct t'Porn 1,3rluat,Lc}n(IV-6). In this oxp¢_rimt}nt, LH{JI'c}ll,}wing valcles
are applic.'ablo'

I, - 91,5cre

W = 86,,.5 {:m
N=5

Q -- 20 cre:]lh

21}i 580,475,570, '_" "-- {},}iT,8:15 l.im tbr A, B, (,, 1}, Iii, respectively
V t = 49,3 c ina

R O q2b* .---:........t.im
I_ := 3,71 em/i_

The w.tlvJ{_sobtained t'¢}!'b, arid ti wi!i'e inl}til, 1,(}i,t-mc(}lllputt'::i' {',{}d{Jt'{}i' tili_40Xl}lji'illi{;nl; I.t,qwoil asi{'l}r til{J
one de,q,-ril}ed in 8ecl,.lc}n IX-IT,.

IV-C, DATA S'PORAGI_

The data are available on a tlc}ppy diskott{_ anti may be obtained {'rorn rho IN'L'RAVA 1,
Secretariat,
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V, PREVIOLIS MOI)I_LING

SM()OTI{FRACTU liE,PARALIA:]I_PLATB I_XPIi]RIMENT

Radlonuclkto mtgrathm studios haro boon carriod out prlmax'ily In natural, wntor-boarlng rrac-
turos. However, somo oxper'imonts havo boon carriod out In tmmogonoous gr'anlto blocl_s containing tt
pttrttllol ['racl,tlre with smooth, nmehlnod surfacus. Thf, prilxtttry rousonLd['or l,h[,qttro rts follows:

1. 'l'hq:_constant,, roctttngulttr ero_B socLloll ()r rh(:, {'rttcturo allow_ tt unlf'orm flow t'lold to bo sol
up. This l'acllltntos t,ho moclollng oi' rho t,ran,_pm't solution, as chttnnt_ilng In l,ht_ fracturu can
bo avoidod.

2. 'l'Jm homogonetty of rho fracture ,_urfltc_)_rotlmVO,q tho uncorta[,r_ty as,,.toc[aL, od with tho ttltor.
atJon mlnoruls that coat the surl'aco.q oi'tr llatural f'racturo. 'Phtls, sorption ccmfflciewts dotof

mixmd ,_n ruprosontat, lvc, machined granltt_ ,_urfttctm aro dh'octly appllcabl_ to rho moclollng
of rho contaxnlnant, (.ransport.

Tlm migration e×pm'lmont was earthed out using tt 5Clxl0×10 cm gv'anitu block wtth a parallel,
lmlishod fracttmro. 'P_mgranite was obl,alnod r,,onl a commorchtl granite quarry at rho southoastorn
t,dgo r)l'rho Lac clu Bonnet batholtth, al)proxl matoly 13 k m to the sout,hw(_st of Lht-_town of' Luc clu
Bonnot In Manit.ba. Canacla. Tho gr'unite is of thc_mtmo type rts that, of rho largo block and was
described in Semtlon I-V,1 (Tarnmc, magl _t al,, 1980),

As part ofttm past sub_Hdlary ugreement botwtmn AECL and DOE, AECl, provldod to Battolltd
()WTI) tim results orthis radh_nuc:lido migration oxportment which was earriod out In a parall_,J, pol-.
ished ['racturc,. The dol,alls of the expc-_rimc,ntal s_tul)and corresl)oricllilg mathomal:lcml ._lmulal, lcm
using Ii'ItACF[,O ttro clc:serLbodin Nororihtl ct, al,, 1988,

27



VI hXl I_0 1A I I( N,] FROM IN'I"RAVAI., I_AIGI)ICII._ATI()N

VI-A, EXFqi]I'_,IMI_NTAIAST'SVlli',W

'l'hotm o×porlmortLHhliv(_l,ho ur_ltlUnatlvat_t,at_uof havln[4' be,eH pot'/'ortu(,clIn u tta.__L.!lA'alI'raeLuro
aLa _calo of I m und(Jr eiirltrolloti, lttlJ(ii'ttL(ll'yetlttdlt II+>riH+F_,xpor/lhr+ttf.,tlVtiNl++tltlti+t(lH<)rl_11114l.rtteOl'.'-i
++-Itl(+_[l t.l,_ltiranllltJ ttro putt_ntlally uviel'ult()t,i.il,Irtlal,t!l,h(,<._l'l'(,et,t:;tJl'"uhallhollttl_+"lilt l_y(Ir.)dytlltttile (It)Ngl+.
t,udtnal and LrantsvtJrso)¢It.,.+Imrt+l<>n.

'l'llt_rtmcilLsf't'orn this uxpot'imeitt irit+'lud_}Lhuolut, torJpt'+>l'llc,,+)I'lllmti,,iot'liilig, ill' eOlt._i(_vvttt.lviJ
i t il,t'aeot', I+131. al'ld sttitle ,'+O:'l}l,iOndiii, lt liri (),+i 137 ()rl ttltc_rt,cl f'l'itt:LLli'l+._tlvliu,cm I¢I{,tlt'Itutl 1.1)Iliinl(] ta:+t_¢lla

Lht_+mlg,v'aLlonexpot'Imunt. 'l'ugothor. thf cltttxtt.ihould bt aclt,tlUal,tlto predict ft-li+,Ultllloft lJi'<il+il(_s.f' Llw
Cs. 137 ft'orn t,llu fraeLurt).

VI.B, MOI)I_I,I,,R'S VII.,W

MosLcomptlLor eodo,,.isimtild I)_uttplihlt._o1'handlliig lhr, :.iinil:iliJ 14ooinut,rle ch:,_liLrrlo1'l,he o×pi,rt..

nlorii, al _ol, up ttrlcl flow oondtLhint+, 'l'tl(J lid,,-iorl)l, ltltl i+nigrtit, lorl nxporir.'ic, nL iislilt/, C,,.t.,137 t+ vliltililllo Lo

vaitdl.tLoiriather'aatletl.lmodi,ls ttf+iill./, (;,,<pdrllllolil,tilly ¢l/!Lc,rtnlnod ,,-io,'pl,ioli litirailllJl,or_,
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VII, INI_'OP,MATI(,')N EXOItANGI°]

' l)v, A, Borgo Guroghltm l_hone: (708) (_55..8638
Battelle Office of'Waute q'ochnt_logy I)tlvolol)mont
7000 South Adam_ Street
Willowbrook, llllnolu 60521
USA

r)r, 'P,'ILVandergraaf Ph,,ne: (204) 753-2311 Ext, 2592
Geochemistry & Applied Chomlsu'y Bt'ttnc}l
Whiteshell Nucloar Restmrch l_stablisitmont

Atomic Energy (ffCttnadtt Limited
Ptnawa, Manitoba, Canttda R()I_ IL0
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If' ILL_tdoonuldnocm._tix'y,Llloo,'_rmi'lnlotttl.icmv,l,lodcluLll't t,hlf.i,f'rot.t,couldImc_rit'lnnluJdnrlcl
i 0,ImlmlVodpo.'t_tip_l,Hit,h otlmi'_lmllui'gt'ttl'tlto l_l¢_t,ls_tLJu.lt.Imvl_n,L i_ooviu_oclI:ml,li,. li'tlLtlv,oOXl_ov'L..

IllOllL_itlould [lleltldo t,h_'.,ClOLOI'IilIIItILI(.)II¢1['LI'I.teOI'eolleolltl'ttLl(lllH oll l,h(J ['l'ltt_LUi'O_ttll'l'tteo ttlid 111LIto l'oelt

nuibi't_¢ LoboLl,of vttlldl,tLo Lh(,__.ioi'pl,lon it_poeL_ iii' LhluOXlmV'lnmt_L, Irl ltcldll,lcm, tilo nc_l,ulll tCllmgl,ttl_h, o1'

tlm f'x"ttc]tt.il'oo'cluld boctoLol'nlllmdt,oovttltlltto Ltto t'lclw tlllci Lt'tlll_llmt'Li:lHimet,_4ol'c_httnimllngwlLhlnt,Jm
i'i'lmttll'o,
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IX, OUTPUT I+_(}I{MA'I'

A description of the governing equations usocl In the mathormtt, lettl f{Irltltlltttton Of LI'iu

I¢'RACFI,O eocto[. provlctect _n Appendix A,

IX-A, MATHEMATICAl., CAI,IIIRATIC)N O1,'URANtNE EXF*I,_RIMI.,INT

As indicated previously, the ptll'pOmJof t,his o×porimont has boon to o_timato the average f'rae-
turo aperture and velocity a. outltned In Section IV-B and to then calibrate the h)ngitu¢linal ctispersiv-
lt,y (aL) to achieve clomJagreement with the elution profllos shown In Figure IV-l, The first stop was to
interpolate and then arithmetically ttverage the tlvo plot_ shown In Figure IV-.1 Into a singlt_
"avoraged breakthrough curve,"

Tl'm next sre t) was tc)run the transport code with the foregoing input parameters and to cali-
brate al, until a good match was obtained, The following key Input parameters yielded the b(mt match',

Fracture length (I,) = 91,5 cm
(Section II-B)

Fracture width (W) -- 86,5 cm

(Code requirement: Infinity for l-l) flow field)

Block half-thickness (tt) = 24,5 cm
(Code used', Infinite in z-direction)

Fracture volume(Vr) - 493 cim
(Section IV-B)

Average l'racturo aperture (2b,) = 6,23x 10-2 cm
(Section IV-B)

Volumel;ric tlow rate (Q) = 20 mi,lh
(Section IV-A)

Fluid fracture velocity (u = Q/W2b, = l,/t,r) = 3,71 cm/h

l"luid residence (travel) time (LT= Vt/Q = l,/u) .-.'. 24,65 h

Half-life of urantne (T_} = m

Rock density (Pr) = 2,65 g/cre +Lt
(SectionI-F,2,2)

Rock porosity (_) = 2x10:1
(Section I-F,2,2)

Pore diffusivity (l)p) = 0,0 cm2/h
(.see below)

Rock adsorption coefficient (Kt,) = 0,0 mL/g

Rock retardation (R') = 1,0
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F'raeLurosurfacesorpt,loncoofflclent(KI') "--- 0,0cnl

Fract,tu'orotarclatIon lR) = 1,0

Lortgitudirml dlsporsi vity (al,) = 3 cm

The agreement bet, ween the simulat, ed mad experimental results Is shown In l,'lgure IX, 1, 'I'herofore,

this simulation serves to doterrnino that the longitLldinal dlsporslvlty, al,, l'or I_B-2 tnlt, s prevailing
configuration is 3 cre,

An explanation tbr the value of'poI'o difl'usivlty, l)l), used ts necessary, 1t,was originally
intended that thts experiment be performed til a flow ,,'atc,,and velocity high ot.tougt.t that the con-
vectlonwould be sopredorrllrtantrtsLocompletelyeclipsethe el'focl;softheprevailingmatrixdlffuslon

(Section I-E, 1,1), In other words, the breaktht'ough curve at the fractut'e outlet predicted by the com-
puter code would show no difference us the valtle of' l)p was Increased from zet'() iii) to Ciaeactual wtlue

that is approprlate Ibr this tracer/rock combination, So ftu' the value of DDhas not bec)n cullbvated,
However, it ts known that, wt a flow rate of 20 mid/h, advection completely dominates diffusion, There-

fore, l)p can be sot equal to zero anti expected to obtaln the same breakthrough result,_ as lt' I)p hact
been assigned its actual value, Figure IX-1 corresponds to the case where I)i) Iu not, equal to zero,

The value of Dp = 1,8xl 0.-4 cm2/h derived from the recent literature (Section I-F,2,3) was found
to be appropriate for' uranlne irl this gv'anlte block, This value has been verified and confirmed In the

matrix diffusion simulation described in Section 6,3 of Noronha et al, (1988), To prove the argument

nlado in the lasl paragraph, Figure IX-2 presents the result of using the acttml value for I)p, The
breakthrough curve obtained in almost identical tc) that shown ivaFigure IX-l,

Finally, Figure IX-3 shows the precltctecl normalized concentration profiles within the rock
matrix corresponding to Figure IX-2, These ave calculated at t = 60 hours (2.5 days), which marks the
completion of this experiment, Profiles are shown along the confer'line ()I'the f'racture near the inlet (x
= l cre), halfway (x = 45 eta), and near the outlet (x = 90 urn), Measurabh,_ concentrations are
precllcted up to about 4 mm away ft'ore the fl'acture wall,

IX-B, MATttEMATICAI_ CA I.,IBRATION O1,' TtI 1,'CESI UM MIGRA'I'ION EX PIe,RIME NT

The aim of this experiment was Lc)use the same longil_udinal dispersivity, ai.,, calibrtltod ira Soc'.
tion IX-A, the dit'i'uslviLy, l)p, from Table 1-3, and the surfltce sorption coelTicient, Kt,, from Soc-
Lion IV-A,2 to pre, diet a breakthrough cul've t'or ceuiuill and compare it with the elution I)X'(.)filosshown

in Figure IV-2, As before, the first :_tep wt.la t,()avithn'letically average tile five pl()ts sllowr'A in Figure

IV-2 into a single experimental breakthrough curve and to then )'enormallze the results by multil)ly-
ing by e-,_t., Ttfis last step is insignificant because 'l't = 30 years is so much longer than the
approximately 15-day duration of this experiment,

The next sl,el) was t,o run the computer code and,to use th(_ input p).lramel,(_rs given below t() predict (.t
breakthrough curve for cesium,

li'racture length (L) := 91,5 cm
(Section II-I-3)

Fractu:'e width (W} -:-" 86,5 cm
(Code requirement: Infinity for l-l) flow field)
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Block half-thickness (H) = 24,5 cm

(Code used.: Infinite in z-direction)

Fracture volume (Vt) = 493 cm 3
(Section IV-B)

Average fracture aperture (2b,) = 6,23x 10- 2 cm
(Section IV-B)

Volumetric flow rate (Q) = 20 mL/h
(Section IV-A)

Fluid fracture vel,ocity (u = Q/W2b. = I2tT) = 3.71 cIrgh

Fluid residence (travel) time (fT = Vt/Q = L/u) = 24.65 h

Half-life of Cs-137 (Tj) = 2,63x105 h

Rock density (Pr) = 2,65 g/cre3
(Section IX-A)

Rock porosity (qb) = 2x10-3
(Section I-F.2.2)

Pore diffusivity (Dp) = 1.8xl 0-3 cm2/h
(Table I-3)

Longitudinal dispersivity (aL) = 3 cm
(Section IX-A)

Rock adsorption coefficient (Kt) = 0.34 m L/g
(Section I-F,3.2)

Rock retardation (R') = 451

Fracture surface sorption coefficient (Kf) ' = 0.06'cm
(Section IV-A.2)

Fracture retardation (R) = 2,93

The comparison between the simulated and experimental results is shown in Figure IX-4. Therefore,
this experiment validates the use of Kf, = 0,06 cm for cesium in LB-2.

Note that because of the short time frame of the experiments reported here which never
exceeded 15 days, the molecular diffusion effects (see Equation A-5) within the fracture were consid-
ered negligible relative to the dispersion effects, hence neglected in the course of the validation effort.

Finally, Figure IX-5 shows the t)redicted normalized concentration profiles within the.rock
r_ _(:matrix corresponding to Figure IX.4. I he.;e were calculated at t = 360 hours (15 days), which marks

the completion of this experiment. Profiles are shown along the centerlinc of the fYacture near the
inlet (x = l cm), half-way (x = 45 cm), and near the outlet (x = 90 cre). Measureable concentrations
were predicted up to only about 2 mm away from the fracture wall. In spite of the order-of-magnitude

higher value of Dp used for cesium than uranine, the rock concentrations as well as the penetration of
cesium are less than uranine due to retardation resulting from sorption processes. This can be con-
firmed by superimposing Figures IX-3 and IX-5.
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IX-C, OUTPUT FORMAT

The model simulation report submitted to the IN'I'RAVAI, Secretariat, _houltl eor_i,alrt Lhc
following:

• Description ortho conceptual model applied

• Mathematical formulation orthe model

, • Description of hew the experimental data have been used for model validation

• Fttti.ng procedure including the goodness-of'tiL measut'e used to match the model result, s
with the experimental data and the ft'ce parameters used In the fiLLing

• Simulation results including the fit between the model results and experimental data,
parameter values for the best fit, and viewsof sensitivity &the fit Lovartatton_.t In
different model parameters

• Evaluation &the validity of the model

• Suggestion for improvement of the database and validation procedures,

In addition the Pilot, Group may decide that some results should be submitted to the INTRAVAL

Secretariat on magnetic tapes in order to facilitate the compilation &the technical reports.
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AI'IIIilNI)I'X A

MA88 TItA NSI:_(II_'i_I",(_tTA'I'I()N8V()Ii I"ltAC"Ptll{Itl ANl) I{(.)C)KMA'PItlX

'['h_ rfll.IS_ t,rtzn_._port, oquat.Ion_ pr(,.,._,_nt,_dIn t,h[_ttppc_rzdLxreprcmont(,hc_L,ov(_rninl_,()ne-

cllmuz_.lc)nulC,ClUati(Jli;_clo,.erll_lviFI.h(,i_il._v'lltJ,vlprm'.o,,-;._c)l'araclloauellcl_._lr1_lll Icl(_allv,_,dfv'm_t,ur(Jd

r(}ek ..v.tum ba_odon the di_c:r_.,l.efrltettlV'(.,,aplW(mch,The Imu_c:laryec_ndLtl()n_,as wc.,ll_tnt.tmtype)of

rolea,.e modesa_,_oelttteclwith I.h(_ull_rat, i(_npr()c'(_; which are hanclled by t..h(,a_ulvtlcctl _.;()ltillc)n_

prt:.qorlt,(_dIn I,'RACI,'I.,C)(,_eeC;ttrc_hta_, ! ,99()).,etr'e,al.c) rulmrUud,

A, 1 (IOVI-!_I{NING1!3QUATIC)NS

I'_romt,he mtt,_ con_c,rvtttlon rOClt_irl,ment, t,he t_quation.s ch_.crlhinf_!,hecorw.enl.v'ttt,lon of a

nuc,lido t'h)wln{4In a clL.,c.',rr._t,ofraei,ure l)lanc, wilJ_uniform apert, uru while unctergolnl_ ,.(_rpt,lon und

infinitc, till'fusion in the surrounding v'_)ek,_t.rlx umlc;r t._.thern_al anti laminar flow e()nclltlt)tmttv'o

giv_n by

(tr) Frtl, Cttlrp

i_A J!A ¢_A J
I{ .... .-. I) ...... t u ...... t- ,\I.{,A t.... :.: () (A.I)

(it, x ax 2 ilx 1)

(1:,) l_.oel_Matri×

_2

jpl _T'I:I
I{'-- -. I) ....... r- _R'I-I - 0 lA2)

9

di, P di7,"

Who r e

A is the concentratk_n in the t'racturc, (M I,;_)

I{ i_._the rotardatic_n factor in l,hc_fracture

I)._ is rho hydrodynamic dispc;r._li_)nec)i_ITicientin the ×dir[,ctlon of l,he fracttlro (12.T. I)

u i._tthe av_,l'ag(, fluid v(,l_)cil,yin the I'v'}tcttlr(,, (I,T-I)

,k is the ('irst-ov'dor rate c(_nslttr_lI'()rdctt.',ay('1"!)

J is the clitTusivc,rate of r_uelid(_al .,.turfttcrJof fracture per tirlll, ,ureaol'l'ractuv'o suv'l'acc,
(M1,.2'1'.l)

b is I.hehalf'..thic:kn(,ss _)t'tho ('racl,ur(_(I.,)

R' is Lhc:l'(.!tardal,iIorll'_cl.or irl i,hc,rock matrix



1t 1_t,ho e(ineentrnt,lon In t,h(+rtmk mnr,fix (MI,,II)

l)p tHI,hu poro dllTuHlvlt,y (l,V/l',l)

t l.st,ho t,lmo (T), .

't'ho dllTuslvu l,_lLoo1'_nuolld(' lntu the rock mtlt,v'l×Iii u_Huxnt_clto obey l,'lok's luw orclll'l'uHl<_n

writ,ton u_

,..,,..=

,J=-l) ,] (A.3)Z.mb

whf._ruI)_ lH t,hu etToet,lvo dllTuHlvltv In t,ho rock mutrix (Nor(_l,illokH, 1980)dul'lnod tl_

l) = (b I) (A-4n)o p

t+tIId

t)p = I) d t_I, (A-4b)

whore

<tj Iu t,hc,rock porosity

Dd In Lhomoleculur dlt'l'tlslon of nuclldo in wut,or(I.,_T.I)

8d
l_I, In 1,110gi._tltlll;,i.rli;! l'uet.,!ri,u, ,-'_e,wllero

t

8tl l,<tl,hoe,orl_l,rte.l.lvit,v fiji' dilTu,,-tionli, u)

i,' iu Ltle I,orl,uo,<llt,,vo['l,lic,i'oel(,IIII, tI, I'IX (Ill),

Tho hydrodynumle cllsporulon Iri tile frl+teturo(Boar, 19'72)iu _lvon by

1) --t-_ u + _I) (A-5)
× l, d

WJlOI'IJ

til, iu tlm IongiLudtnnl dlspi-Jrslvii.y (I.,)

iu t,he i,ortuouil, y OfLhlJ['i'ttfdlA.lrtJ(17)

The rol,nr¢tnl,ion fnet,or iri tho I'rtteture itnd rock rn/itrtx: I'I,und I{,'(NoroLnit.,k,<sel,ni,, 1982) tiro l_lven by'

I_,= 1 + Kr/b (A-0ti)

K (A-6b)R' .= 1 + I(1 - _b)/cblp),,,
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whore

p,, lHthe reek domltLy (Ml,._i)

I¢,1' lHthe t4url'tLeodlHl,,'lbuch)n e(mi'lleionc In Lhcfi'tu_tut'e (1,)

Kt, 18t,hu dish lb_ltt(_n eoel'ilelunL Iii I,he l'oc'knlttlrix (I,IIM.I).

A,_ IN I'I'IAI., AN 1) I]OU N I)ARY (_()N I)I'I'I()NS

'l'ht__mt,ofdltTt_renLlulequaLLlonH,l!',qul.lLh_n._A-1 ttnd A..2, _trc,._ub,ject,LoI,tlo lntLlt_leoncllLh)n._:

A(x,0) -::0, 0 < x < ,_, tA-7)

l.l(x,z,0) = 0, x > 0, z ;:-b tA-8)

tlncl boundary concltLlons In tlm l'rt_eLuret_ndrock mtlt,rlx. 'l'h, ImundtLry concllLlon, in Lhc frttet,ure ure

given by

A(0,L) = A(t,)UU,), t > 0 (A-gu)

A(oo,t,)= 0 , t > 0 (A-gb)

where

A(L) ts the concentr_ttton ttr i.he source.

In Lherock mtlLrix, Lhcboundury e()ndtLlon_ure:

l}(x,b,L) = A (x,L) , x > 0 (A-10tl)

i](x,oo,L)= 0, L > 0 (A..10b)

F'o,"a st,ep release mode (continuous deettying source), (,heconeentruth)n til Lhcsource For tt

typical nuclide may be wrltLon u,_

A(L)= A% -''_t (A-11)

where

A" is Lhcconcentratti)n of'Lhc._l)eCie.,ti.tLt,ime e(.lutll_lzero.

li'or a bund release mt)de, the boundary eonditlon tbr the band relet_e may be written as

A(0,y,L) = A(L)[U(L)- U(L-T)I, t > 0 (A..12)
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whore

T [Ht,he luauhingt_imo,

U(L.-T) la the lloavlmldf._unlt function ¢Iullnod as

1, t _ T

Uli,-T) :.: 0, t < T (A.13)

The g_neral [i_rtnof titmmllutlun fiw the band t'eleat+o mode baaed on a boundary condition given

I_yIgquatlon A-12 and which tinea the SUl)erl'JO,'_lLlontechrlhluo (atm 10ogllaot al,, 1979) may be written

I.tg

t'A(x,y,t) = iA(x,t; A°) - A(x,L-T; A%-'vr)lutt-'l') (A+14)
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A I:'PI!',N I)1K 1_

N()'I'A'I'I()NS

'.[_{21'II1,_

ni, lung itudlnul dis pc,r_l v ity

A conclJrltratlurl L_thu t'rncturu

AO conciJntrtitlon ul' the ,_pu¢lus til tl_(: ,_t(>urcut.tLtinw (.'(lUnl,_zol'()

b IIn If-i,h icl,_tic:,,.4s()t't,ll(_ I'v'ttc:t u rcn,

'_1.1, iiVi.!rLIg[: l'raeturu al)urturu (urithznc.,tic mi._ut_vuluu)

B eonc(_ntrntton in lhc r_)ck matrix

l.)d molcmular cllfl'u,_i()n oi' nuclide iri waL(.,r

l)u cl'l'ectlve cltft'usLvlty irl tlm roc,k maLi'ix

I) n pore dil't'usivt ty

l) x hydrudyrianllc disi)el'sioil coefl'icic, nl, ii" I,lle t'rttuturo

gl' georn(;tric ['tier(ii' (fiji '2)

II block half thickness

Kr ._urSme distribution coefficient iri the fracture

Kr distribution coofficlent in the rock matrLx

I_ fl'acturo length

N number of subvolume

Q volumetric flow rate

R retardation factor in the fracture

R' r(._tardati.on factor in the rock matrix

t time

tT fluid residence (travel) time

T leaching time

'Pi half-life

u average fluid velocity in the fracttlre
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Vt fracture volume
W fracture width

x position vector in the fracture '

z position vector in the rock matrix

8d constrictivity for diffusion

first-order rate constant for decay,

Pr rock density

tortuosity of the fracture

_' tortuosity of the rock matrix

rock porosity
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