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A thecoretical and experimentsal basis is beirg developed for .
enalysis of radionuclide transport in jointed geolegle media, : o
Batch equilibraetion end rate experiments involving samples o“ : .
Eleana argillite and tertiary silicie #uffs in contact with s - =
tions containing Cs, Sr, cr ™ indiceted that rosi redionuc? -'ir-
sorplion was asscciated with the surfaces of very small inter-
granular regions and that the rate of sorption was controlled ty
diffusion of the nuclides into such regions. Based on these ex-
perimental results, the continuity eauations for radionuclides in
the mobile and immobile phases were reduced tn a model analcgou" ta
Rosen's equations for packed teis anl were sclved &
the model and experimental data, iimited radionuclide transporv
enalyces were mede waich indicated that important parameters cor-
trolling trensport include the intergranulsr porosiiy and racliie .
penetration depth, fracture plate spacing and lengtn, fluid velocity, . :

ABSTRACT

and sorption distribution coefficient. Many of these parameters ..
represent thysicel cuentities or processes which cen be sueabified V0 é
the legboratory. However, fluid velocities and fracture plate spacings £

end lengths must be cbtained from the field, and methods must be
developed to establish reliable bounds for such field-determined
parameters. H

*This work supporred by the United States Department of Znergy (D0E),
under Contrect DE-ACOk- 16-DPCOTES,
%A DOE facility.
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INTRODUCTION

Current literature regarding anzlysis of radionuclide transport
in jointed geologic media is very limited. This situation has
probably partly resulted because finite rates of mass transfer be-
tween phases must be considered, Tnis paper summarizes initial work -
conducted to develop theoretical and experimentel approaches which
adequately account for finite mass transfer rates between phases and
which will provide a tasis for analyzing radioruclide transport in
Jointed geologic media. In the following discussion, the theoretical
and experimental approaches are illustrated end then used to develop
a transport model for relatively simple systems. The model and ex-
perimentrl data are used for limited transport analyses which
identify importent parameters and some possible deficiencies in
current metnods of parameter evalvation,

THEORETI AL APPRCACH

For purposes of discussion, the solution phase which is subject
to bulk motion has been referred to as the mobile phase, and the
solid rhase, which includes voids containing stagmant solution, has
been referred to as the immobile phase and was ideelized as con-
sisting of distinct ermeeble ani iwpermesble regions. The rermeable regions were
defired zs the fractures, rores, and intergranuler regicns conteining
stegnart solutiorn, and the impermeable regionz were definej as the
crystal greins.,

Assuming that the mobile phase is en aguecus solution in laminar
flow, the rmaterial balance for a dissolved comporent is

ac TV - V.7 +
3t = v Z:RJ (t)

vhere C is *he component's ccncentretion; J is the comronent's flux
reletive to the solution's mass average velocity v; R; ere terns
representing retes of production end/cs devletion 4ue"to homogeneous
chemical reactions and/or nuclear decay, and t is time. The initial
condition assumed for the mobile rhase is that C(X1,X2,X3,0) is a
known functicn of the general cocriinates Xj. Two commonly used
boundary cerditions are sorpticn ecuilibrium at the interface between
rhases ani continuity of the radionuclide flux across the interfaze.

For the permeable regions of the immctile phase, the material
balance is
-
Fal
2¢c 2.7 i Z’\
= - e J + R 2
3t v 3 (2)
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where G is the local concentration;(?is the diffusional flux, and
’ﬂj are terms representing rates of production an/or depletion due

to homogeneous chemical reaction and/or nuclear decay. Similar in-
itisl and boundary conditions as given for Eq. 1 also apply to

Eq. 2. Purthermore, at the interface between permeable and imper-
meable regions, the conditions of sorption equilibrium and continuity
of the radionuclide flux also apply.

EXPERIMENTAL APFRCACH

The objective of the experimental program is to identify the
important scrption mechanisms and the important homogeneous and
heterogencous chemical reactions and to obtain sufficient data so
that these phenromena can.be described quantitatively using appropriete
mathematicel exrressions. A basic approach for achieving this otJec-
tive is illustreted in the following discussion of experimental results.

Initial batch equilibration and rate experiments have been con-
ducted using semples of Tertiary silicle tuffs which were contacted
with simulant groundwater solutions conteining cesium, strontium, and
promethium and also using samples of Eleana argillite contacted with
solutions containing cesium. The argillite experiments have been
mest amenable to enalysis, and the results from those experiments are
summarized below, sc thet the development of rate expressions czn be
illustrated in the next section.

The Eleana argillite primerily consisted of quertz and layered
silicate minerals, kaolinite, pyrorhyllite, and mixed layer "illite."
Samples of the argillite generelly contained some meeroscopic frac-
tures, and scanning electron micrcgravhs indicated thut the surface
of the samples contained intergrsnuler rogions having thin, approxi-
mately rectangulsr cross ceciions end wall srvacings on the order of
0.1 mlcrons and less. fThe porosity assoclated with these resgions
eppeared to be between one and ten percent. For 30 to 60 mesh par-
ticles, surface ereas determined by the BET method were about 9 mz/gm.

Based on the sclution chemistry of cesium and of the constituents
of the groundwater solutlons, it was felt that if the surface of the
immobile phase remained unaltered, no homogeneous and no heterogeneous
chemical reactions other than sorption shculd be involved. The sorp-
tion equilibrium isotherm et room temperature determined from batch
equilibration experiments using 30 to 60 mesh particles, was found
to be represented by

"% & (0,05 C emp/U1 + (5 x 10% em>/mmole)c) (3)

for values of C between 102 and 1010 M, The tera C represents the
nuclide concentration associated with the surfaces of the impermesble




regions, and it has been essumed that at the interface between
phases, C = C. The distribution X is defined as C/C.

Sorption rate data were obtained from independent batch experi-
ments using argillite tablets which were approximately 1/b inch thick
by 2-3/8 iunch in diameter and were contacted with well-mixed cesium
solutions. At the conclusion of these experiments, the tablets were
examined using autoradiogravhy. Based on autoradiographs from in-
tact and cleaved tablets, it appeared that most sorption occurred
in intergranular regions having effective lengths of 0,01 cm or less,
which was consistent with the surface area measurements and estimated
intergranular porosities,

RADTONUCTIDE TRANSPORT MODEL .

Analysis of Fate Data

Based on the literature concerning ion-exchange kinetics,e the
rate of cesium sorption should have been limited by diffusiorn rather
than by the intrinsic rate of a "sorption reaction.” For the batch
rate experiments, the boundary lsyer thicknegs i;. the mobile phase
should have been on the order of 10"¢ to 10"> cm, and for the tablets,
it appeared reasoneble to expect that diffusion into the relatively
long,narrcw intergranular regicns would vrimarily dominste the rate
of mas: transfer across the interface between mobile and imanobile
phases,

Referring to Fig._ 1, equations describing mess trensfer in the intergrenuler
regions were develepedd by assuming leeal scrotion equilibrium between the bulk
stegnant solution and impermeable surface, constant-valued parameters,
continuous physical and chemical proparties, by assuming that solution-
phase nuclide concentretions were sufficiently dilute so that Fick's
law was valid, that diffucvion was ecsentially one-limensional, and that
there was no surface diffucion. The resulting flux expression describ-
ing mass transfer across the interface between phaces was

. 3 - —
2.7 = 3T = —wregatraxy = - a2t/ /a5 G
where 8y is a tortuosity fector; D is the diffusion coefficient for the
nuclide in the Solution; C = XC; D = D/X; X = 1 + s,hK; h is the ratio

of the perimeter length to the area of a simple characteristic cross

sectlon for the intergranular regions, and a. s a roughness factor.

The material balance for the bulk ¢f the intergranular regions is

P - 2 -
3T/t = (1/42)3°C /a2 ()

with C (X1,0) = O, and AC(H,t)/)Xy= 0. The B; terms in Eq. 2 have been
assumed negligible, and § is a characteristic depth to which the inter-
granular regions peretrate the immobile phase. Ly
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To describe a batch rate experiment, Eq. S5 is solved simultaneocusly
H with Tn. 6 below

(v/aphe, K (3 Crat) = (D /a2)(3T /3% (&)

where C(0) = Co, = a constant; A 15 the gross geometrical surfece area
of the tablet; & is a roughness factor for the tablet's surface; p

is the interfacial intergranuler porosity, and V is the volume of the
mobile, thase. The solution to Eqs. 5 and 6 can be obtained from
Crank. Some typical data from batch rate experiments with argillite
tablets and cesium solutions are shown in Fig. 2. Analogous data
calculated ucng the given parameter values are shown by the sclid
lipe. The agreement between calculated and experimental data is not
entirely quantitative. However, when inhomogeneities in and variations
between rock sazples are considered, as well a: the purely represent-
ative nature of some of the parameters, and when initial effects due
to diffusion through the boundary layer in the mobile phase are alsc
considered, the agreement between calculated and experimental results
appears sufficiently good to support the validity of Egqs. 5 and 5 ani
the parameter values used.

Model Development and Solution of Equations

Based on the preceding analyses, a fundamental transport model
for cesium solutions in laminar, one-dimensicnal flow through linear
fractures in Eleana arglllite was obtained by: assuming constant, uni-
form dimensions and constant, continuous properties for the fractures,
replacing the parabolic velocity profile by an appropriste zverage,
assuming that the fracture wall spacing H is sufficlently small ro
thet diffusion in the Xj-direction in the mobile phuse cen be approxi-
mated as e yuasi-stcedy-state process, neglecting terms due to nuclear
decay, and assuming constant-valued parameters. The result is

3C/at + v(3C/gZ) = (/MY It) (7)
where Q = rg E(x1,2,£)axy; €(0,£)/Co = 1; C(Z,0) = O, and QZ,0) =
< - 2
2T /2t = D, 9C/Ix; L8)

with C(X1,2,0) = 0, and 3C(H,2,0)/3%, = 0.

Y It = (W/RYLC - G /K] {9)
The term C is now the average concentration for the cress section; _Co
is the constant mobile rhase concentration enterirg the fracture; CS
ls the value of € at the interface between mobile anéd immobile phases;

D/at, M = H/2apH; Ry = HA/UD, and Z is the spatial coordinate
parallel to the direction of bulk fluid motion. Egs, 7,8 and 9 can be
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Fig. 2. Comparison of Experimental ('\1rc1es) and Calculated fson.i
line) Rate Data Using the Paremeter Values Given.

solved analepously to Rosen's® development for packed beds, The re-
sult i1s identical in ferm to Rosen's solution. The numerical difrfer-
ences which exist ere small and should %e mesked by the inherent
uncertalirties associated with the parameter values, and for purrposes

of meking preliminery calculations, the results given by Rosen should
te appliceble, For veluss of 2 apD Z/HPV on the order of 50 and greater,
the solution asrroasches the following asymptotic expression

vz, T) = 172 + (1/72)ers((2Y/%) - 1)72((1 +3c,)/3i)"’2 (10)

where U = C/Cq; T = t-2/v; Z = Z/Mv; X = 2 apDZ/Hiv; Y = (D/2H° oK)
(t - 2/v and g = H/UH.

Discussion

If tg 01 1s defined as the elapsed time required for U to reach
a value of 0.0l for a given value of 2, and if t4 5, Vo,015 8nd Vg 5
are defined analogously, then from Eq. 10 and apprcpriete values of




the errer furction it can be shown that es Z/v becomes sufficiently
large, !

Yo, T WWMAE) 2 vy, (11e)
to.g = (1 + X /myzsv =%y 04 (11b)

conversely, es Z/v become: small, V9 5 end ¥g,01 eppreach v. Refer-
ring to Posen’ icel resalts, 1P /X is much lezs than 0.2 and K3

S nuin
is greater than 50, ., lie applies, TFor Eg. 1% to apply, X mast be
much greater trar ©73, ray on the order of S00. This leads %o the
follewing criteria for zpplication o’ Ea. 1lb
/vy 2,04:1/apu X (11c)
As slso shown by Rosen, Tfor t = 7/v, the value of T is zero, and
U(Z) 0} = exp{-Z/vMRy) (13)

which lesis *o the follewing critcria for when the value of 15 g7 can

be grester than Z/v

/v 7 2.38%/epD (L)

FADTCHUCT.IDY TRANIPCRT ANALYSIS

1i) exmerime have Teen covbicted in which \.ahle
esinm sel e (,n 2 have been ved thnrcugh wr
presarcel fractures in argillite samples. These experiments were

primarily d2rvigned e develop sanple preperetion fechriques, end

Juentitetiva aqnlycis of the iara has been comulicsted by the non-
lineer neiurz :f *he co.ption isoiherm. However gualilative @
of the Azt~ nre hesn ence

tiens €ad diecussion of the precedipg secticn are summa-
rized in **g. 7, which revrasents the superpgeiiicn ~f inlependent plots
of Bg. 1je &ni tg. -, Por ralues of LepD/H and Z/v in reg‘an‘ 3 anz
L, the Leos e iy &t which the valie of U equal to J,0L cr,
greetor sop iisbancs 7 is equal to Zfv  ¥or values of Gaph/h°
and Z/v in regizns L and 6 and valuss of apD W'dﬂ snd Z/v in regicns 1,
2 and 3, tp is givea Ly

’ t, £ (1 + 2apHE /m)z/v (15)
For otheor combineticns of coremeter velnss the time ip 1s oetween Z/v

and thet glven ny iy, 13.

The ahcve coniitioas for the apvlinshillity of Eq. 1% essentially
define the parameter values required to apply the lccal eguilibrium
assumrlion to transport models for jointed media, Purtherrare, many of
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the required parameters represent physical quantities or processes
which can be guantified in the laboratory. However parameters such
as v and H must be determired from field measurements. Current
measurement techniques are crule and introduce large uncertainties
into the veremeter values, The importance of these uncertainties can
be 1lluz*rated by chcosing a typicel hydraulic greiient AP/Z end then
calculating the raximin value of H which will allow some minimum value
of tp at selected distences L from a redionuclide source. For purtcses
of illustretion, parameter values are taken from Fig. 1; tg is taken
as 102 years, ani AP/Z as sbout 10 feet of water per mile. The
largest maximum values of H will occur when Ej. 15 is valid, and if
the value of 2apHK/H is much greater than unity,

Huax = (260EK /tg o0 x 10% m em™2 aey™)1/3 113 |
For axial distances of 20 and 10!' meters, the resulting velues of Hpgayx
are about 10-3 and 107 cm, respectively, and are on the same order
as some values estimeted for actual joint widths. Therefore, the un-
certainties in such estimates must be reliatly determined,
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CONCTLUSIONS

The initial work conducted to develop a theoretical and experi-
mental approach for analysis of radicnuclide transport in jointed
geologic mediia has heen encouraging. The transport model developed
for relatively simple systems indicated that important parsmeters con-
trolling radicrnuclide transport include the intergranuler gorosity p
and penetretion depth H, the fracture plate sSpacing H and length_Z,
the fluid velocity v, end the sorption distritution coefficient K.
Values determined for these parameters czn be used to determine when
the assumption of local equilibrium between bulk phases can be applied
to radiomiclide transport in jointed geologic media. Furthermore,
meny of thz parameters represent physical grantities or processes
which cen bYe charazterized in the laboratory. However, parameters
such as joint widths H and fluid velocities v must be obtained from
the field, and methods must be developel to establish reliable bounds
on the uncertainties in the values of such field-letermined parameters,
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