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RADIQHUCLIDE MIGRATION: LABORATORY EXPERINENTS WITH ISOLATCD FRACTURES™

R. 3. RUNDBERG, J. L. THOMPSOW, AWND S. lAESTAS
Los Alamos ha tional Laboratery, 1i3-514, Los Alamos, New Merico, USA

LBSTRACT

Laboratory experiments cexamining flow and element
migration in rocks containing isolated fractuvres have
bzen initiated at the Los Alamos National Laboratory.
Techniques arz being developed to establish siuple
racture flow systems which are appropriate .to modaols
using analytical solutions to the matrix diffusion - flow
equaticns, such as those of I. llerctnieks [1]. These
experineats are intended to be intermediate steps toward
larger scale field experiments where it may become more
difficult to establish and control the paramzters
important to nuclide migration in fractured media.

Leboratory experiments have been run on fractures
ranging in size from 1 -to 20 cm in length. The hydraulic
flow in these fractures was studied to provide the effec-
tive zpertures. The flows established in these fracture
systems are similar to those in the granite fracture ilow
cxperirzents of Witherspoon et 21. [2]. Traced solutions
contezining #%Sr and 1370z were flowed through fractures
in Clima: Stock granite azd welded tuff (Bullfrog and
Tram nmembers, Yucca Mountain, Nevada Test Site). The
results of the elutions through granite agree with the
patrix diffusion calculetions based on independent
measurements of K,. The results of the elutions through
tuff, however, agree only if the K, values used in the
calculations are lower than the K, values measured using
a batch technique. This trend has been previously observed
in chromatographic columa ex p;rzments with tuff.

/

H&

INTRODUCTION

The study of fracture flow and element transport through flow in fractures

is essential to provide a2 complete understanding of the geologic barriers sui~
rounding a nuclear wastes repository. The ability to correctly model radio-
nuclide transport in fractured systems is necessary to the performence assess-
ment of a repository. Fracture flow is an important transport mechanism be-
czuse fluid velocities in fractures can be many orders of magnitude greater
than the fluid velocity in the porous matrix. This is especially true of
crystalline rock such as granite.

There are many chemical and physical processes which can affect the trans-
port of radionuclides by flow in fracturcs. The principal processes studied
in the experiments to be dizcussed are sorption and diffusion into the rock

matrix. These experiments are part of a program to examine the mechanisms
cont-ibutins to the retardation of radionuclides in flow through fractures.
The objectives of tl:» program are to test existing theoretical models and to

#This work was supp&rted by the U.S. Department of Energy.



porform laboratory experiments with rock satples of varying size to see if
the results of smull scale loboratory expzriuents can be extrapolated to
e ficld.

The elution of ®%&r and 1%7Cs was observed in flow through fractured
Clinax Stsck (CS) granite and through tuvo tuff sosmples taken from coxes from
the USY C1 drillhole at the Nevada Test Site. The tuff sumplns, G1-2335 and
G1-2340, are wzlded tuffs from the Bullfrogz and Tram members, respectively.

The breakthrough curves were compared with the curves predictad by the
analytic solution to flow through a ons-dimensional fracture coupled to diif-
susion into the matrix [1]. The fracture volume znd the fraciure aperture,
in particular, vere determined using Darcy's law [2]. The experimants on
Climax Stock Granite were perfoimed on small cores under confining pressure
to simulate depth and to close the fracture. The tuff samples vere not
placed uncder confining pressure because the samples were found to seal under
rmoderate pressurc (~1000 PSI), whereupon the fracture permeability was reduced
tu the scme magnitude as the matrix permeability.

Tke flow through the fracture was straight flow cnabling direct compari-
son with the one-dimensional calculations.

Fluid Flow Through a Single Fracture
The flow ol fluid through a fracture can be described by the Darcy equa-
tion or cubic law

9. = ¢(2p)3 | (1)
an T ’
Wiz _
Q = the flow rate.in m3/s,
&t = ‘the hydraulic hea2d in meters of water,
2u = the aperture, zzd
L = a constant for z given geometry.

For straight flow

pa_ . |
o 2)

l"|<.

wvhere

L = the length of the fracture,

W = the width of tha fracture,

p = the density of the fluid,

g = the gravitational constant, and
g = the viscosity of the fluid.

The validity of Eq. (1) has been demonstrated by Witherspoon et al. [2].

Vith u:.x fractures a correction factor is roquired to correct for the effect
of .urfzce roughness on the flow. A corre.-ion factor f was defined by
{litizrsvoon et al. and inserted into the I -rcy equation as follows.

L=%oen® . (3

Values of f varied from 1.04 to 1.21 in a graniie fracture with straight flow.
ssvming I = 1.00 rather than 1.21, however, would result in only a 7% error
in the aperture.



Tvo small granice coresn, 2.5%4 cm dion by 1.59 cm long, ware vsed in the
cxperiments. Core 1 had s.nutural fracture, which appeerad to be filled,
The fracture was moechianically opraed prior to use in the caperiment. Corc 2
contzined no naturyl Iractures but was stresssd to induce a fractus o
coeres wige stressad while ip 2 Tedlon slozve in vwhich the core uomainad
chrovzhout the enpariment. The ceres were then placed in a wodivied peovine-
#bility apparatur sinmilar to ikhat of Bracza [£4]). The apertures terce dstoriined
Ly weasuring the flow mate vs the hydroaulic lhizad. Table I suriarizes the
xoomles,

Trz aperture of Core 1, tiiec one with a natnral fracture, waz in good
agrcement with the measurements of Witherspoon ot al. [2,3] a~4 Isherwood
(D. Itzkerwood, lavrence Livermore Rational Luboratory, personnl commiaication,
June 1981). The stress~induced fracture, novever, had an vauswally lavge
residuzl eperture. This may be & result of granite grains being lodgzd in the
fracture, preventing proper mating of the rock surfaces. Alteraatively, ther.
nay be other non-parallel fractures through the core, al<hough these were not
apparent prior to the experximeant.

Radionuclide Transport by Flow Through A Single Tracture

The transport of radionuclides by flow throuzh a single fractures has been
solved analytically for a one-dimensional fracture with matrix diffusion by
1. Neretnieks and is described in detail in Reference 1. This model does not
.includs velocity dispexsion but should serve well as & first approximation to
the experiment and a5 a2 benchmark for numerical code development. The efiect
of matrix porosity on the transport of radionuclidzs was clearly demonstratad
by XNerctnieks. '

TABLE 1
fipertures of Granite Fractures Under Stress .
‘Pressure (MPa) Q/ih (m2/s) 2b_(yu2)
€S granite core 1 24.8 4.5 % 107 15.6
L -8
CS granite core 2 35.9 - 2.15 x 10 ‘ o 25.4 .
27.6 , 2,01 x 1078 24.8
13.8 . 247 %1078 26.6
: 2 . , -9
Isherwood : 21 1.84 x 10 13.6
S 16 3.56 x 107> 17.0
. : 10 1.23 % 107° 25.6
~10
withe:spaonb, Run #1 17.0 ) 4.08 x 10 7.7
| 12.5 8.3 x 1077 C 9.7
8.0 1.14 » 1077 10.6

“n. Isharwood, Lawrence Livermore National Laboratory, personal communication,
June 1981. ‘
|
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Before proceeding to the analysis, some usefnl definitions are jpiven.
1. The volumctric sorption ratio, de, is given by

de = cp + (1 -~ Sp)dex . )

R, = tha distribution coefficient (G
naterial),

= 0 for & nonsorbiag

¢ = the matrix porosity, and

p_ = the density of the solid.

2. The effective diffusion coeificient

o i

D =g =D 5
eff  p 2 ’ (%)
T
vhere
i . . . . . e
D™ = the ionic diffusion coeffirient,
¢ = the constrictivity of the pores, and
T = the tortuosity cf the pores.

3. The apparent ZiZfusion cosfficient

Transport of radicnuclides through a single fracture can be described
rathematically by the following expressions.

1. Diffusion in thke rock matrix is given by

oy G
5T = Dapp 5.2 - AC_ ¢ (7

2. The sorption zad convazction are given by

5c ac, D _, oC
: f_Teff " p -
5c " VB " v ooz | e (5)

unhere

concentration in water in pores,
vvacentration in water in fissures,
d:stance along the fracture,
distance into the matrix from the fracture surface,
half-width of the fracture,

water velocity, and

decay constant.
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The smolution to these equations with the appropriate boundary and initial
conditions for a concentrabtion step of duraticn At ia

f :

c
ER = e t erfc 7%
o '\\ l [t - (r, + t )l
- erfc G AR E 9)
[t - (t“ et At)]
( n" e /
where
U (20)4 4
1 ’ 1/2
= [
G Deff 2 x J/iZb(Dapp) e o
v = the time required for the water to reach x, and
to = the ipitial time.
R alts

" The breakthrough curves were calculated using the matrix dxffu ion model.
Tables II and III list some of the values used as input to the model. Most of
thiese vaTues were based on previous measurements [5,8) with crushed rock ond
so0lid r rk cores. The breakthrough curves for granite Core 1 were calculated
using 1 parameters iz Table I, which are based on our earlier data [11].

The uo-».ity of the matrix in the core used wss not actually determined, and

£ = 0.005 was-chosen as a nominal value. The range of values of porosities
dotcrnlned for Climax Stcck granite veries from 0.0015 to 0.008. Aucther
paremeter that has not beszn determined for the particular granite core used is
the constrictivity-tortussity term o/12%, which was somevhat arbitrarily taken
as 0.1. The brezkthrough curves were calculated for two porositicz, 0.001

and 0.005, which served to illustrate the dramatic dependence on porosity.

The breakthrough curves 2long with results of the exp=riment are shown in
Figs. 1 and 2. Fig. 3 shows the calculated curve for a 20 ml pulse of activ-
ity along with the expsrimental results.

The elution curves for tuff core G1-2335 were calculsted using the para-
meters in Table III, which were based on measurements from the same core. The
constrictivity-tortuosity texm a/t® was again taken to be 0.1. This assump-
tion is supported by a measurement on a sample from G1-22990, which gave a
value of 0.098 for of1°.

The elution curve shown in Fig. 4 was calculated using the X, from batch
measurements and an elution cnrve with the Kd adjusted to fit the experimental
breakthrough is shown in Fig. 5. -

)m(

Discussion
) The results of the fracture flow experiments with Climax stock granite
are in g>t3 agreement with the calculations usingz the analytic model previ-
usly described. These first experiments show that for somz simple cations
the transport of radionuclides by fracture flow can be predicted with
reasonable accuracy by a matrix diffusion model. The hydrzulic measurements
on the stressed granite fractures gave results similar to the measurements by
Witherspoon et 21. The tuff samples were not run under stress because it was
found that the fracture closed, undex moderzte pressure, to a point where the
permeability of the fracture wazs approximately equal to that of the matrix.



This doas not mzan that open fractures do not exist in the ficld becouse
faulting: and slipping could still open up fractures by exerting o st
ficld that is not simulated in these exporinent

S.

TADLE 11
Parameter Values Used to Calculate Breakthrough Curves for CGlimax Stock Granite

Paranster 855y 137¢cs
pi 7.75 x 10°% em?/s 2,02 x 107> cn?/s
Kd 8 ml/g R 400 ml/g3
Py 3.01 g/cm 3.01 g/cm
a/'t2 0.1 0.1
U, 1.41 x 10-2 cm/s 1.41 x 10-2 cm/s
2 15.6 pm 15.6 pa
x 1.59 cm . 1.59 cm

TABLE I1I

Parameter Values Used to Calculate 85Sr Elution Curves for G1-2335 Tuff

Parameter - Value

o 7.75 » 10°% cn?/s

Ka . - 148 ml/g and 30 nl/g’
- ps 2 1.71

o/t 0.1

Uf 2.85 x 10-2 cn/s

2b 30.7 pm

x 4.76 cm

€ 0.312
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Fiz. 1. Breakthrough curves for 137Cs calculated using porosities £ = 0.001
and £ = 0.005. The points (x) represent experiwmental data.
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Fig. 2. Tieakthrough curves for 8%Sr calculated using 2 porosity € = 0.005. .
The points (%) répresent experimental data.
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Fig. 5. Elution of a 40 =1 slug of 8%Sr through a tuff (61-2335) fracture.
The Kd was adjusted to fit the breakthrough. The solid line is a theoretical
~arve and the points (%) represent experimental data. - .
y

The results of tha Zfracture for experiments with tuff szmples from G1-2335
and G1-2840 were not in agreement with the calculation if the K, values deter-
mined from batch experiments were used (see Fig. 4). The X values which gave
* a best fit to the breakikhrough portion of the stroatiun elugion were 30 ml/g
and 16 ml/g for G1-2335 and G1-2840, respectively. The batch measurements
yielded 148 ml/g and 160 ml/g for G1-2335 and G1-2840, raspectively. A
general trend which has been observed in sorption experiments on tuff is that
batch measurements yieid K, values that are 3 to 5 times larger than the K,
values that are deterrined by column experiments. These experiments arc coa~
sistent with that trend. In addition, the shape of the elution calculzted for
the tuffs is not in agreement with the observed elution. The activity desorbs
more slowly than one would expect for reversible, diffusion-controlled sorp-
tion. This observaticn is also consistent with previous measurements of corp-
tion on-tuff. 1In general the K, valucs determinad by desorbing activity from
tuff are considerably larger than those determined from the sorption process.
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