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Abstract

A particle tracking scheme was developed in order to model radionuclide transport through a
tortuous flow field in a rock fracture. The particle tracking method may be used effectively in a het-
erogeneous flow field such as rock fracture. The parallel plate representation of the single fracture
fails to recognize the spatial heterogeneity in the fracture aperture and thus seems inadequate in
describing fluid movement through a real fracture. The heterogeneous flow field was modeled by a
variable aperture channel model after characterizing aperture distribution by a hydraulic test. To
support the validation of radionuclide transport models, a radionuclide migration experiment was
performed in a natural fracture of granite. 3H20 and ¥l are used as tracers. Simulated results were
in agreement with experimental result and therefore support the validity of the transport model.
Residence time distributions display multipeak curves caused by the fast arrival of solutes traveling
along preferential fracture channels and by the much slower amival of solutes following tortous
routes through the fracture. Results from the modelling of the transport of nonsorbing tracer
through the fracture show that diffusion into the interconnected pore space in the rock mass has a
significant effect on retardation.
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1. Introduction

Assessing the safety of disposed radioactive wastes
in an underground repository depends appreciably
upon understanding of radionuclide transport mode
in the geosphere. In hard rocks, such as granite,
most water flow through a fracture system. In order
to predict the transport of dissolved radionuclides
through the rock it is necessary to take into account
the geometry of the fracture system. Flow and trans-
port in a single rock fracture have been considered

previously in some of in situ"? and laboratory exper-

iments.® * ¥ There is considerable evidence from
these experiments that water flow in fractured rock is
very unevenly distributed, and that most of the water
flow occurs over a small proportion of the fracture
surface. This phenomenon has been called “channel-
ing”. Despite complexities of real fractures, it is nec-
essary to demonstrate that an adequate description
can be made of their flow and transport properties.
The processes to be considered are advection and
dispersion in the fracture plane, coupled with dif-
fusion of the tracer into the stagnant porosity in the
rock matrix This last process is termed “rock matrix
diffusion”, and has been demonstrated to be a sig-
nificant process for retarding the migration of radion-
uclides.

Numerical modelling of groundwater flow in the
fractured rock commonly make the assumption that
each fracture is idealized as a pair of parallel plates
separated by a constant distance which represents

the aperture of the fracture.® * 8 The parallel plate
model fails to recognize the spatial heterogeneity in
the fracture aperture. The field experiments of solute
migration in a single fracture in the Stripa mine show-
ed that the flow was very unevenly distributed along
the fracture plane investigated and large areas did
not carry any water."’ The flow paths, or channels,
made up only 5—20% of the fracture area. In the
parallel plate approach the single fracture in de-
scribed completely by only the constant fracture.
However, the experimental results discussed above
indicate that it is impossible to define an equivalent
parallel plate aperture consistent with the observed
flow and transport phenomena. The flow through a
rock fracture is clearly unlike that through a slit be-
tween smooth parallel plates. Recent theoretical work
has taken into account that the aperture in a real
rock fracture take on a range of values. The wide ran-
ge of aperture values in a single fracture give rise to
a very heterogeneous two dimensional system that
one might expect the fluid flow to concentrate in a few
preferred paths of least fluid resistance. Evidence that
flow in fractures tends to coalesce in preferred paths
has been found in the field."-? Tsang et al.® prop-
osed a variable aperture channel model for transport
through fractured media. Channeling characteristics
of flow through a two dimensional fracture were anal-
yzed by Moreno et al. %

To develop a mathematical model for solute trans-
port in such a heterogeous flow system, two ways
may be possible. One approach attempts to describe
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the flow system with an advection-dispersion equa-
tion and tries to solve this equation with appropriate
boundary conditions. The other approach attempts
to simulate the flow system more directly by defining
numerical structure that represent physical structures
of the system and interact by the physical driving for-
ces as determined. The first approach is termed the
model-equation method and usally leads to complex
partial differential equations which should be solved
numerically. The second one is termed direct simu-
laion method. It requires only that an efficient
book-keeping structure be established to control the
response of the numerical representations so that all
constraints are satisfied. Particle tracking is one of
the direct simulation method and is used to trace out
flow paths by tracking the movement of infinitely
small imaginary particles placed in the flow field. Par-
ticle tracking is used to help visualize the flow field or
to track contaminant paths. This method has the fol-
lowing advantages over the model equation ap-
proach. 'V : Firstly, it is alway mass conservative and
the response of this scheme is inherently stable for
the time step size, dispersion coefficient and velocity.
Secondly, no cumulative numerical dispersion-many
of the stability and numerical dispersion problems of
Eulerian methods arise from the approximations
made to the advective term. The main reason for
eliminating the numerical dispersion is the Lagran-
gian approach to advection computation. This prop-
erty is the primary motivating factor for the use of
the particle tracking method. The only numerical dis-
persion occurs when average concentration is com-
puted for each grid cell. However, this numerical dis-
persion is not carried forward in time since particle
positions and associated masses are not affected by
this averaging process. Thirdly, the accuracy can be
easily controlled by specifying the number of particles
to be used in the simulation. In addition to these
advantages, some weakpoints of this method have

been noted : Firstly, a certain amount of statistical ran-

dom noise is always present in solutions. As more
particles are added or by postprocessing the results
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with smoothing or filtering methods, the amplitude of
the noise decreases. Secondly, the computing time is
increased as more particles are used. Applications of
this scheme are quite broad but it is frequently used
for environmental simulations. Especially it works ef-
fectively in the heterogeneous flow field."® Usually
velocity fields in the fracture are highly variable, and
flow paths are highly contorted. Models based on the
advection-dispersion equation are adversely affected
by numerical dispersion due to the advective solute
flux term and are not suitable in this flow system.

In this work, we are going to develop a model des
cribing the migration of radionuclides in a rock frac-
ture, that is, to develop a variable aperture channel
model for characterize the fracture plane and a par-
ticle tracking scheme for solute transport. Also we
are going to validate the developed model by com-
paring with the result of migration experiment. We
therefore present our investigations of flow in
two-dimensions, corresponding to the physical situ-
ation of flow in a rock fracture, taking into account
the variable apertures in the plane of the fracture. By
solving for the flow in two dimensions, we attempt to
understand the flow characteristics and to identify the
key parameters that control the channeling flow pat-
tern, thus providing a way to interpret the fracture
field. The other purpose of this study is to incorpor-
ate information obtained during the hydraulic char-
acterization of the fracture in the modelling of the
radionuclide transport through the rock fracture.

2. Transport Modeling

2.1. Hydraulic Characterization and
Aperture Topology

When the flow in the fracture is assumed as a
steady state flow in a confined aquifer, the transmis-
sivity between sets of two boreholes, T, may be calcul
ated using equation (1), %¥

T = _Q_ZnAh ln[ ;w] (1)
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where Q is the volumetric flow rate in cm®/sec, A h
is the hydraulic head in cm, r, is the radius of injec-
tion/withdrawal borehole in ¢m, and 2d is the dis-
tance between injection and withdrawal boreholes.
The data obtained in the hydraulic characterization
of the fracture may be used to generate an approxi-
mate distribution of the fracture aperture, b, across
the block using the standard cubic law equation
1

o ey’
where u is the viscosity of the transport solution in
g/cmsec, g is the gravitational acceleration in
cm/sec?, and p is the density of the transport sol-
ution in g/cm®.

2.2. Flow Field in the Rock Fracture

The fracture plane may be subdivided into sub-
squares and aperture widths obtained from the hy-
draulic characterization could be assigned to each
subsquares to apply the variable aperture channel
concept. The fluid flow through the fracture was then
calculated for a constant injection/withdrawal rate as
well as for constant pressure conditions. For a con-
stant laminar flow, the volumetric flow rate through a
parallel fracture may be written as :

_ 1 B w
Q = Ty A (3)

where AP is the pressure drop over a length of L
and W and y is the viscosity in g/cm.s. Equation (3)
may be applied to each of the subsquares enclosed
by the grid lines as shown in Figure 1. When the
volumetric flow rate from node i to node j is Qy, the
pressure drop from node i to node j can be written

- p._ p. - Qij Qij
AP = Pi- P 2 bi Ay 2 bj by
12 u Ax 12 v Ax
- Ax 1 1
Qu [ 6u Ay ( 7;7 + _b? )] (4)

where P is the pressure at node i in dynes/cm?, and

Ax and Ay are the length of x and y coordinate in a
subsquare, respectively. Node i implies an index of
the ith subsquare in the fracture surface. Then the
volumetric flow rate can be rewritten

Qij=Cj(Pi- P;) (5)
where C; is the flow conductance between nodes i

and j in cm®s/g.

The mass balance at each node is may be written

as:
;Qi,‘ = ZJ:CU (P; - P;) = E; (6)

where E is the injection rate or withdrawal rate at
node i. j stands for the four facing nodes of sur-
rounding subsquares to node i. Except for the nodes
at the boundaries, the pressure at each node is un-
known to be solved with an iterative numerical met-
hod. The flow between adjacent nodes can be calcul-
ated using equation (5). After obtaining flow vectors
at all nodes, solute transport can be simulated in this
flow field.

2.3. Particle Tracking Method for Radionuclide

Transport(“' 15)

A particle, which is representing the mass of a sol-
ute contained in a defined wolume of fluid, moves
through a fracture with two types of motion. One
motion is with the mean flow along stream lines and
the other is random motion, governed by scaled prob-
ability.

At the inlet a certain amount of particles were
introduced and distributed at each node between
flow channels with a probability proportional to the
flow rates. Particles are then convected by discrete
steps from node to node until they reach the outlet
node at which point the arrival time is recorded. Par-
ticle movement is regulated by the following algor-
ithm. "¢ ( Refer Figure 1)
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Fig. 1. Schematic Diagram of the Fracture Plane Boun-
ded by Grid Lines

1) At a given node, calculate the volumetric flux
across each four faces of the surrounding grid cell
as in equation (5). Qs (=1, 2, 3, & 4)

2) Calculate the total outflow from the subsquare.

Q = ,ﬁi Qi

3) Assign a probability to each of the four possible
flow directions. Inflow directions receive a prob-
ability of zero. Outflow directions receive a prob-
ability equal to their fraction of the total outflow
from the subsquare.

4
pij = Qij/g; Qi

4) Generate random number and choose an outflow
direction according to the discrete probability dis-
tribution.

5) Move particle to the next node in the selected di-
rection at a velocity equal to the total outflow rate
from the subsquare. This ensures conservation of
total mass flux through the subsquare at any given
particle step and, over many passages, conser-
vation of mass flux in each direction.

6) Increment the cummulative travel time by the ap-
propriate amount.
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i3
twm = ‘Z;t.-

7) Repeat the above steps until the particle arrives at
the withdrawal point.

This procedure is repeated for a specified number
of particles to get a stable probability distribution. The
residence time for nonsorbing tracers in a given sub-
square is determined from the total flow through that
subsquare and its volume. The residence time of a
particle along each path is obtained as the sum of
the residence times in all subsquares through which
the particle had passed. Four transport processes are
considered in modelling radionuclide transport :

1) advection

2) advection and longitudinal dispersion

3) advection and diffusion into the rock mass

4) advection, longitudinal dispersion and diffusion
into the rock mass

3. Experimental
3.1. Preparation of the Rock

A block of granite with dimensions of 81 x90x
75cm containing a natural, open fracture, was qu-
amied from a surface exposure. The mineralogical
and chemical composition of the granite are listed in
Table 1 and 2, respectively. In Table 1, a little amoun-
t of secondary minerals can be observed : It means
that this rock is a little weathered. Also this rock has
an interconnected porosoty of 0.2 to 0.5%. Although
this porosity is much lower than in less consolidated
rock such as sandstone, the total pore volume is lar-
ge compared to that of the fracture surface. For a
block of granite with dimensions of 81 x90X 75cm
and a porosity of 0.3%, the total accesible pore vol-
ume is 1640cm’. If the interconnected pore space is
not saturated with groundwater prior to performing
migration experiments, a small but finite flow of
groundwater can be established from the fracture
into the unsaturated pore space, giving an enhanced
diffusional effect of the groundwater and any con-
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Table 1. Mineralogical Composition of the Granite

Mineral quartz hematite
% 285 16
apatite calcite
0.09 02

drcon  orthoclase albite anorthite magnetite
0.03 283 32.32 461 084
biotite sphene
294 05

Table 2. Chemical Com;.)osition of the Granite

Element SiOz  AkRO2 Fex02 FeO
% 724 144 079 088

TiO: MgO CaO Na0O KO0 MnO
024 047 119 35 503 004

taminant away from the fracture. Hence to saturate
this rock block, the block was then placed in a neo-
prene bag, evacuated and backfilled with a groun-
dwater. Following saturation of the block, its outer
surfaces were sealed with a silicone rubber material.
Stainless steel frames were mounted on both halves
of the block and connected to each other by four
threaded rods and bolts. Strain gauges were moun-
ted on the four rods and linear variable displacement
transducers were attached to the four sides of the
block straddling the fracture to detect any movement
of one half of the block relative to the other half.

3.2. Preparation of Groundwater

The preparation of groundwater for radionuclide
migration experiments has ewolved over the vears.
Ideally, the groundwater should be in geochemical
equilibrium with the infilling material in the fractures.
The block used in this experiment have been quar-
ried from the surface of granitic rock formations and
have most likely been exposed to groundwater from
relatively shallow depths or to meteroric water for
considerable length of time. To achieve a
pseudo-geochemical equilibrium between the groun-
dwater used in this experiment and the fracture infil-
ling materials, a groundwater composition from a par-
ticular location is selected. For the experiment, a
groundwater with a TDS of 500mg/! was selected.

This groundwater was prepared to the target concen-

tration as given in Table 2. Fifty liter volumes of this
groundwater were prepared and contacted with 1 kg
of crushed granite for a period of ten months., The
final composition of this groundwater is also given in
Table 2. This groundwater was used in the migration
experiment.

3.3. Hydraulic Test to Obtain Aperture Topology

This technique is normally used in the field, where
the fracture cannot be accessed except by intersect-
ing it with boreholes. For the granite block, 11 bor-
eholes was drilled into the block, orthogonally to the
fracture and ending at the fracture as shown in Fig-
ures 2 and 3. A flow of groundwater through the
fracture between pairs of boreholes was initiated us-
ing an HPLC pump and the pressure required to
maintain the flow was measured with water man-
ometers. The pressure required to maintain a given
flow of groundwater through the fracture between
the two boreholes is used to calculate the transmissiv
ity of the fracture as descrived as equations (1) and
2).

3.4. Radionuclide Migration Test

At the completion of the hydraulic characteriza-
tion, eight of the mechanical packers were remowved
from their boreholes and replaced with end-window
Geiger-Miiller tubes which were sealed into the bor-
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Fig. 2. Schematic Showing the Sample Borehole Orien-
tation and the Experimental Set-up for the Hy-
draulic Test

3

Fig. 3. Arrangement of Boreholes and Graphical Repr-
esentation of Fracture Aperture Obtained From
Borehole-to Borehole Pump Test

eholes in order to measure radioactivity of the flow-
ing radionuclide in the rock fracture. The output of
these detectors was routed through a counter/timer
board and collected with a data acquisition system .
Ten-mL aliquots of groundwater containing mixtur-
es of *H20 and 31 was injected into borehole BH-7
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in separate campaigns and pumped through the frac-
ture at a flow rate of 3mL/h and collected at bore-
hole BH-2 (refer Figure 3). The eluted groundwater
was collected using a standard fraction collector. This
flow rate is a compromise between two conflicting
goals : to maximize the residence time of the tracer in
the fracture and to perform the experiments over a
reasonable time. At this flow rate, residence time of
nonsorbing tracer in the fracture and linear flow vel-
ocity of the transport solution are approximately 50
hours and 2emfh, respectively. The eluted groun-
dwater was analyzed for these radionuclides by gam-
ma ray spectrometry and liquid scintillation counter.

4. Results and Discussion

4.1. Aperture Distribution and Flow Field in the
Fracture Plane

The calculations of the fracture aperture distribu-
tions from the transmissivity values were performed
using equation (2). This calculation gives the value
along a straight line connecting a set of boreholes.
Graphical representation of fracture apertures obtain-
ed from borehole-to-borehlole pump tests is shown
in Figure 3. The thickness of the line segments be-
tween the boreholes is roughly proportional to the
awerage fracture aperture. The fracture surface was
divided into a matrix of 16X 18 sub-squares. All
sub-squares along each line segment connecting a
pair of boreholes were assigned a fracture aperture
value associated with that line segment. For subsquar
es contaning more than one line segment, a mean
value was calculated from the aperture values of thes
e line segments. For sub-squares containing no line
segment, a mean value was calculated from the ap-
erture values of the surrounding sub-squares. These
data points, with their x and y coordinates and aper-
ture value were entered into a graphic program SUR-
FER which uses the Kriging technique to characterize
aperture topology. Two dimensional distribution in
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the fracture surface is shown in Figure 4. It suggests
that there are two zones with relatively wide apertur-
es around between borehole BH-7 and BH-10 as
well as borehole BH-3, separated by a region with
smaller aperture around right region between bore-
hole BH-6 and BH-11. Population density of the ap-
erture value is shown in Figure 5. It shows that rela-
tively low aperture value consists the major portion
of the aperture population, while, even though the
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Fig. 4. Topographic Map of Fracture Aperture
Distribution
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Fig. 5. The Aperture Density Distribution Over the
Two-dimensional Fracture.

portion of the large aperture value is of little, the ef-
fect on the flow can be dominant. That is, the major
portion of flow of groundwater will flow through lar-
ger aperture path. The simulated pressure field is
shown in Figure 6. The value in Figure 6 is the pres-
sure field is shown in Figure 6. The value in Figure 6
is the pressure in dynes/cm?®. The pressure drop be-
tween the injection and withdrawal boreholes are
about 22 dynes/cm?. Comparing Figure 4 to Figure
6, there are large apertures and small pressure drop
around between borehole BH-7 and BH-10 while
small apertures and large pressure drop around right
region between borehole BH-6 and BH-1lwhich
may act as a flowing barrier to flow from borehole
BH-7 to BH-2. Recall that the boundary conditions
employed to solve the flow through the system are
the constant head boundary condition ; that is, injec-
tion node is at the higher constant pressure Pi and
the withdrawal node is at lower constant pressure P..
The flow between adjacent nodes can be calculated
using Equation (3). Little flow could be obtained
from borehole BH-4, indicating that the fracture was
tight at that location.

X — Axis
0

10 20 30 &

50

T T 3

Fig. 6. Topographic Map of Pressure Distribution in the
Fracture
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4.2, Particle Tracking Process for
Solute transport

Preliminary calculations have been carried out for
a total number of input particles ranging from 107 to
10° in order to investigate the effect of the number
of particles on the elution curves because the nu-
merical accuracy is considered to dependent on the
number of particles used."® As expected, the calcu-
lation using the larger number of particles gives the
better approximation as shown in Figure 7. When
100 particles are used, the elution curve has roughly
same residence time but very small variance compar-
ing to other cases, especially it does not show tailing

effect. When 1,000 particles are used, the elution cur-

ve has roughly same residence time and variance but
it shows numerous peaks. When the number of par-
ticles becomes 5,000, the elution curve approachs a
stable shape as the experimental result. There is no
significant improvement in the numerical results
when the total number of particles is more than 10°.
This may be resulted from that the random values
generated by a computer subroutine are pseudo-ran-
dom processes rather than the perfect random pro-
cess. Calculations using more than 5,000 particles
are adequate since they vield elution curves that
have few spurious artifacts due to the finite number

"

o
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e 000
— 000
seses 100

Normalized Concenirotion, C/Co
o
~

e
"
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Elution Time (hr)

Fig. 7. Comparision of Elution Curves with the Number
of Particles
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Table 3. Chemical Composition of the Groundwater

Species Initial Conc. Final Conc.
(mg/1) (mg/1)
Na* 578 574
K* 007 163
Ca®* 101 745
Mg?* 0.025 0226
Fe 0.0164 (001
Si (004 14
Al (01 0.179
F~ (0.05 < 0.05
ClI~ 182 187
NOs~ (016 (0.16
SO~ (01 0.28
Ak. (as CaCOs) 131 113
pH 83 80

of particles employed. Thus 10,000 particles are chos-
en in this study.

4.3. Migration Plume and Channeling Flow

Migration plumes of nonsorbing tracer simulated
with the computer program are shown in Figures 8.
(a) —8.d). Those figures show that major migation
plume moves from the injection borehole, BH-7, via
BH-8 and BH9, to the withdrawal borehole, BH-2.
That is, major flow stream moves through large aper-
tures. From the point of view of flow and transport, a
fracture is described by the aperture between the frac-
ture surfaces. Since the fracture surface is rough and
undulating the apertures vary spatially. There are
areas where the fracture surfaces are in contact and
the aperture is zero like the area around BH-4. Fluid
flowing through a saturated fracture seeks out the
least resistive pathways usually composed of largest
apertures. The main flow is therefore expected to oc-
cur through a few channels in the fracture plane
from BH-7, via BH-8 and BH-9, to BH-2. Areas with
small apertures around BH-4 will usually have very lit-
tle flow because the local resistance to the flow is
inversely proportional to the cube of the local aper-
ture. Areas with large apertures do not necessarily
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have large flow because they may be isolated from
the main flows by constrictions around them. Our
interest is not only in the average flow and how it dif-
fers from that through a pair of parallel plates ; rat-
her, we shall focus our study on cases where chan-
neling of flow dominates. Qur goal is to study the
channeling character of tracer transport through the
fracture and to consider their implications on field
mesurements and data analysis. Those simulation res-
ults are consistent with the on-line borehole counting
of ¥ shown in Figure 9. The responses of the eight
end window probes for the *!I plume passing throug-
h the fracture are shown in Figure 9. These plots
clearly show the different arrival times for the 'L In
addition, these plots confirm the considerable amoun-
t of tailing observed in the elution profiles. The re-
sponse of the eight end-window probes in borehole
BH-1 and BH-11 to the successive pulses of '3, is
shown in Figure 8, nomalized to the peaks of the
response curves. The arrival times for the !l peaks
were much closer to each other in BH-11 than in
BH-1, even though BH-1 is closer to the inlet bore-
hole (BH-7). This observation suggests that flow be-
tween BH-7 and BH-11 was more rapid than that
between BH-7 and BH-1. The differences in the ex-
tent of retardation between the boreholes may be
due to differences in the mineralogy along the flow
paths. The normalized elution profiles for *Hz20 and
Bl are presented in Figure 10. Both curves show
multi-peak ; an evidence of channeling flow. Two

1.0E+05
BH3 —_—
3 BH1
7.5E+04 vy T
i BH3
£
v
‘g 5.0E+04 - B:(S
8 : BH9
256404 BH11
0.0E+00 1
0 50 100 150 200

th)
Fig. 9. Response of End-window Probes to Injected **'I
Band Input
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curves also show same retention time. However, the
magnitude of C/Co and cumulative C/Co or recov-
ery show a big difference. The '] recovery was 56%
compared with 93% for Hz0. This suggests that part
of the injected ™' was sorbed on the fracture surfac-
es, either as iodate or assimilated by micro-organisms
in the fracture.® lodine can exit as iodide and iodate
in this groundwater condition. lodide hardly sorbs on
any minerals while iodate sorbs on minerals such as
chlorite and hematite.”” The presence of microbial
activity in the system was confirmed in a purple col-
ored deposit that formed along the length of the Tef-
lon outlet tubing leading from the fracture to the frac
tion collector and eventually led to partial plugging
of this tubing.

4.4. Migration Mechanism

Figure 11 shows the elution curve that was obtain-
ed from. the residence times of the 10,000 particles.
When sorption, hydrodynamic dispersion and dif-
fusion into the rock mass are considered, different
particles in the same subsquare will have different res-
idence times. The residence times for these particles
can be expressed as a probability density function
which in turn can be regarded as the elution concen-
tration of a pulse injection. Integrating this curve over
time gives a cumulative elution profile as shown in

Figure 12. In general, the cummulative elution curves
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B are presented in Figure 10. Both curves show
multi-peak ; an evidence of channeling flow. Two cur-
ves also. show same retention time. However, the
magnitude of C/Co and cumulative C/Co or recov-
of tracer transport in two dimensions through these
variable aperture fractures have a fast rise at early tim-
es, since the majority of particles take the fastest flow
paths ; then there is a long tail in the breakthrough
curve due to a small fraction of particles meandering
through the fracture with extremely small volumetric
flow rates. Figure 12 shows that reasonably good
agreement was obtained between experimental and
predicted results when diffusion into the rock mass
was included. This agreement suggests that, for H20
at least, diffusion into the rock mass has a greater ef-
fect on radionuclide transport than hydrodynamic dis-
persion along the individual flow path or dispersion

due to the channeling. Differences in residence times
of the *Hz0 in individual flow channels result in a lar
ge overall dispersion. The remaining discrepancies
between experimental and calculated results are due
to the uncertainties in the fracture aperture distri-
bution.

5. Conclusions

The particle tracking method was applied success-
fully in a heterogeous flow field such as rock fracture.
The hydraulic test to obtain aperture distribution in
the fracture was adequately described the variable
aperture field. Computer simulation results show that
migration of the radionuclides through a rock frac-
ture seeks out the least resistive pathways composed
of largest aperture. The end-window Geiger-Miiller
probes in the boreholes allow the plume of radion-
uclides through the fracture to be mapped in real
time and show the presence of more than one flow
path flowing through the more open zones of the
fracture. The extent of tailing of *'I, a conservative
tracer, was extensive and may have been due to the
interaction of ' as iodate with fracture infilling min-
erals or to microbial activity in the fracture.

The observed retardation supports flow through
relatively open channels in the fracture. Results from
the modelling of the transport of nonsorbing tracers
through the fracture show that diffusion into the inter-
connected micropore space in the rock mass has a
significant effect on retardation.

Nomenclature

b  fracture aperture in cm

Cs flow conductance between nodes i and j in em*
s/g

Zd distance between
boreholes

E injection rate or withdrawal rate at node i in

injection and withdrawal

cm®/s
g gravitational acceleration in cm/sec?

h  hydraulic head in cm



viscosity of the transport solution in g/cm. sec
density of the transport solution in g/em®

o v IR~

pressure at node i in dynes/cm2
probability of the flow from node i to node j
volumetric flow rate from node i to node j in

o

cm®/s

r. radius of injection/withdrawal borehole in cm

t residence time of a particle in node i

t=m cummulative travel time of a particle along the
flow path

T transmissivity in cm?/sec
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