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ABSTRACT

Radionuclide migration has been studied in natural
fractures in granite blocks of up to 30 cm in length.
Results are reported for four migration experiments
involving synthetic gfoundwaters containing tritiated
water, 95"Tc, 75Se, 137Cs, or 60Co-labelled natural
colloids, which were injected into the fractures at
flow rates of 0.1-0.45 mL/h, giving residence times in
the fractures of up to 15 h. Also presented are the
results of the post-experiment analyses, including an
autoradiograph of one of the fracture surfaces, and
the spatial distribution of the sorbed radionuclides
determined by y-scanning and selective chemical
extractions.

INTRODUCTION

Atomic Energy of Canada Ltd is assessing the concept
of deep underground disposal of nuclear fuel wastes in
plutonic rock at a depth of 500 to 1000 m. If a
breach of the engineered containment surrounding the
waste were to occur, the most credible way in which
the radior.uclides could reach the biosphere would be
via groundwater flowing through water-bearing
fractures in the host rock. The movement of most
radionuclides is expected to be retarded by their
interaction uith the geological material lining the
fractures. These interactions include a variety of
processes such as ion exchange, chemisorption, preci-
pitation, and mineralisation.

The sorption of radionuclides on minerals found in
plutons located in the Canadian Shield has been
measured under static conditions (1-6). These sorption
coefficients are used to predict the degree of
retardation or radlom)clid.es migrating along natural
fractures in granite and, hence, the eventual environ-
mental impact of a used fuel waste disposal vault.

Radionuclide migration experiments carried out under
well-defined ceiditions are being used to determine
the validity of the use of sorption coefficients in
transport models. Results from these experiments help
develop new, or improve existing transport models, for
predicting the behavicmr of species migrating along
natural fractures at different scales.

Radionuclide migration studies are currently under
way to assess the behaviour of radionuclides migrating
through single fractures in crystalline rock of vari-
ous dimensions. The residence time of the transport
solutions in the fracture increases with the fracture
dimensions. This residence time is an important factor
in migration experiments, especially considering the
slcrf kinetics o£ many radionuclide-rock interactions
(7). Until now, research has been focused on rock
samples, with, telatlvely short tlowpaths of up to 9 cm,
providing residence time* u"ly a tev hours (8,9). This
report presents results of experiments conducted on
larger natural fractures providing flow paths of up to
30 cm in length, fracture volumes of up to 6 mL, and
groundwater residence times of up to 15 h.

The main objectives of these experiments were (1) to
determine if the results from relatively long-term
dynamic experiments can be predicted using simple
sorption coefficients (2) to develop an experimental
methodology to be used in large-scale experiments
(granite blocks of dimensions of up to 1 m x 1 m x 0.6
m or field studies) (10), including post-experiment
analysis of the fracture surfaces to determine flow
paths and radionuclide-mineral interactions and (3) to
assess the effects of Eh on cadionuclide migration.

Four granite blocks, each bearing a natural
fracture, were selected for this study. Sheet flow was
obtained parallel to the long axis of the fractures
and a variety of tracers, including 3H,0, p5"Tc0"4,
75Se05", 60Co-labelled colloids and '"Cs*, were
injected. Sorption coefficients, determined from the
elution profiles, were compared with those obtained
under static conditions. Autoradiography, 2-D y-
scannirg of the fracture surface and selective
chemical extraction of some sorbed radionuclides were
carried out at the end of the migration experiments.

THEORY

When a dissolved radionuclide is transported by
groundwater in a fracture, it usually reacts with the
fracture surfaces and is removed, at least tempora-
rily, from solution; hence, its movement is retarded
relative to that of the groundwater. The rate of flow
of the groundwater can be determined from the velocity
of a non-reactive tracer, i.e., one that does not
interact with the minerals lining the fracture. In
this study, tritiated water or a dye, uranine (Na-
Fluorescein), was used as a non-reactive tracer to
monitor the flow rate of groundwater. The degree of
retardation of the radlonuclldes was ofcxaineo fey com-
paring the radionuclide velocity relative to that of
the non-reactive tracer. If the sorption process is
reversible, then the retardation factor R is obtained
from

R= Uw/UHn . 1 + 2 k./b [I)

where Uu is the velocity of the groundwater,
U. is the velocity of the radionuclide,
k."is the surface distribution coefficient (cm),

and b is the fracture aperture (cm).

The surface distribution coefficient can be deter-
mined experimentally by exposing a radionuclide-tagged
solution to a fracture surface similar to that used in
an experiment. Values of k. based on the geometric
surface area are obtained using the following
equation:

k. - S/C

S is the sorbed rtfdlonuclide concentrniion
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(mol/cm2), and C is the radionuclide concentration in
solution (mol/cm3). Again, it is assumed that the
reaction is reversible.

The shape of the elution profiles reveals the
effects of the irreversibility of the sorption
process, dispersion of the tracer and diffusion into
the rock matrix on the transport of the tracers.

EXPERIMENTAL PROCEDURE

Blocks of pink granite of medium grain size were
obtained from the Cold Spring Quarry on the Lac du
Bonnet batholith near Pinawa, Manitoba. The minera-
logical and chemical compositions of this pink granite
are given elsewhere (11). The intermediate-scale
blocks were named ISB-1, -2, -3 and -5.

The most abundant minerals identified by XRD
analysis on the fracture surface of ISB-1 vere quartz
and calcite, vith smaller amounts of K-feldspar
minerals. Quartz, calcite, clinochlore and museovite
were the major constituents of the fracture infilling
material of ISB-2; again traces of K-feldspar minerals
were present. Results for blocks ISB-3 and ISB-5 are
not available but their surfaces appear to be similar
to that of block ISB-1.

Four experiments were conducted on blocks containing
a single natural fracture. The dimensions of the
blocks were as follows (L x W x H): ISB-1: 25 cm x 15
cm x 10.5 cm; ISB-2: 25 cm x 12.7 cm x 13 cm; ISB-3:
30.5 cm x 16.3 cm y. 15 cm and ISB-5: 30.5 cm x 16.3 cm
x 15 cm. The fracture apertures vere determined from
the elution profiles of the inactive tracers (uranine
and/or tritiated water) at the time at which the con-
centration at the outlet was half of that of the ini-
tial solution and are given in Table 1.

TABLE 1

MIGRATION EXPERIMENT EXPERIMENTAL CONDITIONS

GGW Reservoir

n

Exp.
No

1

2

3

4

Block

ISB-1

ISB-2

ISB-3

ISB-5

Radio-
nuclide

3H, 75Se,

1 3 7Cs

Y 137Cs
6 0CO-
colloid

95Tc

Flow
Rate
(mL/h)

0.4

0.4

0.45

0.45

Fracture
Aperture

(um)

160

55

100

70

Residence
Time
(h)

15

4.4

11

7.8

Blocks ISB-1 and ISB-2 were taken apart and channels
were cut on the fracture surface of one of the halves,
1 cm away from the edges, to obtain a sheet flow
between two opposite sides of the fracture plane
(Figure 1). This procedure was carried out to create
an inlet and an outlet channel. The blocks were re-
assembled and stainless steel fittings were inserted
at both ends of the channels. The remainder of the
fracture aperture on the external surface of the block
was sealed off using a silicone-based rubber (CGE,
RTV-108). A peristaltic pump was used to circulate
the radionuclide-tagged groundvater solutions through
the inlet channel. The flow along the fracture was
adjusted to 0.4 mL/h by a soleroid valve installed at

_ Peristaltic
Pump

^Tracer Solution
Reservoir

FIGURE 1. SCHEMATIC OF THE ARRANGEMENT USED IN THE
MIGRATION EXPERIMENTS. NUMBERS 1 TO 5
DESIGNATE THE SOLENOID VALVES THAT CONTROL
THE FLOW THROUGH THE FRACTURE.

one end of the outlet channel and controlled by a
fraction collector. At the other end of the outlet
channel, a reservoir filled with a synthetic ground-
vater solution (GGV, whose chemical composition is
given in Table 2) was attached, so that the channel
could be periodically flushed to avoid an accumulation
of tracers. A solenoid valve and a timer were used to
control the frequency of flushing and the volume of
the flushing solution. When the flushing occurred,
the flow in the fracture was interrupted by shutting
valves 3 and 4 located at both ends of the inlet
channel.

TABLE 2

CHEMICAL COMPOSITION OF THE SYNTHETIC
GROUNDWATER (GGW)

Ion

Na*

K*

Mg2*

Ca2+

Cl"

Concentration
(mg/L)

8.3

3.5

3.9

13.0

5.0

Ion

<

NO"

F~

HCO"

pH

Concentration
(mg/L)

8.6

0.62

0.19

58.0

6.5

A similar arrangement was used for blocks ISB-3 and
ISB-5 except that the channels cut on the fracture
surfaces were replaced by reservoirs covering the
fracture where it intersects the end faces of the
block. The reservoirs consisted of shallow channels
(6 mm wide and 3 mm deep) following the contour of the
fracture and cut in a Plexiglas plate. Again, the flow
was controlled by a solenoid valve installed at one
end of the outlet reservoir and controlled by a
fraction collector. The flow rate was set at 0.45
mL/h. No flushing of the outlet reservoir was done in
these experiments.

Before a migration experiment was started, the
fracture was flushed with GGW for several days to
equilibrate the fracture infilling material with the
synthetic groundwater solution, and to ensure the flow
field was well established vhen the tracer solutions
were injected.
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RADIONUCLIDE TRACER SOLUTIONS

A solution containing tritiated water, 75Se and 1!7Cs
was injected into ISB-1. Tritiated water and 137Cs
were used in ISB-2. The activities of tritiated water
and cesium were both approximately 790 Bq/mL, whereas
that of 75Se was about 285 Bq/mL. In these
experiments, 1 mg/L of inactive cesium (as CsCl) was
added to the solutions to limit 137Cs sorption on the
fracture surface and obtain a breakthrough in a
reasonable time.

The above solutions were prepared using GGW and the
pH was adjusted to 7.0 using 0.05 mol/L NaOH. Before
use, the solutions were filtered through 0.45-um mem-
branes. The detailed procedure is given elsewhere (3).

A 95"Tc0~4 solution with an activity of 250 Bq/mL was
made up with GGU and injected into block ISB-5. After
a complete elution profile was obtained for ''"TcO^
(67.7 mL eluted), hydrazine (N2H4) was added to the
solution to a final concentration of 0.023 mol/L. An
Eh value of -350 mV was measured immediately after the
addition of N2H4 and it slowly increased to a value of
-250 mV at the end of the experiment. The final pH
value of that solution was 8.0.

The radiolabelled colloid solution was prepared by
sorbing 60Co onto natural colloids collected from
Fracture Zone 2 in the Underground Research Laboratory
(URL). The colloidal material was obtained by collect-
ing a 50-L sample of groundwater from borehole HC-8
and concentrating particles larger than 1 nm in a 2-L
volume using a Pellicon tangential flow ultrafiltra-
tion system (Millipo-e). The colloid concentrate, with
73 mg/L of particulate matter, was radiolabelled by
adding s0Co to 200 mL of colloid concentrate. During
the addition of 60Co, a pH stat was used to maintain
the pH of the solution at 8.2. After a 3-month
equilibration, dissolved 60Co was removed from the
colloid suspension using a Mini tan tangential flov
ultrafiltration system (Millipore), which separated
particles greater than 1 nm from dissolved substances.
Filtered water containing 60Co was removed and was
replaced with 60Co-free groundwater collected from
Fracture Zone 2. A size distribution analysis showed
that most of the colloids were in the 1- to 10-yn
range.

STATIC SORPTION EXPERIMENTS

Static sorption experiments to measure ka were
carried out using representative fracture surface
material to compare with the results of the migration
experiments. Coupons with a geometric surface area of
2 cm2 were obtained from fracture surfaces of blocks
similar to those usod in the migration experiments.
All faces of the coupons, except the fracture surface,
were coated with silicone rubber. Correction for the
sorption of the radionuclides on the silicone rubber
was made. The coupons were placed into polypropylene
vials and covered with 20 mL of the tracer solutions
used in the migration experiments. Contact periods
varied from 1 to 24 d. All experiments were carried
out in duplicate.

ANALYSES

The tritium activity was determined by liquid
scintillation and that of "^Se, *6"Tc and vi1Cs by Y-
spectroscopy using a well-type Nal(Tl) scintillation
detector (Harshaw Type 8SF8). Elution profiles were
obtained by plotting the lelative activity (C/Co where
Co is the initial concentration) of the radionuclides
as a function of time or volume el;>tid.

The distribution of cesium on the fracture surfaces
was measured by two methods. The first approach
involved y-scanning the fracture surfaces using a
Ge(Li) detector. Each half of the blocks was
enclosed in a plastic bag to avoid spread of contami-
nation and a grid was drawn on the plastic over the
fracture surface. A 5-cm-thick lead collimator with a
l-cm! opening was positioned manually in front of a
Ge(Li) detector and aligned with the grid. A distribu-
tion profile was obtained by counting at different
points on the grid. The second approach used an auto-
radiographic technique specifically developed for
rough surfaces (12). A liquid photographic emulsion
(Ilford K-5) is brushed on a cotton cloth and allowed
to dry in the dark. The cloth is then placed between
the two halves of the block for times of up to 30 d
and developed to reveal the distribution of the sorbed
radionuclides.

Selective chemical extractions are used to determine
associations between heavy metals or radionuclides and
components of soil, sediment or rock (7,13,14). These
methods were used on the fracture surfaces of ISB-1
and ISB-5 to determine the various radionuclide-
mineral associations. Two locations (A and B, see
Fig.4) were isolated from the rest of the fracture
surface of ISB-1 v\sing a 4.5-cm-I.Q. acvylit; tube
attached to the fracture surface with silicone-rubber.
The extraction reagent was then poured in these
reservoirs. In the case of ISB-5, the entire fracture
surface was immersed face down in a Plexiglas tray
containing the reagent. We identified four types of
mineral-radionuclide associations using this
technique:

(i) Exchangeable. The extraction was performed at
room temperature for 1 h with 13 mL of 1 M MgCl2, pH
7.0.

(ii) Bound to carbonates. The rinsed (CDW) surface
was leached at room temperature for 5 h using 13 mL of
1 M NaOAc adjusted to pH 5.0 with acetic acid.

(iii) Bound to Fe(0H)3. The surface was leached with
32 mL of 0.25 M NH2OH.HC1 in 0.25 H HC1 for 0.5 h at
70°C. This extraction was performed in a convection
oven.

(iv) Bound to FeO0H/Fe2O3- 'Hie final extraction was
performed using 30 mL of 0.3 M Ms-citrate, 4 mL of 1 H

NaHCO, and 0.8 g of Na2S20, for 0.25 h at 80°C in a
convection oven.

The extraction procedures were based on those
developed by Walton (15). Autoradiography was used to
detect any residual activity on the region of the
fracture surface where the chemical extractions were
performed.

RESULTS AND DISCUSSION

The experimental conditions for all four migration
experiments are summarized in Table 1 and the results
are discussed below:

Experiment 01: Intermediate scale block-1 (ISB-1)

Solution containing tritium, 75Se and 137Cs was
injected at a rate of 0.4 mL/h through the natural
fracture in ISB-1, corresponding to a linear velocity
of approximately 146 m/a and a water residence time in
the fracture o£ approximately 15 h. The elution pro-
files are presented in Figure 2. Tritiated water and
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selenium were eluted rapidly from the fracture with
very little retardation of 75Se. Injection of 1?7Cs
was done continuously for a total of 32 d until more
than 300 mL were eluted. At this point, cesium was
still absent from the eluates and the experiment was
terminated.

1.0 -

0.8 -

0.6 •

0.4 -

0.2 -

0 •

• Tritium
o Selenium-75

a

D

a

»O«0»0«Q»l> 1 p-

a
a •

—? 1 1

a
D a* •

* • a

8 12

Volume eluted (mL)

FIGURE 2. ELOTION PROFILES FOR THE INJECTION OF
TRITIUM AND 75Se IN ISB-1. NO BREAKTHROUGH
WAS OBTAINED FOR n 1 C s .

The distribution coefficient can be calculated from
the analysis of the elution profiles. Based on the
velocities of tritiated water and selenium and an
aperture of 0.016 cm, a k, of 7.2 x 10~4 cm vas
obtained for 15Se. This value is much lover than those
obtained under static conditions, which were 1.33,
1.77 and 2.50 cm after 2, 7 and 21 d, respectively.
These static kB values are consistent with previous
results obtained for the sorption of 15Se on fracture-
infilling minerals commonly occurring in granitic rock
(16). However, to be able to adequately compare
dynamic and static k# values, static k# values for
shorter contact times are required. Kinetic effects
have very likely affected the migration of '5Se and
further studies of the kinetics of 15Se sorption on
natural fracture surfaces are in progress to help
interpret these results.

Since an elution profile was not obtained for
cesium, it was necessary to analyze the fracture
surface to determine the distribution of cesium along
the fracture. Figures 3 and 4 present an autoradio-
graph of the fracture surface and a 2-D y-scan
respectively. Both techniques are in good agreement
and show a front, indicating an average Cs transport
of approximately 15 cm frora the inlet channel. Thus,
the Cs front traveled 15 cm in 32 d, corresponding to
an average linear velocity of 1.71 m/a. This gives a
retardation factor of 146/1.71 = 85 and a correspond-
ing k, of 0.67 cm. This value is lower than those
obtained under static conditions (3.86, 4.62 and 5.87
cm after 2, 7 and 21 d, respectively). The difference
in the ratios of surface area-to-solution volume, or
in contact time, could account for the observed
discrepancy.

FIGURE 3. AUTORADIOGFAPH SHOWING THE DISTRIBUTION OF
131Cs ON THE FRACTURE SURFACE OF ISB-1.

20

FIGURE 4. -y-SCAN OF THE FRACTURE SURFACE OF ISB-1.
FIGURES ARE IN CPH/CM2. ALSO SHOWN ARE THE
LOCATIONS ISOLATED FOR THE CHEMICAL
EXTRACTIONS.

The results for the sequential chemical extractions
are listed in Table 3. They show that approximately
33£ of all the extracted cesium is associated vith the
exchangeable fraction, 33X is leached in the carbonate
extraction procedure and the rest is associated with
the various forms of iron oxihydroxides. This observa-
tion is consistent with results obtained in other
studies (4,5,15) and indicates that several complex
sorption mechanisms are responsible for the fixation
of this radionuclide.
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TABLE 3

SEQUENTIAL CHEMICAL EXTRACTIONS OF n 7Cs AND
9>'Tc FROM NATURAL FRACTURE SURFACES

Fraction

Exchangeable

Carbonate

Fe(OH)3

Fe2O3/Fe00H

Reagents

1M MgCl2

1M NaOAc

O.25M NH2OH HCl

in 0.25 HCl

O.^M Na-Citrate
1M NaHC03

NajS204(s)

X Total
137Cs
Extracted*

38

34

22

6

% Total
9 5»Tc

Extracted*

37

25

24

14

irom 2 locations i.n fracture surface of ISB-1
from the fracture surface of ISB-5

Experiment It2: Intermediate-scale block-2 (ISB-2)

Tritiated water and 1J7Cs were injected into a
natural fracture in ISB-2 at a flow rate of 0.4 mL/h
(linear velocity of 500 m/a), giving a residence time
of 4.4 h. Figure 5 shows the elution profiles for
ll7Cs. The breakthrough of 137Cs was detected after
approximately 1300 h (55 d). Because of mechanical
problems encountered with the peristaltic pump, the
experiment had to be terminated after 2900 h (120 d).
However, the final 137Cs concentration in the eluate
was larger than 0.5 Co. Since the last points on the
elution profile were somewhat scattered, only approxi-
mate values for R and k, were obtained. They are 680
and 1.87 cm, respectively. After three days contact
time under static conditions, a ka value of 5.6 cm was
determined. Considering that the residence time in
the dynamic experiment was relatively short, the
agreement is quite good. The sorption coefficient
calculated using the retardation factor is also signi-
ficantly higher than that calculated for the ISB-1.
This suggests that alteration minerals, namely,
clinochlore and muscovite, present on the fracture
surface of ISB-2 but not identified on ISB-1, might
play a significant role in the sorption of u l C s and
lead to a high value of the retardation factor. This
suggestion would be consistent with observations made
by several authors (4,5,15).

2 5 4 400 600 800 1000

Volume eluled (mLI

FIGURE 5. ELUTION PROFILES FOR THE INJECTION OF
TRITIUM AND 1J7Cs IN ISB-2.

An autoradiograph of the fracture surfaces showed
that 131Cs was present across the entire width of the
fracture, but its activity decteased with distance
from the inlet channel. This is expected because a
complete breakthrough did not occur.

Experiment #3: Intermediate-scale block-3 (ISB-3)

This experiment was designed to study the migration
of colloids through a natural fracture in granite. The
'"Co-labelled natural colloid was injected through the
100-um-aperture fracture at a flow rate of 0.45 mL/h,
corresponding to a linear velocity in the fracture of
240 m/a and a residence time of 11 h. A total volume
of 65 mL of tracer solution was eluted. When the
experiment was terminated, 60Co was still absent from
the eluates and the initial 60Co activity (Co) had
dropped significantly because of the colloid settling
at different locations along the tubing and in the
inlet reservoir.

Since no elution profile could be produced, the
block was taken apart and an autoradiograph of the
fracture surface was obtained (not shown). No activity
was detected on the fracture surface except for a
blurry band along the inlet channel indicating that
the colloid had migrated less than 0.5 cm into the
fracture. This indicates that the rather large
colloids (1-10 um) settled in low locations and a
higher water velocity would have been required to
mobilize them. Additional experiments with colloids
of smaller size are necessary to better understand
colloid migration.

Experiment #4: Intermediate-scale block-5 (ISB-5)

An experiment was conducted to determine the
influence of redox conditions on the migration of
95mTc through a natural fracture in granite. A 95l"Tcff4
solution was injected at a flow rate of 0.45 mL/h
through a natural fracture in ISB-5. The water
residence time in the fracture, determined from the
uranine elution profile, was 7.8 h, and the linear
velocity was 340 m/a.

The pettechnetate solution was injected through the
fracture until a breakthrough was observed and a
constant activity was measured at the outlet. At this
time (150 h ) , hydrazine was added to the injected
95l"Tc solution to create a reducing medium. Separate
experiments, conducted to study the reaction between
95»Tc0- a n d hydrazine in the absence of granite,
showed no decrease in 95"Tc activity in solution due
to the formation of a technetium precipitate, even
though the redox conditions and pH were favorable to
the formation of Tc(IV) species (17). The formation
of Tc(IV) complexes (such as carbonates) or an
incomplete dissociation o£ hydrazine at pH=B (18)
might have prevented the precipitation of Tc(IV)
species.

Following tha addition of hydrazine, the 95»Tc
activity in the eluate started to decrease after - 7.8
h as shown in Figure 6. The injection was carried out
for a total of 490 h, until no apparent change in the
95»Tc activity in the eluates could be observed. Using
the calculated inventory of *5"Tc sorbed on the
iiactuie sutiatds and assuming 95"Tc is evenly sorbed
on the entire fracture surface, a k. value of 0.09 cm
was estimated. This k# value is very close to that of
0.11 cm obtained in the static sorption experiment for
a contact period of one day.
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FIGURE 6. ELUTIOM PROFILES FOR THE INJECTION OF 95"Tc
IN ISB-5. NjH, WAS ADDED AT t = 150 h.

The results of the post-experiment analyses provide
an explanation of the sorption mechanisms that led to
the retardation of 95"Tc. The autoradiograph of the
fracture surface (not shown) revealed that **Tc was
mostly sorbed close to the outlet reservoir. This
observation suggests th3t the reduction of TcO," to
Tc(IV) is slow compared to the residence time of the
solution in the fracture. Also, the chemical extra-
ctions (see Table 3) indicated that most of the
extracted Tc was associated with the exchangeable and
carbonate fractions. Less than 40X was associated
with the iron oxides, which were expected to play a
dominant role in the Tc sorption on fracture surfaces
(17,19). It is conceivable that a complex such as a
Tc(IV) carbonate was farmed after the addition of
hydrazine and was later sorbed by ion exchange and by
replacement of OH" groups of iron oxides.

SUMMARY AND CONCLUSIONS

Our experiments have demonstrated that the migration
of a radionuclide can be strongly influenced by
chemical interactions with the material lining the
fracture surfaces. The results obtained and the
metht>*©\og} 4eMslop«t3 at« being used to kelp design
larger-scale experiments, using large quarried granite
blocks (1 n x 1 m x 0.6 m) (10). The results can be
summarized as follows:

(a) The migration of 7*Se along one natural fracture
in granite was not retarded by interaction with the
minerals lining the fracture in ISB-1. This observa-
tion is not consistent vith the results obtained for
75Se under static conditions. This discrepancy might
be due to the slow kinetics of 75Se interactions under
dynamic conditions.

(b) 131Cs strongly sorbs on natural fracture sur-
faces and, therefore, its migration along a fracture
is much slower than that of groundwater. Alteration
minerals on the fracture surface play an important
role in the sorption of 137Cs. A greater retardation
of 137Cs in ISB-2 as compared to ISB-1 was attributed
to the presence of clinochlore and muscovite.

Cc) At relatively slow groundwater flows, large
colloids show a strong tendancy to settle in low
locations along a natural fracture.

(d) Reducing conditions significantly increase the
retardation of pertechnetate probably due to reduction
to a more readily sorbed Tc(IV) species.

(e) Chemical stripping techniques have been used to
elucidate the sorption mechanisms involved in the
retardation of migrating species. It has been deter-
mined that 137Cs is retained on a natural fracture
surface by cation exchange arid on iron oxihydroxides
by theraisorption. It is possible that. Tc(.IV) c&i:tKK«s.t.e
complexes were formed and sorbed through ion exchange
and on iron oxides present on the fracture surface.

(f) Static sorption coefficients can assist in
determining the relative importance of various
radionuclide-rock interactions- A good agreement was
found between static and dynamic sorption coefficients
for 137Cs and Tc(IV). However, a discrepancy was
observed for 75Se and more work is needed to resolve
it.
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