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RÉSUMÉ

On a besoin de connaître les coefficients de diffusion et distribution pour

évaluer la migration des radionucléides à travers le tampon (retardateur) à

base d'argile tassée et les matériaux de remblayage proposés à l'usage

d'une installation souterraine de stockage permanent de déchets de combus-

tible nucléaire. Dans ce rapport, on décrit les techniques employées pour

mesurer ces coefficients. On y examine à la fois les essais de diffusion à

l'état stationnaire et à l'état transitoire. On y décrit également les

techniques employées pour préparer le bouchon d'argile, installer la cel-

lule de mesure, mener l'essai et calculer les résultats. En outre, on y

examine les méthodes d'obtention des coefficients de distribution des

radionucléides dans les argiles tassées et non tassées.
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ABSTRACT

Diffusion and distribution coefficients are needed to assess the migration

of radionuclides through the compacted clay-based buffer and backfill mate-

rials proposed for use in a nuclear fuel waste disposal vault. This report

describes the techniques used to measure these coefficients. Both steady-

state and transient diffusion experiments are discussed. The procedures

used to prepare the clay plug, assemble the cell, conduct the experiment

and calculate the results are described. In addition, methods for obtain-

ing distribution coefficients for radionuclides on both loose and compacted

clays are discussed.
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1. INTRODUCTION

In the Canadian concept for the disposal of nuclear fuel vaste, a vault
would be excavated 500 to 1000 m deep in plutonic rock on the Canadian
Shield (Hancox and Nuttall 1991). Containers holding nuclear fuel waste
would be emplaced in rooms or in boreholes in the floor of the vault. A
1:1 mixture (by dry mass) of Avonlea bentonite and silica sand—the refer-
ence buffer material—would surround the waste containers. A 1:3 mixture
of glacial Lake Agassiz clay and crushed granite—the reference backfill
material—is the proposed candidate material for filling and sealing much
of the remainder of the vault. The buffer and backfill materials would
inhibit the migration of contaminants from the disposal vault.

As part of the Canadian Nuclear Fuel Waste Management Program, diffusion
coefficients, D, and distribution coefficients, Kd, are being measured for
a number of important radionuclides in compacted clays. These coefficients
are needed to assess the migration of radionuclides in both the buffer and
backfill materials. The results of this research have been presented in a
number of publications (Cheung 1989; Cho et al. 1993a, 1993b; Oscarson et
al. 1992; Oscarson and Hume 1992; Oscarson and Hume 1993; Sawatsky and
Oscarson 1991a, 1991b). This report describes the apparatus, procedures
and calculations used in the experiments that were performed to measure
diffusion and distribution coefficients in compacted clays.

2. DIFFUSION

Diffusion experiments have been conducted using steady-state (open-cell)
and transient (closed-cell) methods, described below.

2.1 STEADY-STATE DIFFUSION

2.1.1 Materials

A synthetic groundwater (SGV) solution, designated WN-1M, has been used in
all experiments. Its composition, given in Table 1, is typical of ground-
waters found far below the surface of the Whiteshell Researh Area. The
Whiteshell Research Area is situated above a large granite pluton, similar
to those located on the Canadian Shield (Hancox and Nuttall 1991). The
preparation of WN-1M is described elsewhere (Gascoyne 1988).

Experiments have been conducted using Avonlea bentonite, Lake Agassiz clay,
and Montana illite-smectite interstratified clay (lSMt-1) at dry clay bulk
densities ranging from about 0.9 to 1.7 Mg/m3. The sources of the clays
are listed in Table 2. Their mineralogical and elemental compositions are
given elsewhere (Oscarson and Dixon 1989, Van Olphen et al. 1979, Quigley
1984).

In studies involving radiotracers in clay-water systems, the nature of the
radiation emitted by the tracer must be considered carefully. If the D
value is determined from the concentration gradient of the diffusant across
the clay plug, the type of radiation emitted is relatively unimportant
since all analyses are done on the solution phase. However, if the D value
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TABLE 1

COMPOSITION OF VN-1M GROUNDVATER SOLUTION

Concentration

(mg/L) (mol/L)

Na
K
Mg
Ça
Sr
Fe
Si
HC03
Cl
S04
F

1900
14
61

2100
24

0.56
5.0
68

6100
1000
2.0

8.3 x 1C-2

3.6 x 10-4

2.5 x 1C-3

5.3 x 10-2

2.7 x ID-4

1.0 x 10-5

1.8 x 10-4

1.1 x 10-3

1.7 x 10-1

1.1 x 10-2

1.1 x 1C-4

pH = 7.5

TABLE 2

SOURCES OF MINERALS

Mineral Source

Avonlea Bentonite Canadian Clay Products,
Vilcox, SK.

Lake Agassiz Clay Kildonan Concrete Products Ltd.,
Winnipeg, MB

ISMt-1 and KGa-1 Source Clays Repository,
Clay Minerals Society,
Columbia, MO

Granite Al Meisner Ltd.,
Lac du Bonnet, MB
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is determined from the concentration gradient vithin the clay plug, sample
matrix effects can be important. The concentration of a gamma-emitting
radioisotope can be determined directly in a clay-vater system by gamma
spectroscopy. Therefore, in the latter case, it is preferable to use a
gamma emitter as a radiotracer.

If no gamma emitter is available as a radiotracer, it is necessary to chem-
ically separate the radioisotope from the clay prior to its measurement.
For example, such separations have been done for 14C-labelled carbonate
(Oscarson and Hume 1993), using an acid-liberation technique followed by
the trapping of 14C02 in solution (Sheppard and Schwartz 1991). A tech-
nique to separate 3H-labelled water from clay is currently being developed.
However, even relatively simple chemical separation procedures are consid-
erably more expensive and time-consuming than direct measurement by gamma
spectroscopy.

A second consideration when selecting a radiotracer is its half-life. Very
low diffusant concentrations can be measured precisely for radioisotopes
with high specific activities. However, the precision of the measurement
generally decreases with increasing half-life of the radioisotope because
the specific activity and the half-life are inversely related. To obtain
sufficient activity for a precise measurement when using a radioisotope
with a relatively long half-life, it may be necessary to use a higher con-
centration of the radiotracer than is desirable. At higher concentrations
of the radioisotope, the chemistry of the pore solution of the clay could
be significantly altered.

If the half-life of the radiotracer is short relative to the length of the
experiment, its concentration will not remain constant during the course of
the experiment. This can be overcome in some cases by adding a stable
isotope, if one exists. The concentration of the stable isotope should be
several orders of magnitude greater than that of the radiotracer. Hence,
even though the radiotracer decays and its concentration decreases during
an experiment, the total concentration of the species does not change
significantly.

If the half-life of a radioisotope is very short relative to the length of
an experiment, it cannot be used as a radiotracer. The radiotracer concen-
tration could decrease to such an extent that it could not be measured
precisely throughout the entire experiment.

Experiments have been conducted using 3H, 14C, 22Na, 36C1, 45Ca, 85Sr,
95»Tc, "Tc, 125I, 137Cs and 239Pu. Some properties of these radioisotopes
are given in Table 3.

2.1.2 Preparation of the Clay Plug

Clay densities are reported on a dry-mass basis. Therefore, before com-
pacting the plug to a given density, the moisture content of the air-dried
clay must be measured. This is generally done by drying samples of the
clay at 110°C to constant mass. The gravimetric water content of air-dried
clay, Sn, is

S. = m,,/!̂  = (m. - m0)/m0 (1)
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TABLE 3

SELECTED PROPERTIES OF RADIOISOTOPES USED AS TRACERS

Radioisotope Mode of Decay Half-Life
and Type of

Radiation Emitted*

3H
14C
22Na
"Cl
45Ca
85Sr
95»Tc

"Tc
125!
137Cs
239pu

0-
0-
0+ EC, Y
0-
0-
EC
IT
0-
EC
ft-

0*i EC
Y
f
YJ 0+, EC, Y

Y
Y

a, Y5 SF, Y

12.3 a
5730 a
2.60 a
301 000 a
165 d
64.8 d
61.0 d
212 000 a
60.2 d
30.2 a
24 400 a

Specific
Activity
(Bq/mol)

1.08 X 1015

2.31 x 1012

5.09 x 1015

4.40 x 101"
2.93 x 1016

7.46 x 1016

7.92 x 1016

6.24 x 1010

8.03 x 1016

4.38 x lO1'.
5.42 x 101*

a =
ft' =
/3+ =
Y =
EC =
IT =
SF =

alpha particle emission
electron emission
positron emission
gamma radiation
orbital electron capture
isomeric transition
spontaneous fission

where B̂  is the mass of water, and m0
and air-dried clay respectively.

and are the masses of oven-dried

The clay is packed into a ring to form a plug. The ring and the other cell
components are described in more detail in Appendix A. Depending on the
estimated magnitude of D, different ring lengths are used. The diameter,
d, and length, L, of the ring are measured precisely using calipers. The
volume of the clay plug, Vc, is

Vc » AL = jt(d/2)
2L

where A is the cross-sectional area of the plug,
clay that must be compacted is

(2)

The mass of oven-dried

m = (3)

where pb is the target dry-bulk density of the clay. From the gravimetric
water content given in Equation (1), the mass of air-dried clay that must
be compacted is

m.
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Substituting Equation (3) into Equation (4) gives

">. = Vcpb(l + SJ . (5)

The clay is packed into the ring using an electrically powered hydraulic
ram and mould, as shown in Figure 1. The mould consists of two halves that
surround the sample ring. A hole in the top section of the mould is
aligned with the hole in the ring. Clay is poured into the mould and the
hydraulic ram is lowered until the clay plug is flush with the top of the
ring.

FIGURE 1: Hydraulic Pump, Ram and Mould Used to Compact Open-Cell Clay
Plugs

2.1.3 Cell Assembly

Figure 2 shows the inner components of a diffusion cell; Figure 3 presents
a partially assembled cell, and Figure 4 shows a schematic of an assembled
cell. In assembling a diffusion cell, filters are placed between the clay
plug and the porous Ni discs to permit the clay to be separated easily from
the discs. A rubber 0-ring and a porous disc are placed into the recesses
in each of the two inner shells, which are then placed on either side of
the clay sample. The discs prevent the clay particles from being flushed
away by the flowing SGW while allowing this solution to pass freely over
the clay plug. The 0-rings protrude slightly from the inner shells and
contact the flat surfaces of the sample ring when the cell is assembled.
This contact seals the sample ring to the inner shells. Bolts connect the
two outer shells and hold the cell together. The components are described
more fully in Appendix A.



- 6 -

FIGURE 2: Inner Components of the Open Diffusion Cell; the Ring Contains
Compacted Clay

FIGURE 3: Partially Assembled Open Diffusion Cell; the Clay Plug, Filters
and One of the Porous Ni Discs Are Not Shown



Connecting bolts

Stainless steel plate
Porous Ni plate

Clay
Stainless steel ring

0 1 2 3 4 5 c m

DIFFUSION CELL

FIGURE 4: Schematic of the Open Diffusion Cell
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The two holes on the inside surface of the inner shell, near the perimeter
of the porous disc (see Figures 2 and 3), are connected to external open-
ings on the circumference of the shell. Both external openings are
threaded. A 0.32-cm pipe-thread to a 0.32-cm tube-fitting adaptor is
placed in each of the openings. Polytetrafluoroethylene (PTFE) tape is
vrapped on the threads as a sealant. Five-cm-long stainless steel tubes
(0.16-cm inside diameter and 0.32-cm outside diameter) are attached to each
of the tube fittings. Valves are attached to both stainless steel tubes.
Flexible plastic tubes (Tygon™, Norton Corp., Akron, OH) are attached to
the opposite sides of the valves. The tubes have an inside diameter of
0.16 cm and an outside diameter of 0.32 cm.

2.1.4 Experimental Procedure

The clay plug is saturated vith SGW before the diffusion experiment is
started. This is accomplished by flowing solution across the porous discs,
vhich are in contact vith the clay plug, for a minimum of two weeks. One
of the tubes attached to the inner shell of the diffusion cell is passed
through the cassette of a peristaltic pump (Model 72500000 or 72510000,
Manostat Corp., New York, NY), and then immersed in a container of SGV.
The tube attached to the opposite side of the same inner shell is also
immersed in the solution. To limit evaporation, the tubes are sealed with
a silicone sealant into holes drilled in the container cap. Solution is
then circulated over the clay plug. To provide a pathway for air in the
pores of the compacted clay to escape, the plug is initially wetted on only
one side. After a few days, SGV from the same container is also passed
over the other end of the clay plug.

After the clay plugs are saturated, the cells are connected to SGW reser-
voirs with tubes, as shown in Figure 5. Solution from the source reser-
voir, which contains a radiotracer, is passed over one side of the clay
plug and recirculated to the reservoir using the peristaltic pump described
above. A radiotracer concentration of about 17 MBq/L (1.0 x 109 disinte-
grations per minute per litre) is commonly used.

Similar SGV, without a radiotracer, is passed over the opposite side of the
clay plug and is accumulated in a collection reservoir. Therefore, as the
radiotracer passes out of the clay it is continually "swept away"; hence
the concentration of the diffusant at the outflow end of the plug is effec-
tively maintained at zero. Typical flow rates are 1 to 3 mL/h across both
sides of the clay plug.

To determine the amount of radiotracer that has diffused through the clay
plug, the volume of solution in the collection reservoir must be measured
regularly and a sample of the solution analyzed. Analysis is either by
liquid scintillation (LS) counting or, if the radiotracer is a gamma emit-
ter, by gamma spectroscopy. Liquid scintillation counting was used almost
exclusively in this work because the data are obtained more quickly. A
sample of known volume (1 to 3 mL) is removed from the collection reservoir
and mixed with 18 mL of LS cocktail (Insta-Gel XF™, Packard Instrument
Company, Inc., Meriden, CT). The sample is counted in an LS counter (Model
LS5801, Beckman Instruments, Inc., Irvine, CA).
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FIGURE 5: Open Diffusion Cell Connected to a Peristaltic Pump and to
Collection and Source Reservoirs

The radioactivity of the solution in the source reservoir is monitored
regularly by analysis of a 0.1-mL aliquot, as described above. If the
concentration of radiotracer in the source reservoir drops belov 93% of the
initial value, additional radiotracer is added to increase the concentra-
tion to about 105% of that of the initial solution.

A quench curve (calibration curve) must be established for an LS counter
before use. Quench is the term used to describe any process that reduces
the number of photons detected by the instrument. A quench curve relates
the efficiency to the degree of quench. Efficiency, E, is defined as

E = a./a, (6)

where am is the measured radioactivity, and aB is the actual sample radio-
activity. A quench curve must be established for each radioisotope. This
is easily done using commercially available quench standards, but these are
available for only a limited number of radioisotopes.

Standards can be prepared by adding incremental amounts of a quench agent
to a series of vials, each containing the same known amount of radioacti-
vity. A constant radioactivity can be verified by counting the samples on
a previously calibrated LS counter, or if the radioisotope is a gamma emit-
ter, by counting the samples on a gamma spectrometer. Ideally, the quench-
ing agent used to prepare the quench curve should be the same as that in
the unknown samples. Water can be used to the limit of its solubility in
the LS cocktail—approximately 14 vol.% in Insta-Gel XF™. To extend the
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quench curve beyond this point, small volumes of CC14 or CHC13 can be used
as a quench agent in addition to water.

One method of obtaining an apparent diffusion coefficient from these exper-
iments requires that the concentration gradient of the radiotracer within
the clay plug be determined at the end of the experiment. The clay is
extruded from the sample ring with a ram connected to a threaded rod. The
plug is sectioned into thin slices (about 1 mm thick) perpendicular to the
direction of diffusion using the slicer shown in Figure 6. The blade is
powered by the same hydraulic pump used to compact the clay plug. To mini-
mize sample contamination, sectioning begins at the end of the plug that
was adjacent to the solution in the collection reservoir. The mass of each
slice is determined using an analytical balance.

The slices are analyzed for radioactivity, usually by gamma spectroscopy.
The gamma spectrometer (manufactured by EG & G Ortec, Oak Ridge, TN) is
equipped with a high-purity Ge coaxial photon detector system. The data
are collected by a multichannel analyzer (Model ND6700, manufactured by
Nuclear Data, Chicago, IL).

After the cells are disassembled, the bottles, tubes, filters, porous discs
and 0-rings are discarded. All the tube fittings are removed from the
inner shells, and the valves are disassembled. The parts are decontami-
nated by soaking overnight in dilute HN03 (approximately 4 mol/L). The
parts are then rinsed by immersing them in water. After rinsing, they are
monitored and those parts with >400 cpm of radioactivity are washed in acid
again. If the radioactivities are <400 cpm, the parts are soaked in a
second dilute HN03 solution nnd subsequently rinsed with water.

FIGURE 6: Slicer Used to Section Clay Plugs from Open-Cell Diffusion
Experiments
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2.1.5 Calculation of the Diffusion Coefficients

The LS instrument calculates the radioactivity of a sample according to

a. = a./E (7)

vhich follows from Equation (6). The data must be corrected for radio-
active decay. Corrections can be done automatically by the instrument or
from the following equation:

aie = a. exp ±[ln(2)(At)/t1/2] (8)

where agc is the radioactivity of a sample corrected for decay, At is the
period of time over which the correction is to be made, and t1/2 is the
half-life of the radioisotope. The exponent is positive if the correction
is to a past date and negative if to a future date.

The decay-corrected radioactivity of a sample from the collection reser-
voir, acc, can be used to calculate the radioactivity of a diffusant that
has passed through the clay plug and into the collection reservoir, qa:

q> - (*=c - abc)vt/va (9)
where abc is the decay-corrected radioactivity of a blank, Vt is the total
volume in the collection reservoir, and V, is the volume of the sample
analyzed.

The specific activity, a, is

a = ln(2)N/t1/2 (10)

where N is Avogadro's number (6.022 x 1023 mol'1). The number of moles in
the collection reservoir, q, is

q = qa/a . (11)

The cumulative number of moles that have diffused through the clay plug and
into the collection reservoir, Q, is

Q = Zq . (12)

The concentration of the radiotracer in the source reservoir solution, c0,
is obtained from

C0 = (aoc - abc)/(Vaa) (13)

where aoc is the radioactivity in the source reservoir, decay-corrected to
the same time as the samples taken from the collection reservoir.

Prom Pick's first law, the flux of a diffusant, dQ/Adt, is proportional to
its concentration gradient, dc/dx:

dQ/Adt = -D(dc/dx) (14)
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where t is time, c the concentration, and x the space coordinate. There
fore, when the rate at which a species diffuses through the clay plug
becomes constant, the slope of a plot of Q/A versus t has the value
-D(dc/dx). Figure 7 shows an example of such a plot.

0.8

a

0.4

0.2

= 1.61Mg/m3

•1

• / te = 53.6 d

•
!• • «1* * 1

10 30 9050 70

Time (d)

FIGURE 7: Cumulative Amount of 14C Passing Through a Clay Plug Versus Time

In the calculation of the effective diffusion coefficient, D., dc/dx is the
concentration gradient across the clay plug. As noted, the concentration
of the diffusant at the outflow end of the plug is effectively maintained
at zero, and thus dc/dx is essentially equal to c0/L. Therefore, D. is
obtained from

-(dQ/Adt)/(c0/L) . (15)

If the concentration gradient is measured within the clay plug, an apparent
diffusion coefficient, Da, is calculated from Equation (14). In this case,
c is .the diffusant concentration based on the total volume—solution plus
clay—of the system.

The volume of a slice, Vs, is

Vs = mVc/2m (16)

where m is the mass of wet clay in the slice, and 2m is the total mass of
wet clay in the plug. The concentration of the tracer, c, in the slice is

c = ac/(Vsa) (17)
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where ac is the measured radioactivity, decay-corrected to the same time as
the radioactivities of the samples from the source and collection
reservoirs.

The measured radioactivity in each slice is taken to be equal to the aver-
age radioactivity at the midpoint of that slice. The thickness, w, of a
given slice is

v = mL/Sm (18)

The distance from the interface of the clay plug and the porous disc
(source reservoir) to the midpoint of a given slice is the sum of the
thicknesses of the intervening slices plus one half the thickness of the
given slice.

A typical concentration gradient through the clay plug (relative concentra-
tion, c/c0 versus relative distance, x/L), in this case for

 14C, is shown
in Figure 8. All of ths systems examined have given a linear concentration
gradient. A modified form of Equation (14), necessary to obtain Da from
relative concentrations and relative distances is

D. = -(dQ/Adt)/{[d(c/c0)/d(x/L)]c0/L} . (19)

The apparent diffusion coefficient can also be obtained from the time-lag
technique (Oscarson and Hume 1993, Crank 1975). By extrapolating the
linear portion of a cumulative flux curve, such as that shown in Figure 7,

0.9

0.7

0.5

0.3

0.1

Pb = 1.61 Mg/m3

c/c0 =-0.94 (x/L)+1.06

0.2 0.4 0.6 0.8 1.0

x/L

FIGURE 8: Concentration Gradient of 14C Within an Open-Cell Clay Plug
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to the time axis, the time lag, t., is obtained. The apparent diffusion
coefficient is then

D. = L2/6t. . (20)

An advantage of this method is that the clay plug does not need to be
sliced and analyzed to obtain D..

2.2 TRANSIENT DIFFUSION

2.2.1 Materials

Experiments have been conducted using Avonlea bentonite, glacial Lake
Agassiz clay, Montana illite-smectite interstratified clay (ISMt-1),
Georgia kaolinite (KGa-1) and backfill (a 1:3 mixture of glacial Lake
Agassiz clay and crushed granite). Experiments have been conducted at clay
dry-bulk densities ranging from about 0.9 to 1.5 Mg/m3. The studies with
backfill have been carried out at a dry-bulk density of approximately
2.0 Mg/m3. The sources of these materials are listed in Table 2, and their
mineralogical and elemental compositions are given elsewhere (Oscarson and
Dixon 1989, Van Olphen et al. 1979, Quigley 1984).

In a transient diffusion experiment the radioanalysis must be conducted on
the clay-water system and not just the solution phase. Therefore, to mini-
mize matrix effects; it is always preferable to use a gamma-emitting radio-
isotope. Experiments have been conducted with 95*Tc, 125I and 137Cs.

2.2.2 Preparation of the Clay Plugs

The clay and SGU are mixed together before compacting the plugs. Both
radioactive and non-radioactive clays are required. The radioactive clay
is prepared by adding tracer to the SGW before mixing it with the clay.
The radioactivity of the tracer in the SGW that is added to the clay is
varied, depending on the clay density, to give an initial radiotracer con-
centration of approximately 1 MBq/kg of clay.

Higher radiotracer concentrations would reduce the analysis time or
increase the precision of the measurement or both; on the other hand, the
chemistry of the SGW could be significantly altered.

In all the experiments, the objective has been to have the clay saturated
with water. For a wet clay, the gravimetric water content, S, is

S = rn^/m,, = (Vwpw)/(VpPp) (21)

where Vw and />„ denote the volume and density of the water, and Vp and pp
denote the volume and density of the clay particles. At saturation, the
volume of water is equal to the void volume (the volume not occupied by
clay particles):

S = (1 - Vp)pw/(Vppp) . (22)
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Since the volume fraction occupied by the particles is Pb/Pp»

S = [1 - (/>b/K/*b • (23)

Thus, S can be calculated if the clay bulk and particle densities, and the
SGW density, are known.

The dimensions of the sample cylinders are measured precisely using cali-
pers, and the volume of the clay plug is calculated from Equation (2). The
cylinders and the other components of the closed diffusion cell are
described in greater detail in Section 2.2.3 and Appendix A.

The mass of oven-dried clay required to achieve a target density is calcu-
lated from Equation (3), and this mass can be converted to an air-dried
basis using Equations (1) and (4). The mass of vater required to saturate
the clay at a given density is

*w = m0S (24)

where S is the value obtained from Equation (23). However, the mass of SGW
to be added to the clay, mg, is less than that calculated in Equation (24)
because some water is present in the air-dried clay. The mass of SGV to be
added is

mg = "v - moS« • (25>

The composition of the solution present in the air-dried clay is not the
same as that of the added SGW. Accordingly, the composition of the pore
solution in the compacted clay differs from that of WN-1M. This difference
in solution composition may have an effect on the measured D value, parti-
cularly at higher clay densities where the water-to-clay ratio is rela-
tively low.

The clay and water are placed in a polyethylene bag for mixing, and the bag
is heat-sealed (Sealmaster Model 420, Packaging Aids Corp., San Francisco,
CA). Various techniques have been used to mix the water and clay. These
included placing the bag in a rotating cage (Platelet Mixer Model 348,
Fisher Scientific, Ottawa, ON) overnight or placing it in an oven at about
55°C for several days. Currently, the bag is kneaded by hand until the SGW
appears to be uniformly distributed.

After the moisture appears uniformly distributed throughout the clay, the
clay is packed into a cylinder. The mass of wetted clay, m, that must be
packed into the cylinder is

m = Vcpb(l + S) (26)

which is analogous to Equation (5).

In preparation for packing, a 1-cm-long stainless steel ring, having the
same diameter as the cylinder, is attached to each end of the cylinder with
duct tape. A ram is inserted in one of the rings. Wet clay is added
through the open end of the cylinder. When the cylinder is nearly full of
clay, a second ram is inserted in the open end, and the clay is compacted.
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One of the rams is removed, and the process is repeated until the required
mass of clay has been added to the cylinder.

Both FIFE and stainless steel rams have been used. The PTFE rams are
easily removed from the rings, but they distort when used to compact the
clay to relatively high densities. Although stainless steel rams do not
distort, they are often difficult to remove from the rings.

Pressures greater than those that can be achieved manually are normally
required to complete the compaction. Two presses have been used: a manual
screw press (Figure 9) and a hand-operated hydraulic press (Figure 10).
Greater pressures can be applied using the hydraulic press. However, its
larger size is a disadvantage because the radioactive plugs must be packed
inside a fume hood where space is limited.

2.2.3 Experimental Procedure

Before the diffusion experiment, the clay plugs (half-cells) are allowed to
equilibrate for a minimum of one week. The equilibration phase allows the
SGV, and radiotracer in the case of a radioactive plug, to become evenly
distributed throughout the clay. This is accomplished by placing either
two radioactive or non-radioactive plugs of the same density in a cell.

The components of a closed cell are shown in Figure 11, and a schematic of
a cell is presented in Figure 12. To allow for easy separation of the
plugs after the equilibration period, a PTFE-coated polyethylene filter is
placed at the interface. Similar filters are placed at each end of the
cell to prevent the clay from sticking to the PTFE disc. A PTFE disc and
an 0-ring are inserted in each cell cap, and PTFE tape is placed on the
outer-cylinder threads to prevent the caps from seising. Finally, the caps
are attached to the outer cylinder and tightened to seal the cell.

Following the equilibration period, the cells are disassembled. The plugs
are switched so that each cell has one radioactive and one non-radioactive
plug. To ensure that a good contact is obtained between the two plugs, a
small amount of cla> piste is placed at the interface. This paste is made
from the same clay and SGW that was used to prepare the plugs. Filters are
again placed on both ends next to the PTFE discs. The cells are then
reassembled, sealed in a polyethylene bag, and placed in a constant-
temperature water bath for the duration of the experiment. Experiments
have been conducted at temperatures ranging from 23 to 90°C.

Ideally, the diffusion experiment should run long enough for the concentra-
tion profile of the diffusant to become well developed but not so long that
it reaches the end of the initially non-radioactive plug. An approximate
diffusion time can often be estimated from previous experiments with simi-
lar clays and radiotracers or from measured Kd values for the diffusant
with the clay (Robin et al. 1987). Otherwise, preliminary experiments must
be conducted for various times until an appropriate time is determined.

After an appropriate diffusion time, the cells are disassembled. The two
clay plugs are separated, and one plug at a time is placed in a specially
designed jig to facilitate the slicing. The jig is designed so that the
plug can be extruded while the cylinder is held in place. A number of
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FIGURE 9: Screw Press Used to Compact Clay Plugs for the Closed-Cell
Diffusion Experiments

FIGURE 10: Hand-Operated Hydraulic Press Used to Compact Clay Plugs for
the Closed-Cell Diffusion Experiments
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FIGURE 11: Disassembled Closed Diffusion Cell

devices have been used to slice the plug, depending on its density: a
wire, a utility knife blade (Figure 13a) and an integrated blade
(Figure 13b).

piano

To minimize sample contamination, the plugs are sliced starting from the
end of the initially non-radioactive plug. The thickness of the slices
normally ranges from about 2 mm near the interface to 4 mm at the ends of
the cell. The masses of the slices are determined, and then they are
analyzed for radioactivity, usually by gamma spectroscopy.

The components of the diffusion cell are decontaminated using the same acid
wash and water rinse procedure described for the open cells (Section 2.1.4).
Except for the filters and 0-rings, all the components of the cell are
reused after decontamination.

2.2.4 Calculation of the Diffusion Coefficient

The radioactivities measured in all the slices must be decay-corrected to
the same time. The concentration of radiotracer in each slice is deter-
mined from

ac/ma (27)

If the tracer has not reached the end of the cell, the starting concentra-
tion, c0, can be calculated by averaging the concentrations in the slices
obtained from the end of the initially radioactive plug. The number of
slices to be averaged is determined after calculating and examining the
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DIFFUSION CELL
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outer cylinder

Clay
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FIGURE 12: Schematic of the Closed Diffusion Cell
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(a)

(b)

FIGURE 13: Slicing of a Clay Plug Using (a) a Utility Knife Blade and
(b) an Integral Blade
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results; generally, several slices at the initially radioactive end of the
cell will have similar c values and these are averaged. If the radiotracer
has reached the end of the cell, the starting diffusant concentration is
obtained from

c0 = 2(Zc)/n (28)

where n is the number of slices. After obtaining c0, the relative concen-
tration of radiotracer in each slice is calculated.

As in the open-cell diffusion experiments, the measured radioactivity in
each slice is taken to be equal to the average radioactivity at the mid-
point of that slice. Therefore, the location of each slice relative to the
interface must be determined. The thickness of a slice is calculated from
Equation (18). The distance from the interface to the midpoint of a given
slice is the sum of the thicknesses of the intervening slices plus one half
the thickness of the given slice. By convention, the radioactive plug is
on the negative side of the interface, and the initially non-radioactive
plug is on the positive side. A typical concentration profile is shown in
Figure 14.

The transient diffusional transport of a solute in a porous medium is
described by Pick's second law:

Sc/St = D52c/Sx2 . (29)

830-1

- 4 - 3 - 2 - 1 0 1 2 3 4

FIGURE 14: Concentration Profile for 125I in a Clay Plug from a Closed-
Cell Diffusion Experiment
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For the closed-cell experiment, the appropriate solution to Equation (29)
is

c/c0 = (x0/L) + (2/x) J] [exp(-D.i2x2t/L2)/i] cos(i*x/L) sin(ijtx0/L) (30)
i=l

regardless of whether the radiotracer reaches the end of the cell (Carslav
and Jaeger 1959). In Equation (30), the x axis has been redefined so that
the radioactive end of the cell is at x - 0, the interface is at x = x0 ,
and the initially non-radioactive end is at x = L.

Equation (30) is used in the computer program PITDIPF3 to calculate D.
values from the experimentally deternined c/c0 and x values. The program
is given in Appendix B. The c/c0 and x values are entered into a file
named input.dat. The program transforms the x values into the new coordi-
nates needed for Equation (30). It then calculates a c/c0 value for each x
value in input.dat, for a given Dft value. The calculation is performed
over a range of Da values specified by the user. The squared differences
between the calculated and the measured c/c0 values are summed for all the
slices, and the result is written to a file named output.dat. The best
value of Da is that which gives the lowest sum of the squared differences.

The apparent diffusion coefficient can also be calculated from a mass
balance approach:

D. = *L2f2/t (31)

where f is the fraction of tracer that has diffused across the interface
within a given period of time (Kemper 1986). Equation (31) is particularly
useful for calculating a Da value when the concentration profile is poorly
developed (Sawatsky and Oscarson 1991a).

3. SORPTION

A distribution coefficient, Kd, is the ratio of the concentration of a
tracer sorbed on a clay to the concentration of that tracer in the contact-
ing solution at equilibrium. Three different techniques have been used to
measure Kd values in these studies: batch, open-cell and polysulphone-cell.
The batch method is simple to conduct, but it can be used only for loose,
uncompacted clays. For modeling purposes, Kd values for radionuclides on
compacted clays are required, and it may not be appropriate to use Kd
values obtained on a loose clay. The open-cell method can be used on
compacted clays, but it requires a relatively large amount of equipment and
space and a pumping system. The current method of choice is the poly-
sulphone cell. It is a passive system that can be used on compacted clays,
and it requires comparatively little space.

3.1 MATERIALS

In all the sorption experiments, VN-1M has been the SGW. The only analyses
necessary for a sorption experiment are solution analyses. Therefore, the
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type of radiation emitted vhen the radiotracer decays is not important.
However, the experiments may take many months to complete and, hence, the
half-life of the radiotracer must be considered (Section 2.1.1). Sorption
experiments have been conducted using "Tc, 12SI and 137Cs.

3.2 EXPERIMENTAL PROCEDURES

3.2.1 Batch Method

In order to obtain sufficient solution for analysis at the end of the
experiment, the batch method is limited to a higher solution-to-clay ratio
than that in compacted, saturated clay. The experiment is conducted at the
lowest solution-to-clay ratio that can be separated by centrifugation. The
solution-to-clay mass ratio depends upon the clay type but typically is
about 2:1.

The required masses of clay and radioactive SGW are calculated from
Equations (1), (4) and (25). The clay and solution are placed in a centri-
fuge tube. A sample of the starting solution is retained and analyzed to
determine the initial radiotracer concentration. Polycarbonate centrifuge
tubes and leakproof sealing caps are used (Nalge, Inc., Rochester, NY).
The tubes are nominally 50 mL but have a capacity of 43 mL. The tube is
manually shaken to thoroughly mix the contents. It is then sealed in a
polyethylene bag and placed in a water bath. At regular intervals the tube
is removed from the water bath and shaken. The reaction is allowed to
proceed until equilibrium has been established. The time required to reach
equilibrium is determined from preliminary experiments. A blank experiment
is conducted without the clay to determine the amount, if any, of the
radiotracer that is sorbed on the container walls.

After the reaction period, the tube is centrifuged (Model HT centrifuge,
International Equipment Company, Needham Heights, MA) at 12 000 times
gravity for 5 min to separate the clay and solution. A sample of the
supernatant is analyzed.

3.2.2 Open-Cell Method

The cell is modified from the open cell used in the diffusion experiments.
The apparatus is very similar to the diffusion cell, except that clay is
packed into a dish (described in Appendix A) rather than a ring. Radio-
tracer solution circulates from a source reservoir across the surface of
the clay, and then back to the same reservoir.

The clay is compacted using the same procedure as described for an open-
cell diffusion experiment (Section 2.1.2). Studies have been conducted
using Avonlea bentonite at dry-bulk densities ranging from about 0.9 to
1.5 Mg/m3.

The cell is assembled in a manner similar to that for an open-cell diffu-
sion experiment (Section 2.1.3 and Appendix A). A filter, porous disc and
0-ring are only used next to the exposed clay surface, and tubes are
connected only to the openings on the inner shell next to the clay surface.



- 24 -

A tube connected to one of the inner shell openings is passed through a
peristaltic pump and immersed in a reservoir of SGU solution. A second
tube, on the opposite side of the cell, is connected to the same reservoir.
Hence, the solution circulates over the clay. In this manner, the clay is
allowed to vet for a minimum of two weeks prior to the actual sorption
experiment.

After the clay is saturated, a radiotracer is added to the circulating SGV.
The solution is sampled regularly, and its radioactivity is determined,
usually by LS counting. When the radioactivity in solution becomes con-
stant with time, indicating that equilibrium has been established, the
experiment is stopped. The apparatus is disassembled and decontaminated,
as described in Section 2.1.4.

A blank experiment, with no clay present in the cell, is conducted to
determine the amount, if any, of the radiotracer that is sorbed by the cell
components. If the radioactivity of the solution used in the blank experi-
ment does not decrease, it is assumed that all the radiotracer removed from
solution during an experiment has been sorbed on the clay.

3.2.3 Polysulphone-Cell Method

The polysulphone cell components are shown in Figure 15, and a schematic of
an assembled cell is presented in Figure 16. The cell components are
described in Appendix A.

FIGURE 15: Disassembled Polysulphone Sorption Cell
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Sorption Cell

Stainless Steel Cylinder
Clay Plug
Porous Disk
Polysulphone Cell

o
L

3 cm
J

FIGURE 16: Schematic of the Polysulphone Sorption, Cell
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The size of a sample ring is measured precisely vith calipers, and the
volume is calculated from Equation (2). The mass of clay required to
achieve a target bulk density is calculated from Equations (1) and (5).
The clay is packed into the ring using the same method as for the closed-
cell diffusion experiments, except that air-dried clay is used. Experi-
ments have been conducted vith Avonlea bentonite and glacial Lake Agassiz
clay at dry-bulk densities ranging from about 0.3 to 2.0 Mg/m3, as veil as
backfill material at a density of approximately 2.0 Mg/m3.

A porous disc and a retaining plug are placed in one end of the cell. The
clay-filled ring is inserted through the open end of the cell, vhich is
then closed vith a porous disc and a retaining plug. The retaining plugs
are tightened to constrain the clay vhen the cell is immersed in solution.
À blank cell is prepared similarly, but vith no clay, to determine the
amount of sorption on the cell components.

A radiotracer is added to an SGV (500 mL) in a 2-L polyethylene container.
An aliquot of the solution is withdrawn and the initial radioactivity is
determined. The assembled cell is then immersed in the radioactive SGV.
The container is gently agitated every fev days. A sample of the SGV solu-
tion is vithdravn at regular intervals, and its radioactivity is deter-
mined, usually by LS counting. If the radiotracer is sorbed on the com-
pacted clay, the radioactivity in solution decreases. Vhen the radioacti-
vity becomes constant vith time, indicating that equilibrium has been
established, the experiment is stopped.

3.3 CALCULATION OF THE DISTRIBUTION COEFFICIENT

The Kd is the ratio of the mass concentration of a radiotracer on the solid
phase (expressed on an oven-dried basis), c,, to the concentration in the
liquid phase, c., at equilibrium:

Kd = c./c. . (32)

The amount of the radiotracer sorbed on the clay is assumed to be equal to
the amount lost .from solution after correcting for losses, if any, due to
sorption on the diffusion cell or the container or both. Hence,
Equation (32) can be revritten:

KO = [(Ci - c.)/c.](Vr/m0) (33)

where ci is the initial concentration in solution, and Vr is the total
volume of the radioactive SGV solution. If the volume of solution is con-
verted to mass, mr, then

Kd = [(Ci - c.)/c.](mr/m0)//>w . (34)

The mass of SGV solution is equal to the total mass of solution, mt, less
the mass of vater present in the air-dried clay, n̂ ,, hence,

Kd = [(C1-c.)/c.](mt/m0 - ̂ /m0)/pv . (35)
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The ratio n̂ /m,, is the total gravimetric water content, S, and v^/^0 is the
air-dried clay gravimetric water content, Sa . Equation (35) thus becomes

K* = [(Ci/c.) - 1](S - S.)/,w . (36)

Since mass and radioactivity are related by the molecular weight and speci-
fic activity, the ratio c±/cm can also be expressed using radioactivities
in solution. If radioactivities are used, they must be corrected for
decay. Moreover, if the activity is determined by LS counting, the radio-
activity of a blank must be subtracted. Equation (36) then becomes

Kd = {[(ale - â /VJ/Ua., - abc)/V.] - 1}(S - Sa)/pw (37)

where aic is the decay-corrected initial sample radioactivity, V± is the
volume of a sample of the initial solution, a.c is the decay-corrected
equilibrium sample radioactivity, and V, is the volume of a sample of the
equilibrium solution. Equation (37) can be used to calculate Kd for any of
the methods described in Section 3.2.

4. SUMMARY

The apparatus and procedures used to measure diffusion coefficients, D, and
distribution coefficients, Kd, in compacted, saturated clays are described.
The methods used to obtain D values under both steady-state and transient
conditions are presented. The equations used to calculate D and Kd values
from the experimental data are also given.
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LIST OP SYMBOLS

abc radioactivity of a blank corrected for decay

ac radioactivity corrected for decay

acc radioactivity of a sample of a collection-reservoir solution
corrected for decay

a.c radioactivity of a sample of an equilibrium solution corrected
for decay

aic radioactivity of a sample of an initial solution corrected for
decay

a, radioactivity measured by a liquid scintillation counter prior to
correcting for quench

aoc radioactivity of a sample of a source-reservoir solution cor-
rected for decay

a, radioactivity of a sample

a,c radioactivity of a sample corrected for decay

A cross-sectional area of a clay plug

c concentration based on the total volume of a clay-water system

c, equilibrium concentration of a radiotracer in solution

CA initial concentration of a radiotracer in solution

c0 concentration of a radiotracer based on the total volume of a
clay-water system

c, equilibrium mass concentration of a radiotracer sorbed on a solid

d diameter of a clay plug

D diffusion coefficient

D. apparent diffusion coefficient

D. effective diffusion coefficient

E efficiency of a liquid scintillation counter

f fraction of a radiotracer that has diffused across the interface
of two clay plugs within a given period of time

continued...
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LIST OP SYMBOLS (continued)

K,, distribution coefficient

L length of a clay plug

m mass of vet clay

ma mass of air-dried clay

mg mass of groundvater that must be added to a clay so that the clay
is saturated when compacted to a target density

m0 mass of oven-dried clay

mc mass of a radioactive solution

mt total mass of a solution

m^ mass of water

n number of slices obtained from a clay plug

N Avogadro's number (6.022 x 1023 mol'1)

q number of moles of a diffusant that have passed through a clay
plug and into a collection reservoir

qa radioactivity of a diffusant that has passed through a clay plug
and into a collection reservoir

Q cumulative number of moles of a diffusant that have passed
through a clay plug and into a collection reservoir

S gravimetric water content of wet clay

Sa gravimetric water content of air-dried clay

t time

t. time lag

t1/2 half-life of a radioisotope

Va volume of a sample analyzed

Vc volume of a clay plug

V. volume of a sample of an equilibrium solution

Vi volume of a sample of an initial solution

continued...
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LIST OP SYMBOLS (concluded)

Vp volume occupied by clay particles

Vr volume of a radioactive groundvater solution

V, volume of a clay slice

Vt total volume

Vw volume of water in a vet clay

v thickness of a clay slice

x space coordinate

x0 position of the interface of two clay plugs

pb dry-bulk density of a plug

/OP particle density of a clay

pv density of a groundvater solution

a specific activity
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APPENDIX A

DIFFUSION- AND SORPTION-CELL COMPONENTS
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A.I OPEN DIFFUSION CELL

Sample Ring—made of stainless steel 4.12-cm inside diameter and 6.03-cm
outside diameter. Both 0.7- and 1.3-cm-long rings are available.

Filter—made of polyethylene with a pore size of about 760 urn. They are
manufactured by Spectrum Medical Industries, Inc., Los Angeles, CA.

Rubber 0-Ring—4.76 cm in diameter and 0.32 cm thick.

Porous Disc—made of sintered Ni, 4.13 cm in diameter and 0.32 cm thick.
The pore size is about 25 urn. They have been obtained from both Leader
Alloys, Port Jefferson, NY and Atlas Alloys, Winnipeg, MB.

Inner Shell—made of stainless steel 7.62 cm in diameter and 2.86 cm thick.
A 0.32-cm-deep by 6.12-cm-diameter recess on the inside surface prevents
the sample ring from slipping. A second recess, 4.13 cm in diameter and a
further 0.32 cm deep, is machined in the centre of the first recess so that
a porous disc will lie flush with the surface of the clay. A groove is
machined around the recess for the disc to accept the 0-ring.

Outer Shell—made of stainless steel 15.2 cm in diameter. Two shell
thicknesses have been used: 3.18 cm (original) and 1.90 cm (modified). The
thinner shells are lighter and easier to handle. Both shells have a
0.32-cm-deep and 7.62-cm-diameter recess to prevent the inner shells from
slipping. The original shells were designed to be used with eight connect-
ing bolts and the modified shells with four bolts.

Bolts—stainless steel 2.54 cm in diameter and 12.7 to 15.2 cm long. The
required length depends on the thicknesses of the outer shells and sample
ring. Matching nuts are attached to the ends of the bolts.

A.2 CLOSED DIFFUSION CELL

Inner Cylinder—made of stainless steel tube 2.22-cm inside diameter,
2.54-cm outside diameter and approximately 4 cm long.

Outer Cylinder—made of stainless steel pipe 2.64-cm inside diameter,
3.31-cm outside diameter and about 7.50 cm long. A 1.27-cm length at each
end is threaded externally for caps.

Cap—made from stainless steel rod 3.08 cm in diameter and 3.49 cm long. A
recess, 2.5 cm deep, is machined into the cap and a thread is cut to match
that on the end of the outer cylinder.

Rubber 0-Ring—2.54 cm in diameter and 0.32 cm thick.

Plug—made from PTFE, 2.54 cm in diameter and 1 cm thick.
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Filters—made of polypropylene covered with PTFE. They are 25 mm in
diameter and have a pore size of approximately 1.0 urn. They are
manufactured by Micron Separations, Inc., Honeoye Falls, NY.

A.3 OPEN SORPTION CELL

Sample Dish—made of stainless steel, 6.03 cm in diameter and 1.27 cm
thick. A recess, 4.13 cm in diameter and 0.48 cm deep, is machined in one
face of the disc.

A.4 POLYSULPEONE SORPTION CELL

Sample Ring—made of stainless steel, 2.22-cm inside diameter and 2.54-cu
outside diameter. Rings 0.64 and 1.27 cm long are available.

Porous Disc—made of sintered Ni, 2.54 cm in diameter and 0.32 cm thick.
The pore size is about 25 fm. They are obtained from Atlas Alloys,
Winnipeg, MB.

Cell Body—made from polysulphone rod, 5.08 cm in diameter and 4.29 or
4.92 cm long, depending on the length of the sample ring. The rod is bored
out to make a tube. The centre section (a length 0.16 cm less than the
length of the sample ring) is 2.70 cm in diameter. Each end of the rod is
machined and threaded to match the threads on the retaining plugs.

Retaining Plug—made from polysulphone rod, 5.08 cm in diameter and 3.18 cm
long. A 0.64-cm-long by 5.08-cm-diameter rim at the end is used as a grip.
The remaining length is reduced to 3.49 cm in diameter and is threaded.
The hole in the centre of the plug is 2.22 cm in diameter.
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APPENDIX B

COMPUTER PROGRAM USED TO CALCULATE D, VALUES FROM CONCENTRATION PROFILES

OBTAINED PROM THE CLOSED-CELL DIFFUSION EXPERIMENTS
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C FITDIFF3
C

C THIS PROGRAM CALCULATES A DIFFUSION COEFFICIENT FROM EXPERIMENTAL DATA BY

C FITTING TRIAL SOLUTIONS TO THE DATA. THE PROGRAM CALCULATES C/C(0) VALUES

C FOR THE X VALUES OF THE DATA, FOR AN ARRAY OF 21 DIFFUSION COEFFICIENTS.

C USING THE FINITE LENGTH DIFFUSION CELL MODEL. THE 21 DIFFUSION COEFFICIENTS
C SPAN A RANGE OF VALUES GIVEN BY THE USER. THE PROGRAM KEEPS TRACK OF THE

C SUM OF THE SQUARED DIFFERENCES (SUMSQ) BETWEEN THE DATA C/C(0)'S AND THE

C CALCULATED C/C(0)'S. THE PROGRAM ALSO KEEPS TRACK OF THE SUM OF A WEIGHTED

C SQUARED DIFFERENCES FUNCTION (SUMW) WHICH PLACES MORE WEIGHT ON LOWER
C CONCENTRATIONS.

C

C VARIABLES:

C

C XCELL1 = LENGTH OF CELL CONTAINING TRACER - CM

C XCELL2 = LENGTH OF CELL HAVING NO TRACER - CM

C D = DIFFUSION COEFFICIENT - CM*CM/S
C TIME = TIME - HOURS

C X = DISTANCE - CM

C NTERH = NUMBER OF TERMS IN INFINITE SERIHS = 100

C NPTS = NUMBER OF SLICES IN FULL CELL = NUMBER OF DATA POINTS
C

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION XC100),C(100).XE(100),YE(100),DIFF<50)

DIMENSION SUHSQ(50),SUHU(50)

C
C=============== READ EXPERIMENTAL DATA FROM INPUT.DAT ====================

C

OPEN(UNIT=23,FILE='INPUT.DAT',STATUS='OLD')

OPEN(UNIT=24,FILE='OUTPUT.DAT',STATUS='NEW')

READ(23,301) XCELL1

READ(23,301) XCELL2
READ(23,601) TIME

READ(23,201) NPTS

READ(23,100UXE(I),YE(I),I=1,NPTS)

WRITEC'.IOOXXECD.rECI), 1=1, NPTS)

100 FORMATC2F10.5)

201 FORMAT(12)

301 FORMATCF5.2)

601 FORMATCF10.5)

C
C================ READ RANGE OF DIFF COEFF TO BE USED =====================

C

WRITE(*,101)

101 FORMATC PLEASE ENTER LOWEST AND HIGHEST',

1' VALUE OF DIFF COEF TO BE USED;',/,' LOWEST VALUE MUST BE LOWER',

2' THAN TRUE DIFF COEF',/,' O.OOOD-00 O.OOOD-00')

PRINT*,' '
READ(*,102) DIFLOW.DIFHI

102 FORMAT(1PD9.3,1X,1PD9.3)

C
(;================::========== SET CONSTANTS ================================

C

TOTL=XCELL1+XCELL2

PI=3.1415926535897DO
TOTL2=TOTL*TOTL

PI2=PI*PI
NTERM=100

C
C============== CALCULATE THE 21 DIFF COEF TO BE USED ====================

continued..



- 40 -

DELTA = (OLOG10CDIFHI) - DLOG10CDIFLOU» / 20.

DIFFd) = OIFLOU

004 1=1,20

DIFLOC = DLOGIO(DIFLOU) + I * DELTA

DIF.-'l+1) = 10. * * DIFLOG
4 CONTINUE

C

C======================= CALCULATE PROFILES =

C

DO 2 J=1,21

D=OIFF(J)

C TRANSFORM DIFF COEF FROM CH*CM/SEC TO CM*CM/DAY

D=D*8.64D4

C TRANSFORM TIME FROM HOURS TO DAYS

T = TIME/24.DO

SUMSQ(J) = 0.0

SUMU(J) = 0.0

DO 2 K=1,NPTS

C TRANSFORM X AXIS

X(K) = XE(K) + XCELL1

CSUH=O.DO

DO 3 L=1,NTERM

ARG1=a*L)*PI2*D*T / TOTL2

IFCARG1.GT. 50.0DO)ARG1= SO.ODD

ARG2=CL)*PI*X<K)/TOTL

ARG3=CL)*PI*XCELL1/TOTL

A=DEXP(-ARG1)

B=DCOS(ARG2)

BB=DSIN(ARG3)

CSUM=CSUM+A*B*BB/(L)

3 CONTINUE

C

C================== GET SUM OF SQUARED DIFFERENCES =======================

C

C(K) = XCELL1/TOTL+2.DO/PI*CSUM

DELSQ = <C(K)-YE<IO) * (C(K)-YE(K))

SUMSQ(J) = SUMSQ(J) + DELSQ

IF(DABS(YE(K)).LT.0.001) DELSU = DELSQ

IF(DABS(YE(K)).GE.0.001) DELSU = DELSQ / DABSCYE(K))

SUMU(J) = SUMU(J) + DELSU

2 CONTINUE

C

C================= URITE RESULTS TO OUTPUT.DAT

C
URITE(24,200)

200 FORMATC1X,'FIRST RUN:',/,
1' DIFF COEF SUM SQUARE SUM UEIGHTED')

URITE(24,103)(DIFF(M),SUMSQ(M),SUMU(H),M=1,21)

103 FORMAT(3<4X,1PD10.3))

END
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