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DES DÉCHETS À HAUT NIVEAU RADIOACTIF AUX LNCR: L'EFFET DE LA CINETIQUE

GÉOCHIMIQUE SUR LA LIBÉRATION ET LA MIGRATION DES PRODUITS DE FISSION

DANS UNE ZONE AQUIFÈRE SABLEUSE

par

T.W. Melnyk, F.B. Walton et H.L. Johnson

RESUME

En juin 1960, on a enfoui sous la nappe phréatique de la zone
sableuse fluviale des LNCR de l'Energie Atomique du Canada, Limitée 25 hémi-
sphères de verre néphéline syénitique contenant les produits de fission
1 3 7Cs, 90Sr, 14I*Ce et 106Ru. On a déterminé la concentration de 90Sr et de
137Cs dans le sol et l'eau souterraine depuis et on a interprété" les données
à l'aide de modèles de migration limités cinétiquement pour en déduire
l'histoire de la filtration à travers le verre pour ces conditions d'en-
fouissement • On a comparé l'histoire de la filtration tirée des résultats
d'essais sur le terrain à la filtration en laboratoire à travers des échan-
tillons provenant d'une hémisphère de verre récupérée en 1978 ainsi qu'à la
filtration en laboratoire, avant l'enfouissement, à travers des hémisphères
identiques. La dépendance du temps des vitesses de filtration observées
pour les échantillons enfouis laisse supposer que la filtration est arrêtée
par la formation d'une couche superficielle protectrice bien qu'on n'ait pas
observé directement cette couche. Avec une vitesse de filtration moyenne de
5.6 x 10~llf kg/(m2.s) tirée des résultats d'essais sur le terrain pour la
période comprise entre 1966 et 1977, on estime qu'il faudrait environ 20
millions d'années pour que les hémisphères de verre se dissoudent.

L'effet de la limitation cinétique de l'interaction des produits
de fission/du sable fluvial est examiné par rapport à la migration du 9"Sr
et du 137Cs dans une échelle de temps de 20-a. On en conclut que c'est la
sorption (limitée cinétiquement) par les oxyhydroxydes plutôt que l'échange
d'ions équilibré qui régit la migration à long terme du 90Sr; l'action des
oxyhydroxydes fixe le 9^Sr dans une échelle de temps plus grande. Le césium
se fixe rapidement à la fraction micacée du sable au départ. Dans une
échelle de temps plus grande, on observe une refixation lente du 137Cs sous
forme de particules et on pense qu'elle est liée à l'action de bactéries.
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Etablissement de recherches nucléaires de Whiteshell
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ABSTRACT

In 1960 June, 25 nepheline syenite-based glass hemispheres
containing the fission products 1 3 7Cs, 90Sr, '""Ce and l06Ru were buried
below the water table in fluvial sand at the Chalk River Nuclear Laborator-
ies of Atomic Energy of Canada Limited. Soil and groundwater concentra-
tions of 90Sr and l37Cs have been determined since then and the data have
been interpreted using kinetically limited migration models to deduce the
leaching history of the glass for these burial conditions. The leaching
history derived from the field data is compared to laboratory leaching of
samples from a glass hemisphere retrieved in 1978, and also to pre-burial
laboratory leaching of identical hemispheres. The time dependence of the
leach rates observed for the buried specimens suggests that leaching is
being inhibited by the formation of a protective surface layer, although no
direct observation of this layer has been made. Using an average leach
rate of 5.6x10"'* kg/(m2.s) derived from the field data for the period 1966
to 1977, it is estimated that it would require approximately 20 million
years to dissolve the glass hemispheres.

The effect of the kinetic limitations of the fission-product/
fluvial-sand interactions is discussed with respect to the migration of
90Sr and 137Cs over a 20-a time scale. It is concluded that kinetically
limited sorption by oxyhydroxides rather than equilibrium ion exchange
controls the long-term migration of 90Sr; the action of the oxyhydroxides
immobilizes the '"Sr on the longer time scale. Cesium is initially rapidly
bound to the micaceous fraction of the sand. On a longer time scale, slow
remobilization of l37Cs in particulate form is observed and is believed to
be related to bacterial action.
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1983 June

AECL-6836



CONTENTS

Page

1. HISTORICAL BACKGROUND 1

2. LABORATORY LEACH TESTS 2

2.1 PRE-BURIAL LEACH TESTS 2
2.2 POST-RETRIEVAL LEACH TESTS 6
2.3 MODELS FOR EXTRAPOLATION OF LABORATORY

LEACH-RATE DATA TO BURIAL CONDITIONS 7

3. PLUME MIGRATION 8

3.1 BACKGROUND 8
3.2 SIMULATION OF Sr MIGRATION 9
3.3 CALCULATION OF GLASS LEACHING HISTORY

FROM Sr GROUNDWATER CONCENTRATIONS 16
3.A LONG-TERM MIGRATION OF 9 Sr IN A

GRANITIC SAND AQUIFER 20
3.5 CESIUM-137 MIGRATION 21

4. CONCLUSIONS 22

5. RECOMMENDATIONS 23

ACKNOWLEDGEMENTS 24

REFERENCES 25

FIGURES 27

APPENDIX - TWO-REACTION MECHANISM Al



1. HISTORICAL BACKGROUND

The Canadian program to immobilize radioactive wastes was

initiated in 1956 at the Chalk River Nuclear Laboratories (CRNL) and the

first highly active glass waste form was produced in 1958 May [1]« To

evaluate this waste form, 25 hemispherical blocks containing a total of 7

TBq (200 Ci) of mixed fission products were burled below the water table in

a sandy-soil aquifer at CRNL in 1958 August. The aluminosilicate

composition of these glass blocks proved so durable that no radionuclides

attributable to leaching were detected in the groundwater during the first

eight years of burial [2].

In 1960 June, a second set of 25 blocks containing a total of 21

TBq (570 Ci) of mixed fission products was buried at CRNL in a closer grid

than in the first experiment (see Figure 1). This second experiment has

produced measurable fission-product concentrations in the groundwater.
90

Estimates of glass leach rates derived from Sr groundwater concentrations
—12 2

indicated that the leach rate had decreased from 5x10 kg/(m .s) to as
—15 2

low as 6x10 kg/(m .s) between 1960 and 1974 [3]. Sii -e the latter leach

rate is orders of magnitude lower than that for many current glass

formulations being evaluated for waste disposal, the possibility was
90

considered that the low Sr concentration in the groundwater was the
90

result of geochemical interactions of the Sr with the soil, and not a

true reflection of actual release rates from the glass blocks. To address

this hypothesis, Walton and Merritt [4], in 1979, used an extrapolation of

pre-burial leach data and an equilibrium sorption model to predict the

release and migration of Sr and Cs. Predictions of Sr release

agreed, to within an order of magnitude, with the data measured during the

first 17 years of glass block burial; however, some anomalies between
90

measured and predicted Sr soil concentrations were noted. The model was
137

inadequate to predict Cs release and migration.

Since 1979, laboratory leaching studies have been conducted at

the Whiteshell Nuclear Research Establishment (WNRE) on samples of a glass

block retrieved in 1978 from the second experiment. Also, recent field
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studies of Sr and Cs movement at a different location in the CRNL

waste management area indicate that the assumption of equilibrium ion-

exchange between soil and water is invalid for modelling the behaviour of

these two isotopes. This new information has been used to reassess our

understanding of groundwater leaching of the glass blocks and subsequent

short-term and long-term migration of the fission products.

2. LABORATORY LEACH TESTS

2.1 PRE-BURIAL LEACH TESTS

Prior to burial of the glass, laboratory leach tests of specimen

glass hemispheres were conducted at CRNL [5,6] using the apparatus [2]

shown in Figure 2. A regulated flow of about 3 mL/min of distilled water

was passed through the leaching tank containing four glass hemispheres.

The level in the leach tank was maintained at 0.1 m (4 in.) by an external

overflow weir. The volume of water in the leach tank was approximately

4 L. Water passing through this system was collected daily and analyzed.

90
For these experiments, the leach rate, R(t), for both Sr and

137
Cs was calculated using the equation [5]:

RCt) = 2 £ p (1)

where W is the volumetric flow rate of water to and from the tank,

C(t) is the activity of the water,

S is the specific activity in the glass, and

A is the total surface area of the glass hemispheres.

The leach rates calculated using Equation (1) are shown in Figure 3.

There are a number of assumptions involved in using Equation (1)

to determine the reported [6] leach rates. These are:
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the composition of fission products in the glass can be

calculated from the composition of the solution used to fabricate

the glass;

- che glass is homogeneous and dissolves uniformly, and there is no

preferential release of one fission product over another;

- a g-count of the leach solution can be used, without correction

for the presence of gamma radiation, to determine both the total
90 137,,

Sr and Cs concentrations.

Unfortunately, none of these assumptions is correct. Examination at WNRE

[7] of hemispheres retrieved in 1978 from both burial experiments revealed

significant differences between measured fission-product inventories and

those previously reported [6,8,9]. Table 1 gives a comparison of the

radiochemical assay [7] of the retrieved blocks with the inventories

originally calculated on the basis of solution concentrations. The

differences may be due to losses during glass fabrication and to

variability in sampling the original waste-solution tanks, which contained

significant concentrations of solid material. To allow for the decreased
90

inventory of Sr observed at WNRE the original leach rates measured at

CRNL [6] must be increased by a factor of 1.16 [4].

TABLE 1

COMPARATIVE RADIOCHEMICAL DATA [7]

Isotope WNRE (1979)

Bq/Hemisphere

CRNL (1979)*

Bq/Hemisphere

137

90

239

Cs

Sr

Pu

4.1 x 10 1 1

1.1 x 10 1 1

7.4 x 106

4.2 x 10

1.7 x 10

5.6 x 10e

11

11

+ Direct post-retrieval measurements at WNRE made on hemisphere retrieved

in 1978.

* These values were obtained by decay correction from 1959 CRNL measure-

ments on fission-product solutions, assuming no fabrication losses.
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The assumption that there is no preferential release of one

fission product over another has not been borne out by laboratory leach

tests using specimens taken from one of the retrieved glass hemispheres.

Indeed, our tests indicate that Cs and Sr have different leach rates,

as will be discussed in Section 2.2. The leach solution assays for the
137

pre-burial tests were done by 3-counting [5] ( Cs is both a 0-emitter and
90

a y-emitter; Sr is a B-eraitter), with the assumption that the ratio of
137 90

Cs activity to Sr activity remained constant. The occurrence of
different leach rates for the two fission products means that the reported

90
leach rates [5,6] are incorrect. The magnitude of this error in the Sr

assay is estimated to be not more than a factor of two [10], but the errors

in the Cs assays could be much larger. Without the original leaching

solutions, it is not possible to quantify accurately the leach rates during

the pre-burial leach tests.

Another assumption implicit in Equation (1) is that the flow

through the leaching tank can be modelled by plug flow. A schematic of the

glass hemisphere arrangement in the leaching tank is shown in Figure 4.

Unfortunately, records of equipment dimensions, precise flow rates and

volumes, and other experimental details are no longer available. The

dimensions given in Figure 4 are estimates, based on photographs of the

leach tank (Figure 5) and the retrieved glass hemisphere (Figure 6 ) . The

leach tank inlet position is known (top centre of Figure 4 ) , but the outlet

position is not known. No external source of mixing was provided; there-

fore, the only fluid mixing within the tank was caused by the ~ 3 mL/min

flow of distilled water through the tank. If the flow of water was

turbulent enough to mix the tank contents, then the leach rate can be

calculated from the following equation:

w.c(t)

where V is the tank volume. Equation (2) differs from Equation (1) by the

addition of the term V ^ '. Omission of this term in Equation (1)

could lead to significant errors when there are large concentration changes

with time. This may explain the differences between pre-burial and post-



retrieval data (discussed in Section 2.2), particularly during the first

20 d of leaching, when V ^ j ^ is largest (see Figure 3 ) .

If the geometry of the glass hemispheres in the leach tank, com-

hined with the low volumetric flow rate (3 mL/rain), does not allow adequate

mixing (e.g. under the glass hemispheres or in the corners of the tank)

then neither Equation (1) nor Equation (2) will provide accurate estimates

of glass leach rates. Without reconstruction of the test configuration it

is impossible to predict the effect of the leach tank geometry on the

leach-rate determinations.

In reference 4 the following equation was used to extrapolate the

pre-burial leach rate data [6], with t in days:

—in 7
R(t) = 5.5 x 10 i u/t, t>0, kg/(n> .s) (3)

This model ignores leaching data prior to 20 d after the start of the leach

test to avoid the time period when the concentration is changing rapidly

with time (Figure 3). Derivation of Equation (3) took into account the

following adjustments [4]:

90a factor of 1.16 increase to account for the measured Sr

inventory,

- a factor of 2 decrease to account for decreased agressiveness of

groundwater relative to the distilled water used in the

laboratory tests,

a factor of 2.5 decrease to adjust for the lower groundwater

temperature of 6 C.

The model uses a time dependence of t while an actual linear regression
-0.79

analysis of the data [6] gives t " , with a correlation coefficient of
—0.79

0.999. The time dependence of t ' has no simple mechanistic inter-

pretation; hence a theoretical model with a t time dependence (as opposed
-1/2

to t ) was arbitrarily chosen [4] to extrapolate the data. The more
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-1/2
conventional t model represents leaching controlled by diffusion

through a depleted layer of increasing thickness, whereas the t model

implies that the release by diffusion is being further restricted, possibly

by the formation of a protective surface layer. The implications of the

t model for longer term extrapolation are discussed in Section 2.2.

2.2 POST-RETRIEVAL LEACH TESTS

A retrieved glass hemisphere (see Figure 6) was brought to WNRE

in 1978 and underwent extensive characterization [7]. It was then

fractured and the pieces were cut to produce cubes 1 cm on edge using a

low-speed oil-lubricated Buehler Isomet saw. Samples were rinsed

thoroughly with acetone prior to leach testing. Sample preparation and

leaching were performed in the WNRE hot cells where temperatures varied

between 25°C and 33°C.

Deionized distilled water was used as the leachant, and solutions

were changed according to the modified International Atomic Energy

Authority schedule [11]. The ratio of glass surface avea to solution

volume was 0.06 cm . Glass samples were placed in a stainless-steel wire

mesh basket attached to a polypropylene container lid. At the scheduled

time, the lid was transferred to a bottle containing fresh leachant. Five

millilitres of concentrated nitric acid were added to the leachate prior to

sampling for radiochemical analysis. Solutions were analyzed for Cs by
90

-y—spectrometry, and Sr by g-counting following chemical separations.

Since Cs and Sr were the only detectable fission products in the

glass, y-spectrometry was used as a check for contamination of leaching

solutions by short-lived fission products arising from hot-cell operations.

Results of the leaching tests with duplicate samples are shown in
90 137

Figure 7 for Sr and Cs. A linear least-squares fit of the data re-

sulted in slopes of -1.26 (correlation coefficient = 0.90) and -0.73

(correlation coefficient = 0.96) for Sr and Cs, respectively. These

are compared in Figure 7 to the pre-burial leaching data. The slope of the

combined pre-burial leaching data (for times greater than 20 d) is -0.79,

in good agreement with the post-retrieval slopes in spite of the major
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differences in the leach-test procedures and the previously mentioned

uncertainties in the pre-burial leach tests.

2.3 MODELS FOR EXTRAPOLATION OF LABORATORY LEACH-RATE DATA TO BURIAL

CONDITIONS

Both the pre-burial leaching data discussed in Section 2.1 and

the post-retrieval data discussed in Section 2.2 suggest a time dependency
90 —1

for the rate of release of Sr close to t . Extrapolation of laboratory
leach-rate data to burial conditions using the derived time dependencies is

90
discussed in Section 3.3, following presentation of data on Sr plume

migration. To set the stage for this discussion, some background inform-

ation on glass dissolution kinetics is necessary.

Current theories [12] of sodium borosilicate glass corrosion sug-
-1/2

gest that the initial stages are dominated by a t diffusion dependency,

with a constant rate (t°) in the long term, associated with the breakdown

of the silicate matrix. Although this mechanistic interpretation has been

verified in laboratory tests [13], some glasses have survived for thousands

of years in certain environments without significant matrix dissolution

occurring. For example, a number of ancient glass artifacts, poorly

durable by modern nuclear waste-glass standards, retrieved from wet, stable

environments such as soils or marine sediments, show little evidence of any

matrix dissolution [14]. The absence of matrix dissolution in these

glasses suggests that a protective layer must have formed upon the glass

after burial. A depleted layer would imply a t leach-rate dependency

which, as Figure 7 suggests, is unlikely for the CRNL glass. Recent

studies by Buckwalter and Pederson [15] demonstrate that chemisorption on

glass surfaces of certain metal ions, such as lead and aluminum, can reduce

corrosion rates by one to two orders of magnitude, even in short-term leach

tests. Over an extended period this type of mechanism may have produced a

protective film which could have been stabilized by the compacted soil.

The hypothesis of a protective film developing on the glass

surface after burial was tested by performing surface analyses on inactive

glass samples of the same composition as the buried glass blocks. X-ray
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photoelectron spectroscopy performed on glass samples both before and after

leaching for 21 d at 25°C in synthetic groundwater showed that the Al/Si

ratio increased from 0.29 to 0.39 and that Ca and K were significantly

depleted at the surface.

Evidence for a protective surface layer was sought during

analysis of the glass hemispheres in 1979, but none was found. It should

be stressed that such a layer, if present, may have been lost during

retrieval. The poor mechanical strength of friable glass corrosion films

has been well documented [14]. In addition, as discussed by Walton and

Merritt [41, routine soil sampling in 1979 led to disturbance of one of the

hemispheres, resulting in the return of leach rates to the initial values

of 1960. All this evidence suggests that, at near-surface groundwater

temperatures at least, the long-term leach rates of waste glasses in

geological environments may be orders of magnitude lower than those

measured in the laboratory.

3. PLUME MIGRATION

3.1 BACKGROUND

Burial of the glass hemispheres below the water table at CINL has

resulted in leaching of fission products from the glass by groundwater.

Subsequent groundwater flow has resulted in a radioactive plume in the

fluvial sand aquifer. Provided the geochemical and hydraulic parameters

governing the plume migration can be determined, then fission-product con-

centrations in the plume sand and groundwater can be used to infer the

leaching history of the glass.

90
Three recent studies [16-18] of Sr migration in the same

aquifer system at the CRNL waste management area indicate at least three
90

mechanisms of Sr sorption. Approximately 48% of the strontium is bound

to the sand (granitic in composition) by rapid ion-exchange. About 38-39%

is sorbed onto iron oxyhydroxide coatings on mineral grains, which require
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upwards of four years to attain equilibrium. The remaining 13-14% is

"fixed" predominantly to the ferromagnesian fraction; sor»tion onto this

mineral fraction increases for 10 to 20 a. Recent laboratory work at WNRE

[19] on sorption of radionuclides on fresh granite surfaces has indicated

similar reactions for a variety of fission products. In these batch

studies the above reactions were found to be. significant even for time

spans of the order of months. The presence of a kinetically limited,

multiple-reaction mechanism has therefore been established in both field

and laboratory experiments. Derivation of the glass leaching history from

the fission-product plume will, therefore, require an analysis of radio-

nuclide transport incorporating these mechanisms.

90
3.2 SIMULATION OF Sr MIGRATION

90
The migration of Sr within the sand aquifer is governed by

90
groundwater flow and the geochemical interaction of the Sr with sand

90
minerals. From Section 3.1, approximately 90% of the Sr bound up in the

sand after 20 a can be accounted for by ion-exchange and reaction with iron

oxyhydroxides. Hence, to simplify the following analysis only two reaction

mechanisms will be used. Assuming reversible first-order kinetics, the

reaction on the ion-exchange sites is:

kir

and at the oxyhydroxide sites:

S. (4)

^ k or

90
where C denotes Sr in the liquid phase, S and S are the sorbed forms of
90 l o

Sr on ion-exchange and oxyhydroxide sites, respectively, and where k. ,
k. and k , k are the first-order rate constants for sorption and re-
ir os or

lease by the ion-exchange and oxyhydroxide reactions, respectively. The

mass-balance equation at the ion-exchange sites is given by:

dS,

K c - k. s, (6)dt is ir i
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and for the oxyhydroxide sites:

dS
k C - k _S (7)

dt os or o

90where C now represents the fluid concentration of Sr, and S. and S
90 l o

represent the bulk concentrations of sorbed Sr.

The equilibrium distribution coefficients (K ) for these

reactions can be derived from Equations (6) and (7) since at equilibrium

dS d3
J-— and -TT— = 0. Hence, for the exchange reaction:

Si kis
-

and for the oxyhydroxide reaction:

Kdo = C" "

A dimensionless equilibrium distribution coefficient * can be defined as:

* = (A K. (10)

where p is the dry bulk density of the aquifer and e is its porosity.

Hence, for the exchange reaction:

and for the oxyhydroxide reaction:

k

or
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Coupling the surface reactions with the convective and dispersive

transport by groundwater in one dimension through the porous sand, and

ignoring radioactive decay, gives:

dC „ 32C
dS, dS 1
_J: + °
dt dtjjx

where D is the dispersion coefficient,

U is the groundwater velocity, and

x is distance in the direction of transport.

Unfortunately, no field measurement of the dispersion coefficient

and only seasonal averages of groundwater velocity are available; hence a

detailed hydraulic analysis is not possible. Since these parameters are

poorly known. Equation (13) has been simplified by ignoring hydraulic dis-

persion in order to focus on the effects of the geochemical reactions and

the glass leaching. The simplified mass-balance equation becomes:

dt J

where U is the seasonal average groundwater velocity. Although hydraulic

dispersion has been explicitly ignored, numerical dispersion is introduced

by the numerical algorithm used to solve Equation (14). The theoretical

treatment and details of the mathematical solution of the mass-balance

equations are described in the Appendix. The magnitude of the numerical

dispersion can be adjusted by changing the spatial grid size, and thus can

be made the same order of magnitude as the hydraulic dispersion.

Parametric studies (described in the Appendix) were performed on

the system described by Equations (6), (7) and (14). The migrational

behavior of a pulse of tracer in this system exhibits a wide variety of

phenomena which can be quantified in terms of a dimensionless rate constant

8 and a dimensionless peak transit time T . The dimensionless rate

constant B is defined as the product of the sorption rate, k , the ground-
s

water transit time, t » L/U, which is the time required for pore water to
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travel a reference distance, L, and the solid mass to pore water volume

ratio, p/e» For the exchange reaction (4):

ft — If •- I J^ I — lr

i is w I e / is

and for the oxyhydroxide reaction (5):

8 = k t (A= k
t (A

Dimensionless times, T, are obtained to normalizing by the

grounuwater transit time, t . Hence, the dimensi.unless tracer peak transit

time, T , is defined as the ratio of the peak transit time t , and the
P P

groundwater transit time:

T - t/t
(17)

T = t /t
P P

In the parametric studies described in the Appendix, it was found that a

reaction could be considered in equilibrium, as far as transit through a

column of length L was concerned, if 0 > 100.

Assuming the exchange reaction to be in equilibrium (i.e. B. >

100), the effect of B , the reaction rate of the oxyhydroxide reaction, on

the migration of a pulse of tracer is summarized in Table 2. These results

confirm those found by Kipp [20] in a transport study involving a species

reacting via a single first-order reversible reaction.

90
Soil concentrations of Sr from the 1963 field program [8], three

years after burial, are shown in Figure 8. The two peaks in Figure 8 (one

at the source and one at <r 7.3 m) ii

III behaviour described in Table 2.

90
at the source and one at «r 7.3 m) indicate that the Sr exhibits the Type

90
To simulate the shape of the Sr plume and hence estimate the

three parameters (*4» * and B ) that control the migration rate and shape

of the plume, a leaching function similar to Equation (3) was utilized. In

this case a normalized source-term concentration, C(0,T), was defined:
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C(°.T) - £ U- x = 0,

x » 0,

1_
— n

(18)

where n is the number of cells in the spatial discretization used for

solution of the mass-balance equations (see Appendix) and T is the dimen-

sionless time defined in Equation (17).

A path length L of 20 m was chosen for the simulation. The

average groundwater velocity is reported [8] to be 0.18 m/d so that the

water transit time for 20 m is t •* 110 d. The amount of dispersion was

TABLE 2

PEAK MIGRATION AS A FUNCTION OF SORPTION KINETICS

Reaction
Type

I

II

III

IV

V

Dimensionless Deposition
Rate Constants

Exchange

Z± > 100

6 > 100

8 > 100

s1 > IOO

B£ > 100

Oxyhydroxide

B < 0.1
o

0.1 < B < 1
0

1 < B < 10
0

10 <8 <100
o

6 > 100
0

Dimens i onle s s
Peak Transport

Time (T )
or p

Retardation
Factor

T = (1+* )
P i

T = (1+*.)
P 1

(1+* ) < T
i P

T s (1+*,+* )
p v i o

p i o

Remarks

Effects of oxyhydroxide
reaction on tracer
migration rate are
negligible.

Kinetic tailing of peak
occurs.

Large kinetic broadening
of peak occurs. For *
large enough, two peaks
may be produced. Control
of migration shifts from
exchange reaction to
oxyhydroxide reaction
during transport through
the column.

Kinetic broadening
decreases as 8 + 100.

o

Oxyhydroxide reaction is
in equilibrium
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controlled using the parameter n. Analysis of the resulting dispersion

using the graphical methods of Kipp [20] showed the dispersion to be

independent of the retardation. Setting n = 100, with a 20 m path, gave a
-7 2

dispersion coefficient of approximately 3 x 10 m /s. The corresponding

longitudinal dispersivity is 0.16 m. With n = 50, these values were

approximately a factor of two larger. These dispersivities are in the

range of values (0.012 m to 4.2 m) observed in field situations under

natural gradient conditions in granular materials [21].

90
The shape of the simulated Sr soil concentration profile was

found to be a strong function of *., B , and of the amount of dispersion.

Since one of the peaks remains at the source (x = 0 ) , the profile is not

very sensitive to changes in * . The desorption rate for this reaction

must be very low (i.e. $ very large) for the peak to have remained

adjacent to the hemispheres. The general shape of the 1963 plume profile

(Figure 8) was simulated (Figure 9) using parameter ranges with different

amounts of dispersion, as given in Table 3.

TABLE 3

90
PARAMETER VALUES USED TO SIMULATE 1963 Sr SOIL PLUME PROFILE

Parameter

n

*
o

#i

Bo

Bi

Case 1

100

500

24 + 1

2.9 + 0.1

> 100

Case 2

50

500

23 + 1

2.3 + 0.1

> 100
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90
The rate parameters for the Sr reactions may be compared to

other field [16,17] and laboratory [22] rate data by considering the

reaction half-life and the time to reach 95% of equilibrium. For the

two-reaction system, it is shown in the Appendix that the half-life for the

oxyhydroxide reaction Is given by:

(19)

The time required to reach 95% of equilibrium can be estimated from:

t0.95=! 4t0.5 (20)

Using Equations (19) and (20) and the parameters In Table 3, the

half-life of the oxyhydroxide sorption reaction in the sandy aquifer at

CRNL is 2.0 +0.2 a, and 95% of equilibrium would be reached in 7 to 9 a.

This equilibration time is consistent with the field observations [16,17],

although the assumption of first-order reversible reaction kinetics is a

simplification.

In a laboratory experiment with a factor of 100 lower mass-to-

water volume ratio, and using the parameters in Table 3, the oxyhydroxide

reaction half-life is calculated to be one month, with 95% of equilibrium

achieved in about four months. This time is consistent with laboratory

observations of oxyhydroxide reactions [19]. The equilibrium amount sorbed

is a factor of 100 lower however.

Figure 10 shows the pore-water concentration profile and the

activity associated with the ion-exchangeable and oxyhydroxide sites for

Case 1 of Table 3. With the assumption of rapid ion-exchange (B. > 100),

the pore-water concentration is in equilibrium with the bulk concentration

on the ion-exchange sites, and the two curves, suitably normalized, co-

incide.
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Due to the presence of the slow oxyhydroxide reaction the ground-

water concentration is in disequilibrium with the total soil concentration

(S.+S ). Thus the observed distribution ratios, R, = (S. + S )/C, are not

constant, but are a function of both migration distance and time, as shown

in Figure 11. Distribution ratios, R,, lower than equilibrium values, K,,

near the plume front and higher than equilibrium values near the plume

source are the general pattern observed when sorption reactions are limited

by finite reaction rates. This pattern has been confirmed by the field

data from CRNL [16].

Of)

3.3 CALCULATION OF GLASS LEACHING HISTORY FROM ?uSr GROUNDWATER

CONCENTRATIONS

90
Concentrations of Sr in the groundwater one metre from the

glass hemispheres have been determined since time of burial in 1960 [3,4],

Using these data and the simulated plume and parameters of the preceding

section as an example, it is possible to infer the leaching history of the

glass.

The observed time dependence of the concentration at one metre

can be corrected for the effect of time for water transit from the glass
90

hemispheres. The corrected time, t , at which Sr left the hemispheres
° 90

can be found from time, t, of observation of Sr at x metres from the

hemispheres using:

t = t - -
o U (21)

90
The calculated Sr concentration in the simulated plume at x = 1 m as a

function of time, t , obtained from Equation (21) is compared in Figure 12

to the t leaching function (x = 0) given by Equation (18). This com~
90

parison indicated that the Sr water concentration time dependence agrees

well with the time dependence of the leaching function in the interval be-

tween 1 a and 15 a after burial. Immediately after burial the leach rates

are relatively high. The large deviation between the leaching function and

the groundwater concentration during this period (up to 1 a) is largely due
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to dispersion of the large concentration transient. Approximately 15 a
4

after burial, the leach rate has decreased by almost a factor of 10 , and
90

the calculated Sr water concentration behaviour again begins to deviate
90

from the leaching function time dependence. The Sr concentration is

being affected by slow desorption from the oxyhydroxide sites, which is now

kinetically similar to the glass leaching rate.

In Section 2.2 the time dependence of the post-retrieval leaching
—1 26 90

rate was found to be t * for Sr. In order to put an envelope around

the effects due to leaching time dependence, the preceding plume simulation

calculations were repeated for other time dependencies. The results indi-
—1 -2 90

cate that, as the time dependence changes from t to t , the Sr water

concentration time dependence diverges more and more from the leaching time
-2 90

dependence. From the t leaching function the Sr water concentration
_2

becomes nearly constant after about 1.5 a. Because the t leaching func-

tion causes a rapid decrease in the source concentration, downstream

groundwater concentrations are now being controlled by the slow release

from the oxyhydroxide sorption sites in the soil. The same effect was

produced for a t leaching function by increasing the oxyhydroxide
90

desorption rate. Thus, constant Sr groundwater concentrations one metre

from the glass hemispheres do not necessarily imply that the leaching rate

of the glass is constant.

90

Annual average Sr groundwater concentrations at x = 1 m ob-

tained from field studies conducted during the period 1960 to 1977 [3,4]

are given in Table 4 and plotted in Figure 13 in a manner similar to that

of Figure 12. Excluding the initial transient period and using an

arbitrary cut-off period of 15 a, regression analysis of the data for 1962

- 1975 gives a time dependence of t * (correlation coefficient of 0.89).

If the data are not truncated after 1975, then regression analysis of the
—0 S9

data for 1962 - 1977 gives a time dependence of t * (correlation
90

coefficient 0.79). Measured Sr concentrations below 10 Bq/L have a high

degree of uncertainty due to poor counting statistics and background

radiation. In addition, the geocheraical rate parameters, especially the

oxyhydroxide desorption rate constant, have a high degree of uncertainty.

These uncertainties would, therefore, make a choice of a t * time
—0 89

dependence hard to justify over t * , solely on the basis of correlation

coefficient.
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TABLE 4

90
AVERAGE ANNUAL Sr GROUND WATER CONCENTRATION ONE METRE DOWNSTREAM

FROM GLASS HEMISPHERES, AND CALCULATED LEACH RATES

Date

1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970

1971
1972
1973
1974
1975
1976
1977

t Calculated
Using Equation

(21)

0.85+0.25
1.85+0.25
2.85+0.25
3.85+0.25
4.85+0.25
5.85+0.25
6.85+0.25
7.85+0.25
8.85+0.25
9.85+0.25
10.85+0.25
11.85+0.25
12.85+0.25
13.85+0.25
14.85+0.25
15.85+0.25
16.85+0.25

90
Observed Sr
Concentration
(Bq/L)[3,4]

4800
890
37
52
37
26
9.6
7.8
6.3
7.0
6.3
4.8
7.4
4.4
4.4
7
8
9.8

Concentration
Corrected^

For Decay
(Bq/L)

4800
908
39
56
41
29
11
9.2
7.6
8.6
8.0
6.2
9.8
6.0
6.1
10
12
15

Leach R a t e ^
R(t)

(kg/(mz.s))

2.8KIO~}]
5.4xlO~ !:
2.3x10"^
3.3xlO~r.
2.4x10"^
1.7x10""
6.6x10",
7.8x10":,7

4.5xlO~12
5.1xlO~ 7

4.7x10 \l
3.7X1O"1?
5.8X10"1?
3.6x10 }?
3.6x10" 7
5.9x10" 7
6.9x10" ,
8.7X10"14

Notes

(a) Regression curve for 1962-1975 inclusive is C(t)=lllt~1'10 (r=0.886)

Regression curve for 1962-1977 inclusive is C(t)=80.2t
ft

(r=0.791)

(b) Regression curve for 1962-1975 inclusive is R(t)=6.80xlO~13t"1%1° (r=0.897)
—1 \ —ft ft9S

Regression curve for 1962-1977 inclusive is R(t)=4.94x10 t (r=0.805)

Average leach rate for 1966-1977 inclusive is R(t)=5.58±l.O7xlO"14 (2a).
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90

The leach rate of the glass may be estimated from Sr ground-

water concentrations, corrected for decay, by using Equation (1) where the
following parameters for a single hemisphere are taken from reference [4]:

10 ?
W = 2.1 L/d, S = 8.88 x 10 Bq/kg, and A = 0.04S2 m .

The calculated leach rates are given in Table 4 and are plotted

versus t (calculated using Equation (21)) in Figure 14. Also shown in

Figure 14 are five curves representing:

t leach-rate model proposed by Walton and Merritt[4] for

extrapolation of the pre-burial laboratory data (Equation (3),

Section 2.1),

-0 79
t * extrapolation obtained from regression analysis of

the pre-burial leach-rate data (see Figure 3, Section 2.1),

- the t * extrapolation of the post-retrieval laboratory

leach-rate data (see Figure 7, Section 2.2),

the t * regression curve for the field leach-rate data

between 1962 and 1975 inclusive, and

—0 90
- the t * regression curve for the field leach-rate data

between 1962 and 1977.

The pre-burial leach-rate data have been adjusted for the cor-
90

rected Sr inventory, water temperature and type of leach water, as

outlined in Section 2.1. The post-retrieval laboratory data have also been

adjusted, using the same factors, for water temperature and leach-water

type. Regression curves for the field leach-rate data were obtained in the
90

same manner as for the Sr groundwater concentrations. The time depen-

dence for the leach rates calculated from field data (t * and t * ) ,

those from the post-retrieval (t * ) and pre-burial (t * ) laboratory

data and the model used by Walton and Merritt [4] (t ) are in excellent

agreement for the period 1962 to 1977. All the calculated rates agree

within an order of magnitude over this same time period. Considering the
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difficulty in obtaining accurate field measurements for the various geo-

chemical and hydraulic parameters, agreement between the three extrapo-

lation formulae and the measured rate data is very good. The mechanistic

interpretation of the observed time dependence remains the same as that

suggested '.n Section 2.2: there exists no evidence for steady-state (t )

dissoluciorv, but there may be the formation of a protective layer on the

surface of the glass.

Without verification of the leach-rate mechanism, it is difficult

to justify an indefinite extrapolation of the present data to even lower

leach rates. If it is assumed that the leach rate has reached a steady-

state value, then an average leach rate for the time period between 1966

and 1977 is 5.6 ± 1.1 x 10~ kg/(m *s) (2a). Ignoring changes In surface

area with dissolution it will require about 20 million years to dissolve a

2-kg glass hemisphere at this leach rate.

90
3.4 LONG-TERM MIGRATION OF Sr IN A GRANITIC SAND AQUIFER

90
The calculations in Section 3.2 indicate that desorption of Sr

from the oxyhydroxide sites is very slow. The implication for long-term
90

migration of Sr in a granitic sand aquifer is that, given enough time

(within 30 a from the evidence given by the glass-hemisphere plume), most
90

of the Sr leached from the glass will be bound to the soil by the slow

oxyhydroxide sorption, and will be migrating very slowly. This is il-
90

lustrated in Figure 15, where calculated Sr soil concentrations as a

function of distance from the glass hemisphere are given for a range of

times. The exact shape of the simulated soil profile will be a function of

reaction rates, hydraulic dispersion and leaching time dependence. How-

ever, it is apparent from Figure 15, showing the simulated plume, that the

frontal peak migrating under the influence of the ion-exchange reaction

will have disappeared after about 6 a , and that by 15 a there will be no

evidence of a distinct plume front. Field studies at the glass burial site

confirm these predictions, with no plume front definable 11 a after burial
90

[18], but with significant amounts of Sr still remaining close to the

hemispheres [23].
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90

In contrast, had Sr migration been predicted assuming a rever-

sible equilibrium model, using K, values obtained from laboratory batch or

column tests [16,17] or from short-term observation of plume front migra-
90

tion [8], then a major Sr peak would be predicted at approximately 30 m

after 11 a. The concept of equilibrium K., values measured using short-term

methods thus fails to identify the reactions that control Sr migration in

the field.

Evidence [24] that batch "desorption K " values are higher than

"sorption K," values points to some "irreversible" sorption, or slow

desorption, even in experiments on granites of one month's duration under

laboratory conditions. It can be concluded that, on a longer time scale,
90

this "irreversible" sorption will dominate Sr migration rates. Newly

developed techniques [22] are capable of detecting the kinetics of these

slow geological processes.

3.5 CESIUM-137 MIGRATION

90
Cesium-137 differs from Sr not only in its release rate from

the nepheline syenite-based glass, as noted in Section 2.2, but also in its

rate of migration within the aquifer. Soil concentrations of Cs ob-

tained from the 1979 field study [4] are shown as a function of distance

from the glass hemispheres in Figure 16. Analysis of this plume indicates

that at least 90% of the Cs released in the period 1960 to 1979 remained

within 0.3 m of the glass [4]. The remainder extends downstream in a low-

level plume. By 1979 this plume had migrated about 6.5 m; however, field

measurements in the fall of 1981 [23] indicate that this low-level plume

may now extend to between 16 m and 20 m from the glass blocks. Recent
137

laboratory investigations at CRNL [25] of Cs migration on sands taken

from the same aquifer indicate that a substantial portion of the Cs

transport is associated with particulate material in the 0.2 to 1 um size

range. Bacterial action is also concluded [25] to play a role in the
137

"fixation" of the Cs to these particulates. These studies have not
13'.'

progressed sufficiently to allow assessment of the Cs field data.
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4. CONCLUSIONS

The following conclusions may be drawn from this study:

90
- after an initial period of approximately 1.5 a the Sr

concentration in the groundwater 1 m downstream from the glass
90

hemispheres can be used to infer the history of Sr leaching
from the nepheline syenite-based glass;

- given the uncertainties in the field experiment, there is good

agreement between the leach-rate time dependence derived from
90

17 a of measurement of Sr groundwater concentrations 1 m from

the glass, and those obtained in pre-burial and post-retrieval

laboratory leaching experiments; data from these three sources

indies
-1.3

—0 8
indicate a leach-rate time dependence in the range t * to

- both laboratory and field leach-rate measurements indicate no

evidence of steady-state (t ) dissolution, or conventional

diffusion controlled, (t ), dissolution of nepheline

syenite-based glass under low-temperature groundwater

conditions. On the contrary, all the experimental evidence

suggests the formation of a protective layer on the glass

surface that inhibits reaction between glass and groundwater.

The presence of such a protective layer has not been

demonstrated by direct observation;

1 / O

- using a leach rate of 5.6 x 10 kg/(m *s), obtained from an

average of the field data between 1966 and 1977 inclusive, and

assuming no changes in surface area during dissolution, it will

require approximately 20 million years to dissolve the glass

hemispheres under present burial conditions. The nepheline

syenite-based glass would, therefore, appear to be very durable

under the conditions of this test;



- 23 -

• this study has shown that, in modelling of radionuclide migra-

tion, the dimensionless rate constant B can be used to assess

when the assumption of equilibrium chemistry is appropriate

(6 > 100) or when a reaction can be ignored (0 < 0.1). The

constant B depends on radionuclide/geologic material sorption

kinetics, rock mass to pore water volume ratio, groundwater

flow-rate, and migration path-length;

90
modelling of the Sr plume in the CRNL aquifer can be divided

into three regions. For distances up to s 1 m, g > 100 and

B < 0.1. In this case the retardation factor (1 + » ) is only

a function of the equilibrium ion-exchange mechanism. For

distances greater than 650 m, (3 and f$ > 100. In this case

both reactions can be considered to be in equilibrium and the
90

retardation factor is (1 + * . + * ) . The Sr field data would
1 o

indicate that $ is at least 10 times greater than * . For

distances between these two limits the oxyhydroxide reaction

must be described using a kinetic model;

the migration of Cs in the CRNL granitic-sand aquifer is not

amenable to modelling with an equilibrium sorption model. Pre-

liminary field data suggest migration of Cs by liquid and

solid phases, which at present is not well understood.

5. RECOMMENDATIONS

This study has considered two major topics. The first concerned

the leaching of fission products from nepheline syenite-based glass hemi-

spheres under conditions of geologic burial. The time dependences of

pre-burial, post-retrieval and field leach-rate data suggest that leaching

of fission products from the glass can be explained by the formation of a

protective surface structure on the glass. If the leach rates continue

with the same trend, calculations indicate that approximately 200 a will be

required before leach rates decrease by a further factor of 10. The very
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90
low Sr ground»rater concentrations (< 10 Bq/L) are approaching the limits

of detectability above background (1-3 Bq/L). Continued field observation

of fission-product release will therefore yield limited information. Since

the method of retrieval of the glass hemisphere in 1978 was not conducive

to the preservation of delicate surface layers, it is recommended that

techniques to retrieve a hemisphere with surrounding soil intact be deve-

loped so that a controlled study of the glass surface may be undertaken.

The identification and characterization of a surface layer on the glass

could lead to a mechanistic interpretation of over twenty years of leach-

rate data, and greater confidence in extrapolation of laboratory data to

longer time scales.

The second topic has been the modelling of Sr and ' Cs migra-

tion in a natural aquifer. The choice of a sorption model depends on

groundwater velocity and migration path-length, in addition to the
90

mechanism and rates of the chemical interaction(s). In the case of Sr,

inclusion of the oxyhydroxide reaction can produce an order of magnitude

larger retardation than that obtained for the ion-exchange mechanisms

alone. However, evidence from the Cs plumes at CRNL would suggest that
137

the Cs, presently bound to the granitic sand, is being slowly converted

to a more mobile particulate phase. A model which fails to include kine-

tically controlled remobilization underestimates the rate of cesium migra-

tion. It is recommended that the equilibrium linear sorption or K model

be used to predict radionuclide migration only for those radionuclides for

which it has been demonstrated that the model produces conservative

migration ra*:es. Work is proceeding at CRNL [25] to clarify the mechanisms

of Cs transport.
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NOT IN TEST

FINE PERMEABLE
SAND

'J_ 0.15 m

SILT LAYERI

FIGURE 1: Schematic Showing Grid of Glass Hemispheres Buried in Soil in
1960. Only twenty-two were correctly positioned. One of the
misplaced hemispheres was retrieved in 1978 and examined at WNRE.
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4 LITRES

FIGURE 2: Schematic of Pre-burial Laboratory Leaching System [5]
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FIGURE 3: Pre-burial Leach Rate Based on Combined Sr and Cs Leaching as

a Function of Time [6]. Data are obtained by a flow-through tank
method at ambient temperature using distilled water as the leachant.
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FIGURE 4: Schematic of Leach Tank Showing Approximate Position of Glass
Hemispheres. All dimensions in centimetres, estimated from
Figures 5 and 6.



31 -

FIGURE 5: Photograph of Tank Used in Pre-burial Leaching Studies.
Estimates of tank dimensions nre based on the fact that the
standard lead bricks are 16.2 cm wide. The ceramic crucible
shown in the tank was removed for the leach tests.
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FIGURE 6: Photograph of Giass Block Retrieved in 1978 and Brought to WNRE
for Inspection. Upper scale shown in picture is in centimetres.
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FIGURE 7: Comparison of Post-Retrieval and Pre-Burial Leaching Data [6].
Samples for post-retrieval experiments were taken from the
glass hemisphere retrieved in 1978 and brought to WNRE for
examination [7]. A,O and k,% are results for duplicate samples.
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APPENDIX

TWO-REACTION MECHANISM

A.I THEORETICAL

90
The equations describing Sr sorption in terms of two

kinetically limited reactions (ion-exchange and reaction with oxyhydroxide)

were discussed in Section 3.2. For simplicity, and in the absence of other

information, the reactions were assumed to be pseudo-first-order, and

reversible. To focus on chemical effects, radioactive decay and dispersion

were explicitly ignored. The resulting system of differential Equations

(6), (7) and (14) is repeated here:

-£]
ds
IT ' kisC " kirSi

dS
—• =• k C - k S (A-3)
dt os or o '

The ion-exchange reaction is assumed to proceed faster than the

oxyhydroxide reaction, i.e.,

k > k
is os

kir > kor

(A-4)

Equations (A-l) to (A-3) were solved using a simple reaction-cell

algorithm giving C, S and S as functions of time, t, and distance, x.

The reaction-cell nature of the algorithm introduces a numerical dispersion

that acts like a constant dispersion parameter in the system. The one-
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dimensional spatial domain is divided into n elements or cells of length Ax

= L/n, where L is the total column length. Using approximately 100

elements results in a small dispersion without excessive computer time.

Each reaction cell contains a volume fraction e of water and a volume

fraction (1 - e) of immobile phases. The dry bulk density is p. In each

cell, the radionuclide is partitioned using Equations (A-2) and (A-3)

between the immobile phases (radionuclide concentrations denoted by S and

S ) and the mobile water phase (radionuclide concentration denoted by C ) .

A time step, At, is defined by At = Ax/U = t /n where U is the

velocity of groundwater movement and t is the water transit time through

the column; i.e. t = L/U. At each time step the water phase in a reaction
w

cell is first moved a distance Ax to the next reaction cell together with

the radionuclide associated with it. No chemical reaction takes place

during this transfer. The radionuclide is then allowed to chemically react

for the time At using Equations (A-2) and (A-3) and mass balance to

readjust the partitioning in the new cell. No water movement takes place

during this reaction period. The three chemical equations are solved

either analytically or via fourth-order Runge-Kutta integration [A.I].

When this two-step procedure is completed for all n reaction cells, one

time step is completed. A source function determines what quantity of

radionuclide is introduced with the water into cell 1 at each time step.

This function varied from a constant input for a fixed time, a zero input,

or a time-varying input such as described by Equation (18). The quantity

of radionuclide exiting from cell n was accumulated into an extra cell for

mass-balance checks.

Single First-Order Reaction

For a single first-order reaction [cf. Equation (4)] with forward

and reverse rate constants k and k , respectively, the governing
s r

differential equation [cf. Equation (A-2)] and mass-balance equation have a

simple analytical solution. The concentration of radionuclide in the

aqueous phase, C, is given by:

k Q P(k C° - k S°)
eC = -£- + S_ T— exp [-kt] (A-5)
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and the bulk concentration of radionuclide, S , is found from:

Q = eC + PS (A-6)

Q is the total amount of radionuclide in the system, and is conserved. C°

and S are the initial solution and solid-phase concentrations,

respectively. The rate parameter k is defined by:

k = (-P k + k ) (A-7)

The half-life, L ,, of the approach to equilibrium of this

reaction is given by:

where * and f$ are the dimensionless distribution coefficient and the

dimensionless sorption rate, respectively, defined in Section 3.2. 95% of

equilibrium is reached in t_ __, where

C0.95 k " ^0.5 v"~

Two First-Order Reactions

Equations (A-2) and (A-3) and the mass-balance equation can be

solved analytically, but the result is complex. In practice, they were

solved by fourth-order Runge-Kutta integration [A.I].

One Linear Equilibrium and One First-Order Reaction

If the ion-exchange (fast) reaction, Equation (A-2), is

considered to be in equilibrium, the governing equations are greatly

simplified and Equations (A-2), (A-3) and mass balance have an anlytical

solution easily found by Laplace transformation [A-2]. The concentration

of radionuclide in the aqueous phase is given by:
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* k 0 p(C V - S° k_) *
eC* = _£L + _ s ^ ° r exp [- k t] (A-10)

k k

*
where C has been defined by:

eC* = eC + pSi = e(l + 4> )C (A-ll)

^o o
and C and S are initial amounts,

o

The solid-phase concentration of radionuclide on the ion-exchange sites,

because of the assumption of equilibrium for this reaction, is found from:

where *., defined in Section 3.2, is a diraensionless equilibrium

distribution coefficient for the ion-exchange reaction. The concentration

of radionuclide on the oxyhydroxlde sites is found from:

Q = eC + PS, + PS (A-13)
i o

where, as before, Q is the total amount of radionuclide, and is conserved.

The resulting equations resemble those for a single first-order
* *

reaction with rate constants k and k • Due to the presence of the fast
90 s r

equilibrium reaction the Sr concentration in the pore water is reduced,

and the rate of the slow oxyhydroxide sorption is reduced to:

The rate of desorption is not similarly affected, so

k* = k (A-15)
r or

and k is now defined (cf. Equation (A-7)) by:
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k* = (-£. k* + k* ) (A-16)
e s r

From Equation (A-8), the half-life of the slow sorption reaction is

increased to:

* -ln(0.5

°'5 = k*

A. 2 PULSE TRACER INPUT

To examine the effect of these two-reaction mechanisms by

computer simulation, a constant input of tracer was made to the column for

a short time, t = 0.1 t , forming a narrow pulse input. For independent

chemical parameters need specification and the dimensionless parameters S.,

B , *. and * defined in Section 3.2 were chosen. The oxyhydroxide

sorption reaction rate was adjusted by varying the parameter f5 , and the
o

desorption reaction rate k was determined from the specified value of * .
or r o

In all results reported here, the ion-exchange reaction was held in

equilibrium (8. > 100). Some results for column effluent tracer

concentrations for fixed *. = 4 = 2 are shown in Figure A-l.
i o

With 6 > 10, the tracer has been retarded in migration through

the column by both reactions, and the peak tracer concentration in the

effluent appears at dimensionless time, T , given by:

T * (1 + « , + • ) (A-18)
p i o

The kinetic limitation of the oxyhydroxide reaction causes a broadening of

the concentration profile (an additional dispersive effect). As the

reaction rates increase, the kinetic dispersion decreases until, by 6 =
o

100, the reaction is nearly in equilibrium and only the numerically

introduced dispersion remains.
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With 6 < 1, the pulse of tracer is retarded in migration by only

the ion-exchange (equilibrium) reaction, and the peak tracer concentration

in the effluent appears at

T = (1 + *i) (A-19)

The oxyhydroxide reaction causes a tailing of the tracer-concentration

profile. The tailing decreases as the reaction rate decreases and the slow

reaction has less and less effect on the migration. With 0 < 0.1, the

effect of the oxyhydroxide reaction is negligible.

In the intermediate cases, 1 < B < 10, the peak tracer
— o —

concentration appears at an intermediate time with large kinetically

induced broadening. The lowest peak and broadest profile correspond to @

^ 3 . If * is sufficiently large, the effluent tracer-concentration

profile breaks into a doublet. These observations on the effect of

reaction rate are summarized in Table 2 in the te""t.

Since the diraensionless rate constant 6 is defined as
o

k .(L/U).(p/e), the extent to which the migration is modified is a function

not only of the reaction rate (k ) and the mass to water volume ratio
o s

(p/e) but also of distance travelled (L) and the water velocity (U). For

constant U, 8 increases with L, thus implying that the velocity of

migration of the tracer pulse changes (slows) as the pulse migrates through

the column. This effect has not been evident in short-term laboratory

column tests but has been observed in field migration at CRNL [A.3].

The slowing in migration rate of the tracer pulse is clearly

evident in the computer-simulation results for intermediate reaction rates,

1 < 6 < 10. Figure A-2 shows the position of the tracer pulse peak, x ,
— o — p

as a function of time, T, for the case with 6 = 3, * = * - 2. For T <

2.7, the pulse migrates at a velocity, V, slightly smaller than that

expected due to retardation by the fast reaction only:

V = U/(l + • ) T < 2.7 (A-20)
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For T > 3.0 the pulse migrates at the velocity expected due to retardation

hy both reactions:

V = U/(l + «, + » ) T > 3.0
i o

(A-21)

The time, T , of velocity change, where the pulse-migration velocity
c

reflects both reactions rather than only the fast reaction was empirically

found for cases with 1 <. B , *. ,* <. 10 to be approximately given by:

3.7(1 + * i) ( 4 Q )

V1 + V
(A-22)

or, using Equation (A-17):

Tc *

5.3 « + « )

w
(A-23)

These empirical relationships apply only when g , $ and * all lie in the
o i o

range 1 to 10. Equation (A-23) indicates that the tracer pulse must be

migrating for a minimum of five reaction half-lives before the migration is

slowed to its long-term value. This time increases with # since the

equilibrium reaction removes tracer from solution and lowers the driving

force to equilibrate the slower reaction.

Distribution ratios, R, (= S/C), vary with migration distance and
d

with time due to the lack of equilibrium of the oxyhydroxide reaction. A

typical case is illustrated in Figure A-3. When the tracer pulse has

migrated part way through the column, R, values are smaller than the

expected equilibrium value near the advancing tracer front and are larger

than the equilibrium value near the column source. After the tracer pulse

has passed through the column, R is always larger than the equilibrium

value.
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