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ABSTRACT

Applicability of laboratory measurements to radionuclide transport in a natural environment

was studied using the data from the field tests. The & values obtained in the laboratory experiments

were input into the instantaneous equilibrium sorption model, which simulates the migration of 85S in
the unsaturated loess. This simulation managed to reproduce results of the aforementioned field tests.
To evaluate more accurately migration behavior of Sr, based on the sorption data obtained by the

laboratory experiments, the hybrid sorption model consisting of the equilibrium sorption process and

the kinetic sorption process was proposed. When compared with predictions using the Kd-based

equilibrium sorption model, the results of the field migration tests of 85 Sr were more successfully

reproduced by introducing the hybrid sorption model.
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1. INTRODUCTION

In the assessment of environmental impacts on subsurface disposal of low-level radioactive

wastes, migration of radionuclides released from the wastes in local groundwater flow systems is one

of the most important paths to the biosphere. Understanding processes of radionuclide migration in

hydro-geologic environments is therefore important for the design and safety assessment of the

subsurface radioactive waste disposal system. The radionuclide igration process is controlled by

the groundwater flow and interactions of radionuclides with geologic materials. The groundwater

flow is characterized in situ. Since radioactive tracers are not permitted for use in natural

environmental fields, their interactions are usually studied through laboratory experiments. The

China Institute for Radiation Protection (CIRP) has its own test field where radioactive tracer use is

permitted. Using the data from the field tests, the applicability of laboratory measurements to

radionuclide transport in a natural environment was studied.
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2 EXPERIMENTAL APPROACHES

Field tests and laboratory experiments were performed to develop a methodology for evaluating

radionuclide migration in unsaturated hydro-geologic environments. Field tests of 85Sr were carried

out at the test site of CIRP, and the migratory behavior of 85 Sr in the unsaturated loess zone was

observed for 2 years. Laboratory experiments included observation of movement of 8S in

loess-packed columns (column experiment) and batch sorption measurements of 5Sr on the loess

sampled at the field test site. The column tests gave direct measurement of the retardation ability of

the loess for 85 Sr mobility, and the batch sorption .measurements provided the most important

migration parameter, the distribution coefficient Kd).

2.1 Field Test

The field test of 85Sr migration was conducted in a pit with a size of 200 x 200 cm at the field

test site[l][2], under artificial waterfall condition in a house. Schematic diagram of the field test pit

is shown in Fig. . As a tracer source the loess spiked 85Sr was distributed on the bottom of pit with

150 x 150 cm. The artificial waterfall was controlled by sprinkling groundwater taken from aquifer

of the field test site. Sprinkling intensity was set at m/h and the sprinkling continued 3 h per day.

Soil cores were taken from the pit periodically (refer Fig.2), and analyzed for distribution of 85Sr.

Migratory behavior of water in the test pit was examined in situ by using tritiated water[ 1] Figure 3

shows the distribution of 85Sr in the pit, within 378 d after starting the field test. The field test

condition is summarized in Table .

The distribution of 85Sr showed that peak position gradually moves to downward from the

tracer layer with test period. The igration distance from the tracer layer was about cm at 378 d.
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Fig. I Schematic diagram of the field test pit. Fig.2 Soil core sampling from the pit.
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Fig. 3 Concentration distribution of 85 Sr in the test pit.

Table I Condition of field test and column experiment[ 1] [2].

Field'test Column test
Density 2.7 g/cm' 2.7 g/cm'
Porosity 0.5 0.5
Water content 0.3 0.4
Water precipitation 1 1 100 mm 2700 mm
Test period 378 d 341 d
Water velocity 3.3 cm/d 1.9 cm/d
Dispersion Coefficient 2.7 cm2/d -
Thickness of tracer layer 10 mm 3 mm
85Sr in tracer layer 1200 Bq/g 450 Bq/g

2.2 Laboratory Column Experiment

Large-scale column experiment was conducted in laboratory, using undisturbed soil samples

taken from the field test site. Schematic diagram is drawn in Fig. 4 The undisturbed loess column

had 28 cm in diameter and 71 cm in height, and it had disturbed soil layers at the top and the bottom.

Quartz sand with 60-80 mesh mixed with 85Sr solution was placed on the undisturbed soil to be made a

bed thickness of 3 mm, and covered with the disturbed loess and sand. Groundwater taken from

aquifer of the test site was sprinkled for 60 or 30 min per day during 341 days. The details of test

condition were defined as seen in Table I. After stopping sprinkling, soil samples were taken from

the column and measured for distribution of Sr. Figure shows the measurement result.

The distribution in Fig. 5,showed 85Sr was distributed broadly near the source layer position

and the peak position moved 6 cm downward from the original position.
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Fig. 4 Large-scale column experiment. Fig. Concentration distribution of Sr in the column.

2.3 Laboratory Batch Experiment

The detail method of sorption experiment was described in previous report[3]. Sixteen loess

soil samples were taken from depths of 0.5, 1.0, 1.5 and 20 in at each 4 sampling point in the field test

site. Ten milliliters of 85Sr aqueous solution was added to 25 cm3 sample tube containing I g of soil

sample. After 05-168 h from contact between loess and 8 Sr solution, a radiation counting of

supernatant was measured with well type NaI detector.

The ratio (CICO) of the radionuclide concentration at contact time t to the initial concentration

was plotted against contact time, in Fig. 6(a). Apparent Kd corresponding to the concentration at

each contact time t. is shown in Fig. 6(b).
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Fig. 6(a) Plot of the ratio (ClCo) of 85 Sr Fig. 6(b) Apparent Kd corresponding to the 85Sr
concentration at contact time t. to the concentration at each contact time t.
initial concentration vs. contact time.

C: 85 Sr concentration in solution (Bq/cM3)

CO: the initial concentration of 85Sr (Bq/cM3)
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The CICO of Sr decreased with the contact time. There were two stages in the curve of the

CICO vs. the contact time of Sr. The CICO of "Sr decreased rapidly in the first stage during initial
CM3/g.0. h and apparent was 30 In the second stage after t = . h the CICO of 85Sr was

gradually decreased with contact time, and Kd value reached to 80 cm3/g at 168 h. The apparent j

values determined at 168 h for 16 samples are between 74 and 98 cm�/g, and a large deference among

four sampling point or a previous tendency based on sampling depth was not found in the sorption

ratios. The mean value was 82 cm�/g.

These results show that bulk sorption of all four radionuclides onto the loess was controlled by

fast reactions. However, considerable portion of the 5Sr was controlled by slow reactions. This

indicates it may be necessary to take account of kinetics into sorption process, for the quantitative

understanding in sorption process of 85 Sr.

3. ANALYSES OF FIELD TEST RESULTS WITH SORPTION DATA DETERMINED

BY LABORATORY EXPERIMENTS

3.1 Equilibrium Sorption Model

Neglecting radioactive decay, one dimensional mass conservation of 85Sr in loess layer can be

described by the following form[4];

a P aQ a2C ac- + D V - (1)
at 0 at ax

where C i 85Sr concentration in water (Bq/cM3), Q concentration of 8 Sr sorbed on loess (Bq/g), p

density of loess (g/CM3), 0 water content, D diffusion coefficient (cm2/min), V velocity of water

(c m/min), t time min), X length (cm).

Provided the reaction of solute between solution and loess is based on an instantaneous

equilibrium sorption, the migration of 85 Sr can be explained by introducing the distribution coefficient:

Q = KdC (2)
and

Rf= I 0 -fip Kd (3)
0

wheref porosity, Kd distribution coefficient (CM3/g) Rf retardation factor.

Substituting Eqs. 2) and 3) into Eq. 1), we obtain

aQ a2 Q aQ I
(D V - ) (4)

t a X Rf 

If the values of V and D are known, a concentration distribution of solute in the geologic media

can be estimated by solving Eq. 4).
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3.1 Applicability of Sorption Data Obtained from Column Experiment

In the present column experiment, mean water velocity through experimental period is 19

cm/d in Table 1. Since the migration velocity of 85Sr is estimated to 16 x 10-2 cm/d, from the

movement of the peak position in Fig. 5, the Rf of 85 Sr in the column experiment is determined to 119.

Dynamic Kd is calculated to 40 CM3/ g based on Eq. 3).

The Kd values obtained in the laboratory column experiment were input into the mathematical

model Eqs 2 3 and 4), which simulates the igration of 85Sr in the unsaturated loess. This

simulation managed to reproduce results of the aforementioned field tests, as shown in Fig.7.
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Fig. 7 Concentration distribution of 85Sr in the test pit, estimated by

the instantaneous equilibrium sorption model.

Lines: Estimation calculated by the instantaneous equilibrium sorption model.

Symbols: Results of the field test.

3.2 Applicability of Sorption Data Obtained from Batch Experiment

Figure 6 showed apparent increase gradually from 30 CM3/g to 80 cm3/g with lapse of

contact time, in which apparent Kd values are including the dynamic Kd value obtained from the

column experiment. The equilibrium sorption model is realized on the assumption that the

interaction is caused by Henry's type sorption isotherm and the equilibrium condition is attained

instantaneously. Therefore, adapting apparent Kd at 168 d to the apparent Kd of equilibrium sorption

model may be in a fault. Attempts were made to improve the reproducibility by modifying the

sorption process model of Sr on loess.

The sorption of Sr tended to be dependent on reaction'time, since the CICO reduced with

contact time, as shown in Fig. 6(a). In the consideration of reaction rates in the sorption and

desorption processes, the sorption model can be expressed by[5]

Q
- = kC- k2Q, (5)

t
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where k, is rate constant of sorption (CM3/ g/d) and k2 is rate constant of desorption (1/d).

The relationship between CICO and contact time, as shown in Fig. 6(a), indicated that the

sorption of 85Sr was consisted of two stages, fast and slow sorption. The fact that there are both the

immediate and gradual processes induces to apply a reversible non-equilibrium sorption model,

considering both equilibrium and �inetic in the sorption process[5]:

Q = KdOC (6)

Q2
- =kC-k2Q2 (7)

t

Q= Q + Q2, (8)
where Q, is concentration of 85 Sr adsorbed in the instantaneous equilibrium process (Bq/g), Q2

concentration of 85Sr adsorbed in the Inetic process (Bq/g), and distribution coefficient

corresponding to the instantaneous equilibrium (cm3/g).

Hence, the interaction of 85Sr with soil can be expressed by the following equation obtained by

substituting Eqs. 6) and (8) into Eq. 7);

a Q a 
Kdo - + kC - k2(Q - KdOC). (9)

t t
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Fig. Concentration distribution of 15 Sr in the test pit, estimated by the hybrid sorption model.

Lines: Estimation calculated by the hybrid sorption model.

Symbol: Results of the field test.
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The k, and k2 were determined by the method of Mahara et al.[6] from the results of batch

sorption experiment. The k and k2 were obtained to 20 CM3 /g/d and 0.1 I/d, respectively, and Kdo

was predicted to 30 CM3/ g at h from Fig. 6(b). The 1 Sr distribution under the field test condition,

estimated by the hybrid model using the sorption parameters Kdo, k and k2 was presented in Fig. .

The results of the field igration tests of 85Sr were more successfully reproduced by introducing the

hybrid sorption model.

5 CONCLUSIONS

The Kd values obtained in the laboratories were input into a mathematical model which

simulates the igration of 85Sr in the unsaturated loess. This simulation managed to reproduce

results of the aforementioned field tests.

Attempts were made to improve the reproducibility by modifying the sorption process model

of 85Sr on loess. It was found in the laboratory experiments that sorption of 85Sr consisted of two

stages, fast and slow sorption. This fact implies that, instead of -based equilibrium sorption

models, a reversible, non-equilibrium model may have to be applied to formulate sorption of S on

loess. The reversible, non-equilibrium model is a hybrid model, consisting of the equilibrium

sorption process and the Idnetic sorption process. When compared with predictions using the

Kd-based equilibrium sorption model, the results of the field migration tests of 85Sr were more

successfully reproduced by introducing the hybrid sorption model.
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