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摘 要 

延迟系数是描述核素在地质介质中迁移的最重要的参数之一， 

而且通常都被当作常数使用。该工作的目的是为了说明（ 1 )延迟系 

数凡是否常数 ?（ 2 )如果私不是常数，它对计算结果能有多大影 

响？（ 3 )由分配系数怂按照传统方程推导的凡是否适用于安全评 

价？通过对核素在非饱和黄土中迁移实验结果的分析，达到了上述 

目的。实验结果表明，在非饱和条件下， 8 5 S r的不是常数，而是随 

土壤含水量 0的增加而增大；由 &按照传统方程推导的不能用于 

安全评价；用于安全评价的凡应该由实际测量得到，而不能由、推 

导。通过计算表明，•Rd对计算结果影响极大。 

关键词：延迟系数分配系数核素迁移现场实验非饱和黄土 



Non-constant Retardation Coefficient 
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ABSTRACT 

Retardation coefficient is one of the important parameters used in transport 
models describing radionuclide migration in geological media and usually regar-
ded as a constant in the models. The objectives of the work are to understand： 

(1 ) Whether the retardation coefficient，R^, is a constant? ( 2 ) How much 
effect is Ra on calculated consequence if Rd is not constant? ( 3 ) Is the retarda-
tion coefficient derived from distribution coefficient, k^, according to conven-
tional equation suitable for safety assessment? The objectives are achieved 
through test and analysis of the test results on radionuclide migration in unsatu-
rated loess. It can be seen from the results that retardation coefficient, Rd, of 
85Sr is not constant and increases with water content,汐，under unsaturated con-
dition. jRd，of 85 Sr derived from according to conventional equation can not be 
used for safety assessment. R^，used for safety assessment should be directly 
measured, rather than derived from k^. It is shown from calculation that the 
effect of i?d on calculated consequence is very considerable. 

Keywords: Retardation coefficient, Distribution coefficient, Radionuclide migration, Field 
test, Unsaturated loess 
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INTRODUCTION 
Low-and intermediate-level radioactive wastes ( L I L W ) are usually disposed of in un-

saturated zone. Unsaturated zone is one of the most important natural barriers to retard 
nuclide migration in geological media. I t is very important to understand migration behav-
ior of nuclides in the unsaturated zone and to predict distribution of them in the zone. Re-
tardation coefficient, i?d，is an important physical quantity in transport models describing 
migration and sorption characteristics of radionuclide in geological media. Its value affects 
directly magnitude of radiation consequence. To research the migration behavior of radio-
nuclide in unsaturated zone a field test of radionuclide migration in unsaturated loess has 
been conducted with the aim of developing methodology of safety assessment for disposal 
of L ILW as a cooperative research project between the China Institute for Radiation Pro-
tection (CIRP) and the Japan Atomic Energy Research Institute (JAERI) . 

Usually, the mathematical models describing radionuclide migration in geological 
media are derived on the ground of mass conservation law. Their most common form is 
mass transport equation under saturated-unsaturated conditions. If local equilibrium of 
mass transfer and first order chemical reactions are assumed，sorption can be represented 
as a linear relationship, and the general mass transport equation can be written as ⑴ 

j-t(Rd6cw) = V - V c w ) - V « ( V c w > - Y t + X 6 R d y w (1) 

where,沒 water content in soil (dimensionless)； 

cw concentration of radionuclide in groundwater, Bq/cm3 ； 

~D dispersion tensor,cm2/d； 

V water flux，cm/d; 

A radioactive decay constant,d"1 ； 

t time，d. 

and Rd = l + (2) 
u 

where, Rd retardation coefficient of radionuclide (dimensionless)； 

pb bulk density of soil, g/cm3 ； 

kd distribution coefficient of radionuclide on the soil，ml/g. 
The analytical solutions of concentration distribution of radionuclide in geological 

media can be derived from equation (1) under certain initial and boundary conditions on 
the some simplicity basis. For example, in the case of an instantaneous area source release 
the radionuclide concentrations for one-dimension dispersion at any point in space and at 
time t can be expressed by the following equation： 

M 

= - X ^ e x p 
x — 

4DX 

UL \ 

•U (3) 
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where,M activity of radionuclide released instantaneously per unit area at ( = 0, 

Bq/cm2 ； 

DT longitudinal dispersion coefficient of groundwater，cm2/d; 
u groundwater flow velocity, cm/d； 

x longitudinal coordinate, cm. 
Retardation coefficient is one of useful parameters in understanding radionuclide mi-

gration velocity. I t represents the velocity ratio of water movement，u, to radionuclide mi-
gration , v , in the same medium. I t is obvious that larger retardation coefficient represents 
slower radionuclide migration velocity in the geological media. On the contrary* smaller 
retardation coefficient represents faster migration velocity of it. I t can be seen from equa-
tions (1) and (3) that retardation coefficient，i?a» is included in the mathematical models 
describing radionuclide migration in geological media whether in partial deferential equa-
tion or in their analytical solutions. And it usually is regarded as a constant. 

A series of issues arise when radionuclide migration in geological media is investiga-
ted. For example, whether retardation coefficient, jRd» is constant is the first question. 
Secondly，it is necessary to understand how much effect of Rd on calculated consequence if 
Rd is not constant. In addition, is the retardation coefficient derived from distribution coef-
ficient , k d , according to conventional equation suitable for safety assessment? How to ac-
quire Rd? The issues are the matter concerned by us. Among them, of course, key issue is 
whether Rd is constant or not. 

To ascertain first question，a radionuclide 
migration test in field was carried out in order to 
obtain simultaneously both water f low velocity, 
u, and radionuclide migration velocity, and 
hence retardation coefficient, To understand 
effect of l?d on calculated results? the maximum 
concentrations ( i . e. peak concentration) of the 
same radionuclide at the same position are calcu-
lated by equation (3 ) in the case of different Rd 

and compared each other in order to show impor-
tance of Rd on calculated results. Assuming C ^ 
and Cmax2 represent maximum concentrations of 
the same radionuclide at the same position corre-
sponding to the retardation coefficients» Rd j and 
i?d2，respectively. Their ratio，Cmaxl /Cmax2， is 
shown in Fig. 1. I t can be seen from the Figure 
that C^/C^are all less than 1 even Cmaxl 

(~~Xx/u) = 1. I t shows that different values of retardation coefficient wi l l affect directly 
the calculated results of maximum concentration for the same radionuclide at the same po-

Fig. 1 Effect of retardation coefficient on 

calculated maximum concentration 

~o^―H<11 - d̂2 = 0 _Xi?di- i?d2 = l 
—A~Rdi "i?d2 —2 ——》_ —i?di —i?d2==5 
~ I ~ R d i ~Rdz = 1 0 _ « _ i ? a i — 尺 也 = 2 0 

— a _ = — A— = 

in the case of i?dl>i?d2 except when exp 
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sition. The potential consequence wi l l be underestimated if the larger retardation coeffi-
cient than actual one is adopted in transport models. And the difference may be lower sev-
eral orders of magnitude than actual concentration. 

1 EXPERIMENTAL 
Field tracer migration test was conducted in the CIRP's Field Test Site with an eleva-

tion of 953 m located on the loess plateau in the semi-arid area of the north China with low 
precipitation and high evaporation. Average precipitation and evaporation annually are 434 
and 2 325 mm respectively. Annual average temperature is 9, 3 °C. 

The soil in which radionuclide migration test was conducted belongs in Chinese loess. 
The total porosity of loess at the test site ranges from 0. 45 to 0. 54 with an average of 
0. 50，effective porosity from 0. 16 to 0. 28 with an average of 0. 22 and dried bulk density 
from 1. 26 g/cm3 to 1. 50 g/cm3 with an average of 1. 34 g/cm3. The main chemical consti-
tutions are Si02，Al2 0 3 , Ca〇，Fe2 03 and K 2 0 and most of particle size is less than 0. 1 
mm and their fraction is more than 98%. The hydraulic conductivity ranges from 3. 36 X 
10一4 cm/s to 1. 23X10—3 cm/s with an average of 6. 61X10"4 cm/s r2 ]. 

The field test of radionuclide migration was carried out in six test pits with each size 
of 200 X 200 cm2 under both natural rainfall condition and artificial sprinkling condition 
(see Fig. 2). Pits A，B and C were used for test under natural rainfall condition, and pits 
D，E and F under artificial sprinkling condition in a Test House. The tracers used in the 
test are 3 H , 60Co, 85Sr and 134Cs under the both conditions. Among them, 3 H is used to 
show water movement in unsaturated loess. Tracer layer, mixture of loess with tracers» 
was distributed in Pits A，B，D and E as area sources with each size of 150 X 150 cm2 and 
thickness of about 0. 7 cm. Tracer layer was distributed in Pits C and F as point source 
with a diameter' of 5. 5 cm and thickness of about 0. 6 cm. Their buried depths are 30 cm 
( in Pits A and D) and 100 cm (in Pits B，C，E and F) respectively. Soil core columns were 

Ar t i f i c ia l sprinkl ing condit ion 

Natural rainfal l condition 

(a) Plan view (where*oblique ling represents tracer layer) 
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Tension 

Surface 

| Sucker 

Tracer layer 

(b) Diagram of installed devices 

in Pits A , B，D and E 

Fig. 2 Layout for Field Tracer Migration Test 

periodically taken from Pits B, C, E and F. Then the soil core columns were cut into sam-
ples with thickness of 0. 5 cm for measurement. 

A PVC tube with an inside diameter of 24 cm was vertically inserted at the center in 
Pits C and F. Distance between boundaries of the tube and tracer layer is 10 cm. A gamma 
detector with lead shield and colliniating window was moved upward and downward inside 
the tube to determine activity of radionuclides. 

To measure some important parameters used for explanation of water movement and 
radionuclide migration a set of devices，can be divided into 5 groups according to their 
functions，were installed at the test site. The first group is used to estimate water balance 
of precipitation, evaporation and infi ltration, including ultrasonic anemometer-thermome-
ter, net pyroradiometer, heat flow meter，aspirated radiation shield wet and dry thermom-
eter, rainfall gauge and others. The second group is to observe water movement consisted 
of 28 pieces of tensiometers, 12 pieces of soil moisture meters, 4 pieces of soil tempera-
tures and a neutron moisture meter. A l l instrument of this group were installed within or 
very close to the test pits. The third group is for taking samples and measuring nuclide mi-
gration directly，including 5 pieces of soil water suckers，a sampling machine and a direct 
gamma measurement system. The fourth group is data collector and recorder. The f i f th 
group is artificial sprinkling equipment. 

To observe movement of water (or 3 H ) in pits D and E，five special apparatus> called 
“sucker”，were installed in these two pits at different depths to draw out soil water of 5 ml 
directly from soil per day during the first two months after starting sprinkling. Sucked wa-
ter was analyzed with the liquid scintillation counter. This method of directly sucking wa-
ter from soil is suitable for soil containing more water and appearing matrix suction poten-
tial higher than about 一 500 cm of water column. But it may affect water velocity in a 
small region near the head of sucker, and can not be used in pits A and B since much lower 
water' content and much lower suction potential existed in soil for most months of a year at 
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the test site. 

0 200 400 600 800 
Time’ / /d 

Fig. 3 Variation of mass c e n t e r，X � , 

o f 8 5 S r w i t h t i m e , t 

A Pit A 〇 Pit B x Pit D O Pit E 

where，X0 (O is position of mass center of concentra-
tion distribution curve in longitudinal coordinate at 
time, t;x is longitudinal coo rd ina te i s time；and c(.x, 
t) is concentration of nuclides in position，.r，at time, 
t. 

Fig. 3 shows variation of the mass center, X0 ⑴， 

of 85Sr with time, t，in the different test pits. It can be 
found from Fig. 3 that the migration distance of mass 
center of 85 Sr in Pits A and B is smaller compared with 
the distance in Pits D and E. The mass center of 85 Sr 
moved down about 10 cm in 603 days' intervals under 
artificial sprinkling condition. If migration velocity of 

The artificial sprinkling was implemented by 2 sets of sprinklers. Each set consists of 
256 syringe needles and a electric powered shaker kept these needles quaking so that water 
droplets scattered wi th a nonuniformity less than 15% over the area of 200X200 cm2. To 
keep unsaturated condition in the test pits，sprinkling rate was set at 5 mm/h , and sprin-
kling continued 3 hours per day⑴. 

2 DATA PROCESSING 
The essential purpose of the field tracer migration test is to observe migration behav-

ior of nuclides in unsaturated loess medium > acquire necessary parameters about migration 
and dispersion of radionuclides in the loess，provide valuable data for safety assessment of 
waste disposal，and validate the models and computer programs used for the assessment 
and then to predict long—term migration behavior of radionuclides in geological media by 
means of these validated models and parameters. The main results obtained from the test 
are longitudinal concentration distribution curves of radionuclides in unsaturated loess. 
Only the results from area source ( in Pits A , B，D and E) are fitted and analyzed in this 
paper. The results from point source ( in Pits C and F) were analyzed and discussed in oth-
er paper〔4〕. 

To acquire retardation coefficient it is necessary to know simultaneously water flow 
velocity, u，and radionuclide migration velocity, v，in each test pit. Positions of mass cen-
ter rather than position of peak are adopted for calculating velocity in this paper because it 
is difficult to judge where peak positions appear in some cases. To fit the field test results 
first order moment is used to calculate position of mass center of the concentration distri-
bution curve 

xc{x,t)dx 
X0(t) = (4) 

c(x,t)d.x 
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mass center of nuclide is regarded as its average migration velocity, the average migration 
velocity, v, of the nuclide can be evaluated from the following equation 

dX0(t) 八、 v = ~ j — — (5) dt 

3 RESULTS AND DISCUSSION 
I t is difficult to evaluate migration velocities of 60 Co and 134 Cs and hence to calculate 

their retardation coefficient because the mass centers of 60 Co and 134 Cs did not move down 
during about 2 years no matter whether under natural rainfall or artificial sprinkling condi-
tions. Only，therefore, mass center and retardation coefficient of 85Sr are calculated. Re-
tardation coefficients，i?d，of 85Sr in the four test pits (i. e. , wi th different water content, 
d) are shown in Fig. 4. The retardation coefficient, Rd, of 85Sr obtained from simulation 
test columns 2 and 4 are also shown in Fig. 4. The results calculated from kd according to 
equation (2) are also shown in Fig. 4. 

I t can be seen from Fig. 4 that there are different 
values for the retardation c o e f f i c i e n t s， o f 85Sr in 
different test pits. I t shows that the retardation coef-
ficient measured in radionuclide migration test for the 
same radionuclide (e. g. 85 Sr) in the same medium (e. 
g. loess) is not a constant under unsaturated condi-
tion. For example，i?d is 7. 3 under 0 = 0 . 10 and 360 
under 0=0. 26 respectively. Moreover, it can be seen 
from i?d derived from equation (2 ) that their values 
aie not only more than those obtained from both field 
tracer migration test and simulation test but also have 
different variation tendency with water content, d. 

I t can be also seen from both field tracer migra-
tion test and simulation test that water velocity ranges 
from 0. 016 cm/d to 3. 6 cm/d (w i t h 225-fold increment) and migration velocity of 85Sr 
ranges from 9. 7X10—4 cm/d to 0. 017 cm/d (only wi th 17. 5-fold increment) when water 
content ranges from 0. 1 to 0. 26. I t is obvious that the variation in velocities of 85 Sr is out 
of proportion to that of 3 H. After f i t t ing radionuclide migration test results of 85 Sr in 4 
field tracer migration test pits the following relationship between retardation coefficient， 

Rd, and water velocity, u, can be obtained： 

JRd = 1. 2 X 102 X J 64 (0. 016 cm/d < w < 3. 6 cm/d) ( r = 0. 985 9) (6) 
If the results obtained from 4 field tracer migration test pits and 2 columns are taken 

into account together, the relationship between Rd and u is as follows： 

i?d = 1. 0 X 102 X M0 60 (0. 016 cm/d < w < 3. 6 cm/d) ( r = 0. 977 2) (7) 
The migration experiment conduced by Gamerdinger A P and others is reported in l i t-
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erature [ 5 ] . The phenomenon that U ( V I ) sorption is highly dependent on flow velocity 
was also obser ved. 

It can be seen from equations (6) and (7) that retardation coefficient is indeed not a 
constant under unsaturated condition and, hence，the choice of it would be very important 
in estimating concentration distribution of radionuclide in geological media under unsatu-
rated zone by transport models. 

According to the measured results of retardation coefficients under different water 
content the following equation can be fitted 

logi?d 0. 021 + 10. 3 X 0 (0. 0. 26) (8) 
Their correlation coefficient, r , is up to 0. 997 1. The fitted relationship between re-

tardation coefficient and water content is also shown in Fig. 4. 
Retardation coefficient, i?d，is used in the transport models with the purpose to de-

scribe the retention capacity of nuclides in soil media and usually used as a constant for the 
same nuclide in the same medium. According to analyses mentioned above it is found that 
the retardation coefficients of 85 Sr in 4 test pits and 2 columns are not the same. In other 
words, the retardation coefficient for the same radionuclide (85Sr) in the same medium (lo-
ess) is not a constant under unsaturated loess. I t is obvious that the phenomenon is very 
valuable in study of radionuclide migration and safety assessment because the fact wi l l con-
siderably affect maximum concentration at concern point at lower reaches and hence affect 
assessment consequence. 

The fact that Rd is not a constant is worth studying. Radionuclides in the geological 
media may be either in groundwater or on surface of soil particle. The radionuclides dis-
solved in groundwater can be sorbed on soil and those sorbed on the surface of soil particle 
can be desorbed into groundwater. The radionuclides can move in geological media are 
those dissolved in groundwater rather than those sorbed on the surface of soil particle. 
Usually, most of radionuclides are sorbed on the surface of soil particles rather than dis-
solved in groundwater. Both sorption and desorption are two processes taking time. I t 
seems that the length of time needed for the processes is basically governed by the proces-
ses themselves. Perhaps water velocity has a less effect on the processes. Thus radionu-
clides migrate at a velocity not proportional to the groundwater itself when water flow ve-
locity changes. Hence，the increment extent of radionuclide migration velocity is lower 
than those of water velocity. The velocity ratio，therefore, of water to radionuclide increa-
ses with the groundwater velocity, i. e. , the retardation coefficient of radionuclide increa-
ses with groundwater velocity. 

It can be found from the analyses mentioned above that using a constant retardation 
coefficient to describe radionuclide migration in unsaturated geological media would be in-
adequate, especially using smaller value than actual retardation coefficient. The conse-
quence wil l be underestimated if the larger retardation coefficient is adopted in transport 
models. And the difference may be lower several orders of magnitude than actual concen-
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tration as shown in Fig. 1. 
The other issue worthy to be studied is the relationship between retardation coeffi-

cient » Rd, and water content, d，in unsaturated geological media. I t can be found from 
both field tracer migration tests and simulation tests of radionuclides that the retardation 
coefficient，i?d» increases with water velocity, u, in unsaturated loess. As well known, 
water velocity, u9 increases wi th water content» d，under unsaturated condition. As 
shown above, therefore，the measured retardation coefficient, i?d, increases wi th water 
content, 6. But the retardation coefficient，Rd, derived from the conventional equation (2) 
decreases wi th water content,艮 Fig. 4 shows the difference between the results obtained 
from the tracer migration tests and those calculated from equation (2 ) . The difference 
shows two aspects. One is to obtain larger retardation coefficient from conventional equa-
tion (2) than measured values. I t is nonconservative to use such retardation coefficient, 
i?d，derived from distribution coefficient, ， f o r radiological consequence assessment. 
The other is that the effect of water content, 6’ on retardation coefficient, Rd，varies in 
the opposite direction between the calculated and measured results under unsaturated con-
dition. I t is obvious that the conventional equation (2) is not suitable for calculating the 
retardation coefficient used in radionuclide migration and safety assessment. It，therefore, 
is necessary to study the relationship between retardation coefficient，J?d，and water con-
tent, dt (or water velocity, u). 

Distribution coefficient，kA，also is an important parameter describing sorption capaci-
ty of radionuclide on geological media. Distribution coefficient, however，is obtained by 
means of standard batch method in which both the larger liquid to solid ratio and the 
standard particle size are used. In the case of using such distribution coefficient obtained 
from laboratory to characterize sorption capacity of radionuclides in the field* great differ-
ence wi l l result in because of non-standard particle size and the very small liquid to solid 
ratio under unsaturated condition，especially under natural rainfall condition. I t is obvious 
that it is necessary to study a method by which kd can be transformed into the Rd suitable 
for an actual site. 

Up to now, there are two methods acquiring retardation coefficient. One is to meas-
ure directly by tracer migration test conducted in field or in columns in laboratory. The 
other is derivation from distribution coefficient according to the conventional equation (2) . 
The latter, however, is unpractical as above-mentioned analyses. How to acquire the re-
tardation coefficient suitable for transport models? Authors suggest such retardation coef-
ficient should be measured in field or in column rather than derived from distribution coef-
ficient according to conventional equation. 
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