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A b s tr a c t .T h e  radionuclides released from nuclear weapon tests during the 1960’s and 
from nuclear industries may still endanger the terrestrial environment. Therefore, a 
diffusion-sorption experiment has been carried out t.0 study the behaviour of the radionu­
clides that are of interest in safety assessments in the environmental radioactivity field such 
as vi7C s  and 90Sr. The systems studied were as close as possible to those encountered in 
the field. The experimental data were evaluated by numerical analysis, incorporating lin­
ear and nonlinear sorption models (six sorption isotherm models). This procedure enables 
us to calculate the sorption parameters of different sorption isotherm models.
The parameters determinated were the diffusion and sorption properties of cesium and 
strontium in an Orthic Podsol soil (Germany).

I. In tro d u c tio n

It is well recognized th a t m any radionuclides, particularly the cation ic species m i­
grate slow ly as a  result o f in teraction  of radionuclidevS w ith  the soil m atrix. A m ong ra­
d ionuclides, yẦ7C s  and 90S r  b elon g  to  the m ost hazardous radionuclides due to their long  
halflives and their low  m igration  rates (o f the order o f  1 cm  per year Ị1] ). T his im plies 
th a t after m any years, they still rem ain w ithin  the root zone o f  th e  so il where they can be 
taken up by p lants and later could  reach the ground w ater. A s a consequence, they trans­
fer in to  hum an food  chains and drinking w ater. Therefore, it is im portant to  understand  
th e  transport process of l37ơ s  and 90S r  in  the soil m atrix.

T here are various laboratory m ethods for stud ying  transport o f  radionuclides in  
soil, such as the batch  m ethod  and the colum n m ethod . T h e  m ain  advantage o f the batch  
m eth od  is its sim plicity. H owever, there are also several d isadvantages: not all hydrologie 
flow effects are counted, the ratio  o f  the so lu tion  to  the solid  is h igher (due to  experim ental 
n ecessities), and higher sorption  capacities m ay be available for tracer due to  the shaking  
process. Ilence, because o f th e  experim ental conditions (w hich differ from those in the 
field) th is m eth od  m ay give inaccurate result [2]. T h e colum n m eth od  can elim inate these  
disadvantages. Its major d isadvantage is its  com plexity  and th a t it is very tim e- consum ing

[3-4] •
T h e work presented here appUes a different m ethod  for stu d y in g  transport o f  cesium  

and stron tiu m  in soil, the m odified  diffusion-sorption experim ent. In the present study, 
90S r  has been  su bstitu ted  by S5S r  w hich  is chem ically  identical, has a considerably shorter 
halflife and can be d etected  m ore easily. T he aim s o f the work are to:
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D eterm ine diffusion and sorption  param eters for 137C s  and 85 S r

Sorption m odels (linear, Langniuir, Freundlich) are tested  by fittin g  th e experim en­
tal data.

II . E x p e rim e n ta l p ro c e d u re

T h e diffusion-sorption experim ent w as perform ed using O rthic P od so l soil consisting  
of 96.2% sand, 3.1% silt and 0.7% clay. It is a typical soil in N orth  G erm any [1]. 37C s  
(cesium  chloride in  IN  HC1) and 85S r  (strontium  chloride in aqueous so lu tion ) were used  
as tracers. T he tracer solution  w as prepared by adding som e syn th etic  so lu tion  to the acid  
solution  containing the radionuclides. In itia l tracers concentrations, C o in the reservoir 
cell were about 70 k Bq/1.

T he arrangem ent for the diffusion-sorption experim ent is illu strated  in F ig .l.
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Fig. l. E xperim ental set-up  for the diffusion-sorption experim ent

T he soil p e lle t was a disk w ith  a diam eter o f  1.78 cm  and a th ickness of 0.4 cm. 
T he d im ensions o f the so il pellet w ere 2.49 cm 2 x 0.4 cm. Porosity and density of the 
soil p ellet were 36% and 1.70 ±  0.01 g cm""3, respectively. T h e soil p ellet was fixed  
betw een tw o cells, the reservoir cell o f 490 ml containing the tracers and th e  m easurem ent 
cell o f  230 ml containing syn th etic  so il solution. T he concentrations C o (t)  o f  tracers 
in the reservoir cell were allowed to  decrease w ith  tim e by the am ount diffused into soil 
pellet, also by the decay o f  th e tracers. In the m easurem ent cell sam ples were w ithdrawn  
at certain intervals. T he fluid o f  th e  m easurem ent cell w as replaced by th e synthetic  
soil solution , m aintain ing a near-zero concentration. A syn th etic  so lu tion  was selected  
containing elem ent concentrations w hich are as close as possib le to  the values calculated  
from the analyses o f the so il so lu tion  sam ple in the field. Tracers diffuse from  high to  low  
concentration.

T he experim ent w as perform ed at room  tem perature o f 2 0 ° c . 137C s  and 855 r  con­
centrations in so lu tion  sam ples were d etected  by h igh  purity germ anium - detector. Sta­
tistical counting errors w ere in  th e  range o f  14-5%.

I I I .  D a ta  an a ly sis

A ssum ing a single-porosity  m edium , in w hich the diffusion coefficient D is constant 
in tim e and space, transport (diffusion is  accom panied by sorption) in  th e liquid phase 
can be described by a one-d im ensional equation
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w here c  : concentration  o f  trace in  solution;
5  : concentration  o f trace sorbed; 
p: soil density;
6 : soil porosity;
D  : effective diffusion coefficient;
L : length  o f s o il pellet .
For our experim en ta l a rran g em eh t, in itia l conditions are given as

T h e  so rp tion  o f the  tra ce r to  the  soil m atrix  is m odelled by a non-linear first order 
kinetic  m odel

w here r  : k inetic  tim e constan t;
F ( C )  : so rp tio n  isotherm .
N o analy tica l so lu tion  is know n for th is  problem ; so lu tions are  o b ta in ed  by num erical 

m ethod . T h is  is perform ed by using C rank-N icolson m eth o d  o f a  finite difference and  
solving th e  resu lting  system  of non linear difference equations by N ew ton-R aphson  m ethod . 
T h is was described  in  m ore d e ta il by G. K irchner, [3]. T he num erical a lgo rithm s were bu ilt 
into th e  non linear code PA R o f the  B M D P s ta tis tic a l code package (B M D P  s ta tis tica l 
softw are w .  J . Dixon, [5]).

Akaike in fo rm ation  c rite rio n  A IC can  be used to  fit the  so rp tio n  m odels to  exper­
im ental d a ta . C rite r ia  based on  Akaike in fo rm ation  crite rion  A IC if m easurem ent erro rs 
are ad d itiv e  an d  norm ally  d is tr ib u te d  w ith  m ean zero it is given as c .  C obeli, [6].

Co, X =  0,

0, X >  0.
(2)

A nd the  b o u n d ary  conditions are  [3]

(3)

(4)C ( L , t )  =  0.

A ccording to  P ick ’s law eq. (3) m ay be w ritten  as

(5)

=  r { F ( C )  -  S}, (6)

A I C  =  N i n R s s  + 2 p ,

where N  : num ber o f d a ta  po in ts ;
IỈSS • residual sum  o f squares of th e  fit;
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p : num ber o f  param eters fitted .
A ccording to  the test, th e  sorp tion  m odel w ith  the low est value o f A I C  is  considered  

th e b est, tak in g  in to  account th e  good n ess o f th e fit as w ell as and num ber o f  the param eters 
fitted .

IV . R e su lts  a n d  d iscu ss io n

T h e sorp tion  m od els listed  in  tab . 1 were fitted  to  th e experim ental data for 85S r  
and l37C s  w ith  th e linear, Freundlich, and L angm uir isotherm  assum ing instantaneous  
and first order k in etic  sorption , respectively. T h e differential equation  thus obtained can  

be applied  as a regression m o d el w ith  D }r) Kd) K f t ì  Khai) Klq.2 ) N  as fitt in g  param eters.
T h e tab le 1 show s sorption  m od els fitted  to  the experim ental data o f  85ỐY,137C\s 

and the ob ta in ed  values o f  A I C  and  R sS '
T a b .l  T estin g  the fits  o f th e sorp tion  m odels for S5S r  and l37C s  using the Akaike criterion
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Rss AIC R-ss AIC

II n 116571 678 38955 1050

= K F rC N 116572 680 37722 1049

1 + K La2C 116576 680 38954 1052

- r{KdC - S } 116575 680 34353 1040

r{K..rC N - s 116881 684 34388 1042

f Ku£ J  
+ 1 72027 813 34353 1042

A s can  b e  seen  from  tab . 1 , th e  b est fit to  th e experim ental data  for 85S r  and 137Cs  
w ere ob ta in ed  assum ing a linear iso therm  and a k inetic  linear isotherm , respectively.

P aram eters resu lting  from  fittin g  the sorption  m odels for th e linear isotherm  o f S5S r  
and for th e k in etic  linear iso th erm  o f l37Cs  are given in tab. 2 .

T ab .2 . P aram ete rs obtained by fitting  the  experim ental data of 86S r and 137Cs, where 
the  uncerta in ties of the  values were derived from the  asym ptotic standard  deviations.

P a r a m e te r N u m e r ic a l  v a lu e

85S r 137C s

D  ( 1 0 '3 c m 2 h '1) 10.1 ±  0 .6 2 9 .6  ±  1.1

k !  ( c m - V ) 7 .4  ±  1.3 5 0 .7  ±  13.3
r  (10"6 s '1) in s ta n ta n e o u s 1 .36  ± 0 .4 7
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The experim ental data  o f  strontium  and cesium  con cen trations diffused in to  the 
m easurem ent cell and the fitted  curves ob tained  from  th e regression  an a lysis  are show n in  
figu re  2 and 3, respectively.

Fig.2 Concentrations of 85S r diffused into the  m easurem ent cell in  1 day-intervals during 
th e  experim ent com pared to the  fit of a linear sorption model

Fig.3 Concentrations of 137Cs diffused into the  m easurem ent cell in  1 day-intervals 
during  th e  experim ent com pared to th e  fit of a kinetic lin ea r sorption model

As can be seen in figures 2 and 3, the calculated curves are in satisfactorily agree­
ment w ith the experimental d a ta  for both  strontium  and cesium. The strontium  da ta  have 
been corrected for its decay, since the hatf-life of 85S r  is 65 days. The uncertainties of
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the values o f  the effective d iffusion  coefficients are below  6%. T h e high uncertainties o f  
obtained  sorption  param eter m ay resu lt in large errors on individual d ata  points due to  
the variation  o f th e  con cen trations o f  cesium  and strontium  diffused in to  th e  m easurem ent 
cell.

T h e resu lts show  th a t th e  sorption  isotherm s for b oth  strontium  and cesium are
linear.

T h e in teraction  k inetics for stron tiu m  to  the soil m atrix is a fast process while th e  
kinetic sorption  for cesium  is slow . From  the value o f  r (1.36 ±  0.47)*  10“ 6 s ” 1, the reaction  
tim e o f cesiu m  T =  In 2 / r  can  be ca lcu lated  to  be 6 days. T h is result, is in good  agreem ent 
w ith  corresponding values in  th e literature [7-11].

T h e w ide range of K d-values reported  in the literature, up to  three order o f m ag­
n itude and m ore [12], is due to  th e different geochem ical factors o f  the various m aterials  
used. H owever, our resu lts are sim ilar to  those o f sim ilar soil and tracer concentrations  
found by som e authors [7,12-14].

In conclusion , d iffusion-sorption  experim ents have a num ber o f advantages such as  
their exp erim en ta l sim plic ity  and the p ossib ility  to m odel conditions th at are close to  those  
in  th e field and therefore give accurate results.

A lth ou gh  th e d eterm ination  o f  th e m igration  rate o f  strontium  and cesium  in soil 
w ill be th e  su bject o f  another study, we can give a rough estim ate  o f  th e  m igration o f  
radionuclides in  soil. D iffusion is  dom inant w hen  the fluid velocity  is  o f  the order o f 5 cm  
per year. In th e case of linear sorp tion , the d istribution  coefficient can b e  used as rough 
estim a te  to  pred ict th e  m igration  o f  radionuclides in  so il w hich can be described  as:

z =  y /2e .D t/R d

where:
R d = 1 +  - K d.

e
U sin g  th e results o f  our exp erim en t, the m igration  o f  1 m  o f e ith er strontium  or 

cesium  in  P od so l so il can be es tim a ted  to take about 100 (m ore or less) years during  
w hich  th e a ctiv ity  w ould  b e  reduced  by a factor o f 10. Therefore, it is o f  in terest to  get 
in form ation  on  th e m igration  and sorption  o f strontium  and cesium  in various m aterials 
(soil, rock ...) in  order to a llow  a safety  analysis in the environm ental rad ioactiv ity  Geld.
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