TRANSPORT OF 125Iˉ, 137Cs+ and 85Sr2+ IN GRANITOIDIC ROCK AND SOIL COLUMNS
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Abstract

Transport of 125Iˉ, 137Cs+ and 85Sr2+ radionuclides in crushed granitoidic rocks and homogenized soils was studied. Two simple methods for calculation of retardation coefficients of these radionuclides in flow column experiments with groundwater as transport medium have been described.  The first method is based on the assumption of a reversible linear sorption of reactive solutes contained radionuclides on solid phase with constant distribution coefficients, whereas the second one is based on the assumption of a reversible non-linear sorption characterized with non-linear sorption isotherm, i.e., with non-constant distribution and retardation coefficients. Both methods use the experimental breakthrough curves (BTCs), which were constructed using the measured activities at the outlet from the column. The BTCs were fitted with the integrated form of the simple 1-D advection-dispersion equation (ADE) expressed analytically for pulse application of radiotracer to the liquid phase before entering the columns. The integrated form of the ADE equation was modified by the so-called peak position and peak height correction coefficients. The second method is more sophisticated, because not only the calculation of retardation coefficients, changing during the transport is needed, but also the Freundlich equation parameters of non-linear isotherm have to be sought. Both methods were tested in the evaluation of the transport parameters of a given radionuclides in beds of 2 diorites and tonalite granitoides and clayey loamy sandy soils. The results of two different approaches have been compared.
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Introduction

Disposal of high-level radioactive wastes into the geological formations necessitates the investigation of the far-field radionuclide migration and/or transport in the host rocks environment, sediments and soils, in order to assess their long-term behavior in the repository [1-4]. For evaluation of the ability of so-called natural barriers to retain radionuclides, the retardation coefficients are used most frequently. In comparison with batch method, where retardation coefficients are calculated from distribution coefficients, the dynamic flow method makes possible to determine this coefficients directly. The advantage of the dynamic, column experiments in the open system in comparison with batch operation in closed system lies particularly, among others, in much closer approaching the real conditions in the environment and also the possibility of the study of undisturbed rock samples. 

For the laboratory migration (transport) studies of radionuclides in the far-field environment, the column methods are suitable mainly in such types of solid phases, where the advective transport of radionuclides is dominant over diffusion movement [4-6]. The literature search has shown that studies of radionuclide transport involving sorption and desorption processes under dynamic conditions are carried out mainly in a column arrangement [7-10], which has many advantages in comparison with batch technique [11]. Column methods are suitable mainly in the investigation of transport through porous materials, where the advective transport of radionuclides dominates over diffusion movement [6]. Crystalline rocks belong into this type of host environment, but also some sediment and soils with a high content of quartz and sands may also be considered, because such material can form sufficiently porous bed accessible to water inflow. According to the physical and chemical character of radionuclides, in their transport through porous environment certain retardation of radionuclides is occurring due to interactions in the radionuclide – solid – groundwater system (sorption, ion-exchange, surface complexation, matrix diffusion, dispersion, dilution, etc.) [6,12].
In this paper, transport of 125Iˉ, 137Cs+ and 85Sr2+ in columns with crushed granitoidic rocks and homogenized soil by synthetic groundwater was studied.  For the simulation of column process, two equilibrium dynamic models have been used. The first, so-called linear model, is based on the assumption of linear sorption isotherm of reactive solutes of radionuclides on solid phase with constant distribution and retardation coefficients [11,13,14]. The second one, non-linear model, supposes sorption characterized with non-linear sorption isotherm, i.e., with non-constant distribution and retardation coefficients in the same sorption process [12]. In both cases, the experimental bell-shaped breakthrough curves (BTCs) constructed from the measured activities and groundwater volume at the outlet of the laboratory column were used. Compared to the experimental BTC, the theoretical BTC used for fitting experimental data enables to determine not only the retardation coefficient, but also other important transport parameters as the Peclet number and hydrodynamic dispersion coefficient. The integrated form of the ADE equation modified by two correction coefficients the so-called peak position and peak height coefficients fit the experimental data of the BTCs. The results of two different model approaches have been compared. 

Experimental

Rock and soil materials, synthetic groundwater, equipments, working procedures and other experimental conditions have been described in our previous papers in detail [11,13,14] therefore the basic data are given here only. Three types of rocks from the locality of the Cavernous Gas Reservoir, near Příbram (Czech Republic) were taken in this study: diorite-I, diorite-II and tonalite. Their main mineralogical components of rocks are anorthite, albite and quartz (64-88%), less amphibole, biotite and chamosite (12-36%). The silicate analysis has shown mainly SiO2 (57-71%) and Al2O3 (14-18%), less Fe2O3 + FeO (3-9%) and CaO (3-8%), etc. The granitoidic rocks were crushed, dry sieved and a homogenized fraction of 0.25-0.8 mm was used. This fraction was packed into medical plastic syringes serving as columns of 2.1 cm in diameter and 8.8 cm length.

Samples of soil from the vicinity of High Level Waste Storage Facility in the area of Nuclear Research Institute Řež in Husinec-Řež (Czech Republic) were taken from 5-20 cm (surface samples) and 75-100 cm (deep samples) depth, respectively. The samples were homogenized and the analyses have shown composition: quartz (48–56%), kaolinite (4–25%), illite (3–22%), chamosite (2–13%), albite (1–16%) and microcline (1–11%). Total silicate analysis showed that the content of silica were between 67–76 % and the main elements, given as oxides, were Al2O3 (9–17%), Fe2O3 (1–3%), FeO 0.3–2.5%, CaO <1%, Na2O <1% and K2O about 2.5%. The pedochemical analysis showed that soil samples could be characterized mostly as clayey loamy sandy soils or clays with fine and homogeneous texture. The samples were sieved and fractions less than 2.5 mm was packed into the pair of syringes mounted against each other to obtain a column of 2.1 cm in diameter and 17.8 cm in length [11,13,14].

For delivering of the synthetic groundwater at a constant flow rate (0,3 cm3/min in rock and 0.1 cm3/min in soil experiments), the forced flow was applied using multi-head peristaltic pump to make possible the operation of at least 4 columns simultaneously. In the case of crystalline rocks the water phase was introduced into the top of the column, on the contrary, the delivery of synthetic groundwater into the soil columns was made on the bottom, against the gravity, to prevent elutriation of the sample. Synthetic groundwater was of sodium carbonate and sodium hydrogen carbonate type of pH 8.5. Corresponding water-soluble compounds (NaI and Cs, Sr and Eu nitrates) were added into the SGW as carriers in 10-6 mol/dm3 concentration. Carrier-free 125Iˉ, 137Cs+ and 85Sr2+ of high radiochemical and radionuclidic purity (min. 99%) were applied in the form of a pulse (having given volume and starting activity A0) at the columns inlet in a sufficient specific activity. The activity of the aliquot volumes on the outflow was measured in an appropriate time intervals by an automatic NaI/Tl gamma counter.

Transport models of radionuclides in rocks and soils 

      As was mentioned above, two models, so-called linear and non-linear, based on the analytically integrated form of the simple advection-dispersion equation (ADE) have been used for fitting of experimental data and consequently for calculation of bell-shaped BTCs. 

Linear model

The equation supposing a linear sorption equilibrium distribution of reactive solutes between phases was derived [14]:

Arel = (1/kh)·kp·Rexp·exp[-(kp·Rexp- nPV)2/(4kp·Rexp·nPV/Pe)]/(4π ·kp·Rexp·nPV/Pe)0.5      
(1)

In principal, it deals with the dependence of relative activity (Arel) on the number of pore volumes (nPV) of the aqueous phase outgoing from the column. Arel = AnPV/AnPV,max, where AnPV  is the activity of given nPV  and AnPV,max is the maximal activity value attained at nPV,Arel,max. It is evident that Eq. (1) is the integrated form of ADE modified by two correction coefficients, namely, by peak position (kp) and peak height (kh) coefficients. In addition, the following relations hold: 

     Rexp = nPV,Arel,max     
(2)        

Rtheor = kp·Rexp              
(3)       

Rtheor = 1 + (ρ·Kd/θ)     
(4) 


kh = 0.5 · (kp· Pe/π)0.5 · exp[-0.25 · Pe(kp – 1)2/kp] =  AnPV,max / A0    (5)

If kp converges to 1, then:          

kh = 0.5 · (Pe/π)0.5        
(6)

The Rexp and Rtheor are experimental and theoretical retardation coefficients, (nPV)Arel,max is the number of pore volumes corresponding to Arel,max = 1, ρ is the bulk density, θ is the porosity of the bed and Pe is Peclet number; A0 is the starting activity of solution on the top of the column.

      The evaluation of experimental data by means of Eq. 1 consists of their fitting by the Newton-Raphson multidimensional method of non-linear regression (Fig. 1), in the course of which the values of two parameters, namely, kp and Pe are sought [15]. As fitting criterion, the quantity WSOS/DF [16] (Weighted Sum Of Squares divided by the Degrees of Freedom) is calculated; the agreement (the goodness-of-fit) is acceptable if 0.1 ≤ WSOS/DF ≤ 20.

Non-linear model

The second model is more sophisticated, because not only the calculation of the values of retardation coefficients - which generally change during the transport (kp and kh, as well) - is needed, but also the Freundlich isotherm equation parameters and the value of Pe have to be sought. The detailed idea and account of non-linear model based on classical ADE equation can be found in our previous publication [17]; but in this case, the non-linear model is based on the Eqs. 1-5. Main feature of this model consists in the definition of Rtheor (Eq. 4), where, instead of Kd, the first derivative of equilibrium isotherm in point C has to be inserted – see Eqs. 7-9:

        Rtheor  = 1 + (ρ·/θ)·f´(C)          (7)                                                                         
        q = kF·CnF     (Freundlich isotherm equation)  (8)                                                      
        dq/dC = f´(C) = (nF · kF· (Arel · C0)(nF-1))   (9)                                                          
where f´(C) – first derivative of Freundlich equation, q – equilibrium concentration of given component in solid phase, C – equilibrium concentration of given component in  aqueous phase, kF – sorption capacity coefficient, nF – sorption intensity coefficient and C0 – concentration in the pulse of the investigated component (in the liquid phase).


The procedure for evaluation of experimental data uses the Newton-Raphson multidimensional method of non-linear regression [15] by means of which the data are fitted using a regression function consisting of three following Eqs. 10-12 derived from equations above mentioned:

Arel = (1/kh)·Rtheor·exp [-(Rtheor- nPV)2/(4Rtheor·nPV/Pe)]/(4π ·Rtheor·nPV/Pe)0.5  (10)       

kh = 0.5 · ((Rtheor/Rexp) · Pe/π)0.5 · exp[-0.25 · Pe((Rtheor/Rexp)– 1)2/(Rtheor/Rexp)]    
(11)


Rtheor  = 1 + (ρ·/θ)· (nF · kF· (Arel · kh · C0)(nF-1)).                
(12)

As a primary result of regression, three parameters are obtained: kF, nF and Pe. Indeed, the values of Rtheor, kp and kh are calculated in the course of regression procedure, too. Also in this case, as fitting criterion, the quantity WSOS/DF [16] (Weighted Sum of Squares divided by the Degrees of Freedom) is used.

Results and Discussion


   Experimental and theoretical (fitting) breakthrough curves of 125I-, 137Cs+ and 85Sr2+ transport in selected crushed rock of diorite-I, based on both linear and non-linear sorption models, are presented in Figs. 2-4. The rest of 2 studied granitoides (diorite-II and tonalite), were omitted in these figures, as their BTCs are close to each other and is hardly distinguishable. However, the measured and calculated values of the most important transport parameters found for all 3 rock samples and for these three radionuclides are given in Tables 1 and 2. Similarly, the breakthrough curves of the radionuclides studied for soil samples are given in Figs. 5-6. Again, both linear as well as non-linear sorption models (approaches) have been applied to the calculation of theoretical BTCs. Their important transport parameters are listed in Tables 3 and 4. In addition, the values of Freundlich equation parameters, nF and kF, characterizing the non-linear sorption approach, can be found in Table 5.


It is evident that both 137Cs+ and 85Sr2+ cations are retained (sorbed) well in rock or soil samples in a considerably extent (see Figs. 3-6). But, depending on the character of the samples, the sorption is uneven. Generally, the soils have higher sorption capacity and therefore the higher retardation capability than the crushed rock samples (compare values of Rexp in Tables 1-4 and Rtheor in Figs 7 and 8). According to the values of WSOS/DF listed for 137Cs and 85Sr in Tables 1-4, the non-linear approach gives better fitting than the linear one for both rock and soil samples. It holds especially in cases of non-linear sorption isotherms, i.e., if parameters nF differ from unity, nF≠1 (see Table 5). As a result of this non-linearity is that the retardation coefficient (Rtheor) is not constant and changes during the transport process as is illustrated by dependences in Figs. 7 and 8. Moreover, from comparison of Figs. 7 and 8 with Tables 2 and 4, it can be deduced that each Rtheor = f(nPV) dependence has a minimum at which Rtheor ≈ Rexp, which is the point lying in the maximum of the BTC. The differences in Rtheor values between their maximums and minimums can be regarded as direct consequence of the variance in linearity (non-linearity) of sorption isotherms of mentioned cations. 

It can be seen that 125I- anion, in accordance with our previous experiences [11] in these transport experiments is practically not sorbed (is excluded) either in crushed rocks, or soil samples (see the very low values of kF parameters in Table 5). Of course, the behavior of anionic iodide in studied systems is quite another than of cations, see, e.g., the different values of nF and kF in Table 5, and the high values of WSOS/DF in Tables 3 and 4 (and in Table 2 for Diorite II, too). In our opinion, it can be regarded as a result of iodide exclusion, above mentioned, from the beds of solid samples in the course of transport.     

One of the reasons for the use of fitting procedure is to obtain the values of Peclet numbers and consequently the hydrodynamic dispersion coefficients, Dd (it holds: Pe = u.L/Dd; where L is column length (bed height, m) and u is linear flow-rate through the bed void cross-section (m.s-1)). As we discussed in previous article [17], such values of Pe numbers and dispersion coefficients, summarized in Tables 1-4, indicate that the character of flow is far from piston flow and that a high dispersion (at Pe ≈ 5) or approaching to mean one (at Pe ≈ 40) in columns take place; it can follow from small L and u, but also from relatively different particles of solid samples, from possible existence of so-called wall effects, etc.


The next different feature of the non-linear model lies in the fact that the values of kp, in accordance with Eq. (3), are proportional to Rtheor and kh parameters are then not constant, too. For simplicity, the spans of  kp and kh values are presented in Tables 2 and 4, only. As for nF and kF values, these, in principal, reflect the non-linearity and sorption capacity of given isotherm and sample, respectively. In addition, if nF equals one, than kF equals Kd. 


Conclusions

The classical 1-D advection-dispersion equation in an integrated analytical form, modified by peak position (kp) and peak height (kh) coefficients, were used for two fiting procedures, using the Newton-Raphson multidimensional non-linear regression method, based on: (1) linear sorption approach qualified for systems characterized with linear equilibrium sorption isotherm, (2) non-linear sorption approach applicable to systems with non-linear Freundlich equilibrium sorption isotherm. In the course of fitting of the experimental values, the characteristic parameters of linear approach and non-linear approach, namely kp and Pe, and nF, kF and Pe, respectively, were sought. The comparison of both approaches for systems consisting of rock and/or soil samples and aqueous solutions of 125I, 137Cs and 85Sr, has shown that fitting by means of non-linear approach has given more reliable values of the transport parameters and calculated dependences. In addition, it was found that 125I- is practically not retarded in the investigated solid materials, whereas the retardation of 137Cs+ and 85Sr2+ is relatively large, and it is higher in soil samples than in the crushed rocks.
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Table 1 The most important transport parameters of 125Iˉ, 137Cs+ and 85Sr2+ in crushed rocks – linear sorption approach


Table 2 The most important transport parameters of 125Iˉ, 137Cs+ and 85Sr2+ in crushed rocks – non - linear sorption approach

*/  input value (nF and kF were sought, only – see Table 5)

Table 3 The most important transport parameters of 125Iˉ, 137Cs+ and 85Sr2+ in homogenized 

soils – linear sorption approach


Table 4 The most important transport parameters of 125Iˉ, 137Cs+ and 85Sr2+ in homogenized soils – non-linear sorption approach


Table 5 Non-linear sorption approach - the values of kF and nF Freundlich equation parameters obtained in the course of regression procedure

	Rocks and soils
	kF

[m3/kg]
	nF

-

	125I-

	Diorite-I
	0.00695

±0.0005
	0.971

±0.000001

	Diorite-II
	0.0000145

±0.0000001
	0.606

±0.0004

	Tonalite
	0.0065

±0.0008
	0.912

±0.005

	Surface soil
	0.00094

±0.30 (?)
	2.10

±0.97

	Deep soil
	0.00044

±0.80 (?)
	2.34

±11.2 (?)

	137Cs+

	Diorite-I
	16.2

±0.58
	0.860

±0.001

	Diorite-II
	8.99

±0.14
	0.881

±0.001

	Tonalite
	2.83

±0.16
	0.878

±0.004

	Surface soil
	274

±0.95
	1.03

±0.0002

	Deep soil
	6.33

±0.24
	0.971

±0.0002

	85Sr2+

	Diorite-I
	24.7

±0.41
	0.991

±0.001

	Diorite-II
	8.98

±0.40
	0.930

±0.003

	Tonalite
	8.73

±0.05
	0.927

±0.0004

	Surface soil
	91.2

±1.60
	0.977

±0.001

	Deep soil
	19.2

±3.50
	0.881

±0.001
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Fig. 1 Flow sheet of the PNLRPal5.fm code 
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Fig. 2 Experimental values of 125I transport in diorite-I (▲) and their fitting by theoretical BTCs: linear sorption approach (thin solid line) and non-linear sorption approach (bold solid line)
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Fig. 3 Experimental values of 137Cs transport in diorite-I (▲) and their fitting by theoretical BTCs: linear sorption approach (thin solid line) and non-linear sorption approach  (bold solid line)
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Fig. 4 Experimental values of 85Sr transport in diorite-I (▲) and their fitting by theoretical BTCs: linear sorption approach (thin solid line) and non-linear sorption approach  (bold solid line)
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Fig. 5 Experimental values of 137Cs transport in surface soil (○) and their fitting  by theoretical BTCs: linear sorption approach (thin solid lines) and  non-linear sorption approach (bold solid lines)
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Fig. 6 Experimental values of 85Sr transport in surface soil (○) and their fitting  by theoretical BTCs: linear sorption approach (thin solid lines) and  non-linear sorption approach (bold solid lines)
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Fig. 7  Calculated values of Rtheor for 137Cs transport in diorite-I (▲), diorite-II (♦) and 

tonalite (□) as a function of nPV  
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Fig.8 Calculated values of Rtheor for 85Sr transport in surface (○) and deep (●) soil as a function of nPV
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�
Deep�
295�
0.98


±0.004�
0.80�
11.4


±0.10�
0.08�
45.7�
�
 





Soil�
Retardation�
Peak�
Peak �
Peclet�
Dispersion�
Acceptance �
�
sample�
coefficient�
position�
height�
number�
coefficient�
parameter�
�
�
(-)�
coefficient�
coefficient�
(-)�
(cm2/min)�
(-)�
�
�
Rexp �
kp�
kh�
Pe�
Dd�
WSOS/DF�
�
125Iˉ�
�
Surface�
0.6�
1.67�
0.60�
8.34


±0.15�
�
> 50 (?)�
�
Deep�
0.8�
1.25�
1.17�
56.7


±1.65�
�
> 50 (?)�
�
137Cs+�
�
Surface�
370�
0.84-1.09�
1.16-1.60�
31.9


±0.14�
0.03�
18.1�
�
Deep�
283�
1.00-1.24�
1.23-1.86�
43.7


±0.09�
0.02�
20.1�
�
85Sr2+�
�
Surface�
262�
1.00-1.08�
1.97-2.05�
52.4


±0.04�
0.02�
22.2�
�
Deep�
295�
1.00-1.15�
1.09-1.11�
15.0


±0.09�
0.06�
24.9�
�
 





Input estimates:


  nF,kF,Pe,Rexp


Other parameters:


  ρ,θ,SSj=0


Experimental data:


   Arel,exp = f(nPV), C0, np,np_start, np_end








Input data





Nonlinear regression





Loop





Regression function


         Calculation








FOR  np_start  TO  np_end  DO





Evaluation of eqs (10) - (12)





Calculation of


SSx=Σ[(Arel,cal – Arel,exp)/Arel,exp]2





END





IF [SSj – SS(j+1)] < 1e-8  THEN EXIT





NO





YES





Resulting values:


nF, kF, Pe


WSOS/DF





Backward calculation of


Arel,cal = f(nPV)


graphs, output files





STOP
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