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Abstract

Underground HLW or EL alpha radwaste repositories will contain tons to hundreds of tons of

anthropogenic elements. According to our understanding of chemistry in anoxic conditions, it is

predicted that the release of the elements into the far field will be mainly dependent upon the

"solubilities", sums of the concentrations of soluble species and colloidal/pseudo colloidal forms, of

expected near field compounds. On the other hand, safety assessments, based on computation models

of migration, show that elements in the discharged water into the biosphere will be at tracer level, or

at least, at trace levels. Kinetic and thermodynamic aspects of the processes in which elements will be

involved during their migration are discussed together with the change in their concentrations, over

several orders of magnitude. It is shown that special attention must be given to predict the behaviour

of the elements in the far field from what we know from classical chemistry, and that more

experimental data must be obtained to improve the models.
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Introduction

It is well known that the migration of a radionuclide representative of an element (element with stable

isotopes or radioélément), or the migration of an element in the geosphere, is the result of the

influence of many phenomena of physical, chemical or eventually biological nature. These have been

identified, and widely discussed, sometimes in terms of "speciation" of the element, and compared

with experimental data gained from laboratory experiments or from the observation of nature.

Elaborate theories have also been set up (1 to 8).

Nevertheless, it seems that one parameter has not been taken sufficiently into consideration, neither
experimentally studied : the concentration of the radionuclide or of the element, CM-

In the following we want to stress the importance of CM in radwaste management. We will first

examine what we can learn from safety assessments previously performed for underground radwaste
repositories, and then, the influence of CM on the main physicochemical phenomena encountered

during the migration of an element in the far field.



1 - Assumptions from safety assessments

The basic objective of radwaste management is to prevent any unacceptable radiological risk (RR) for

to day alive people and for people who might be alive at any time in the futur.

RR can be defined as the probability of fatal cancer for an individual or of a serious deleterious

hereditary effect for his/her descendants according to the formula :

RRtyear1) = tfSv1)! PKyear1) Ei(Sv)

where y is the probability of the effects per unit effective dose which depends on ICPR

recommendations (y = 0.006 Sv1,0.005 for fatal cancer and 0.001 for a hereditary effect, IRCP 90

(9)), Pi is the probability per year of the occurence of the event i, or a group i of events, depending

on the scenario of radioactivity release, which, if it occurs, gives rise to the effective individual dose

Ej. In addition, Ej is the sum of the effective dose, Ej, of each of the radionuclides calculated

according to ICPR recommendations.The summation extends over all the possible scenarios.

As toxic elements can be associated with radionuclides, during conditioning processes or decay, a

chemical risk (CR) must also be considered, or should be considered, in radwaste management.

Today classical CR is appreciated through the concentrations of the elements in water or in soils with

regard to limiting concentrations (table 1). An improvement would be obtained by additionaly

considering the species and/or the oxidation state. Indeed, we know that the methyl forms of Hg are

much more toxic than inorganic forms, and that it is the opposite for As; Cr(VI) is more toxic than

Cr(III).

RR in the case of an underground radwaste-repository is evaluated, and CR should be evaluated, by

safety assessments performed for each relevant scenario leading to the release of radionuclides or

elements out of the engineered barriers of the repository by water flow. We will only consider in this

paper normal reference scenarios for which Pi is equal to unity. In this case RR is easy to estimate

and it reduces, for a given scenario, to the evaluation of the Ej of the radionuclides j through their

ingestion by different means (drinking water, foods) according to the ICPR postulate that man and

mans way of living, will be ihe same in the future as they are presently.

The key issues concerning safety assessments are the prediction of the travelling time of each

radionuclide from the repository to the discharge point in the biosphere and the Ej value of each

radionuclide discharged, for a member of the critical group. These parameters allow the calculation of

the elements or radionuclides concentrations, Cj, in the flowing water at a discharge point into the

biosphere, as we will see later. So it is finally possible, or it could be made possible, to compare the

Cj of radionuclides and toxic elements.



All predictions are made according to mathematical models which are able to simulate the migration of

elements through the geosphere. Each model needs three types of data, 1) geological data with

reference to hydrology of near and far field, 2) physicochemical data concerning the solubilities of

solid compounds of the elements, the species of the elements, occasionally including colloids, and/or

their interactions with geological materials, 3) metabolic data concerning the intake of elements or

radionuclides or the possibility of external exposure.

2 - Concentration range for elements and radionuclides during migration.

Only some elements and long lived radionuclides are important with respect to safety (table 1). These

depend on the nature of the wastes disposed of, according to the C and C philosophy (Concentrate

and Confine). Their rounded quantities in a foreseable underground repository are quite impressive,

as shown in table 2, for the disposal of HLW nuclear glasses and IL alpha waste from reprocessing.

Data for direct disposal of used fuels could probably be more easily set up. The quantities of toxic

elements are sometimes larger than those found in a repository of classical wastes.

The release of elements as soluble species in the far geological field of the repository is expected to be

dependent upon the solubilities of the most thermodynamically stable compounds, formed in the near

field. Some of them are listed in table 3 with the indication of the estimated limiting concentration of

the element that they could give in surrounding natural underground water of the repository. These

values fall in the range of variations now well accepted, but, what is not so clear is the true existence

of the expected compound, among others, and over time, because of a possible change in its bulk or

surface state which can modify its "solubility". Unless these phenomena appear, we shall stress that

solubilities are difficult to measure or to estimate, because they generally require much

thermodynamic data, some of which have questionable meaning (for instance solubility products of

very insoluble compounds or of nanogramamounts of matter). In the same way, the release of

elements as colloids or pseudocolloids in the far field is expected to be dependent on the filtration

capacity of the near field. Presently the right way of colloid formation is not well known. For

instance, the capacity of high radioactive solid compounds to give colloids and the capacity of

hydrolyzed species to give aggregates are not clear, although an effort toward rationalisation has been

made (10,11).

Nevertheless we see that the estimated concentrations of the elements in the near-far field, as soluble

species, are, on average, very low, especially for actinides in low oxidation states which are expected

to exist in underground reducing conditions.

All the present migration models, which are most likely very conservative for the purose of safety

assessments, predict, in the hypothesis of the central scenario, that time for elements to reach the

discharge point of a carefully chosen underground repository site would be very long and that, at this

time in the far future, the annual radiological impact of each radionuclide should be very low, of the



order 10'3 mSv (12). We will take this value as a reference value, whatever the degree of confidence

we have in considering the capacity of the models to reflect the reality. Figure 1 shows selected

results from Pagis exercice.

From these considerations it is possible to calculate Cj for each radionuclide. Let f(Sv Bq'1) be the

intake coefficient for ingestion of a given radionuclide and A(Bq) the activity ingested. Thus :

E (Sv) = A f

The quantity (g) of a radionuclide of atomic mass M and half life T(S) corresponding to A is :

T M A

it follows that :
T M Em = f N In2

N being the Avogadro number. Assuming the effective dose E is coming from the daily use of V

liters of discharged water :

^"365 VM

and thus :

.j _ 2.05 xlQ-19 T(vear) E(Sv)
' J f(Sv Bq- 1JV(L)

In table 4 are reported the expected concentrations of typical radionuclides in discharged water,

initially included in nuclear glasses. According to this data we see that the Cj values will be less than a

1/103-1()5 of the concentrations in the near field and obviously the average Cj are typical of the

concentrations encountered in radiochemistry. This means, as expected, that there is a more or less

progressive change in the concentration of the anthropogenic radionuclides or elements, M, during
the migration. Figure 2 shows typical isoconcentrations of U, Np and Cs in a granitic far field for a

reference repository (13).

For toxic elements there is a lack of data concerning Cj at the discharge point, but we can presume

that the average dilution factor would be the same as for the radionuclides. However, since some of
them have no real solubility limitations in the near field, Cj could be higher than the classical limit of

tracer level concentration, 10' ̂  M.

Radiochemistry is the chemistry of extremely diluted radioactive matter and thus the key parameter to

go from usual chemistry of an element to its chemistry at tracer level is its concentration (14).



High dilution of M from a radwaste repository during migration, on large distance and time, does not

mean that each CM decreases to Cj in a continuous way. The CM values probably fluctuate between

typical values of both "chemistry" and "radiochemistry" fields, because of the heterogeneous

character of the geosphere and the possibility of micro regions of aqueous phase in porous solids

(clay) or in micro fractures (quartz).

Before starting with these considerations it is important to recall that the concentration of a natural

element as cations or anions in underground water is typically in the range of ppm (mg L" ̂ ) to

hundreds of ppm, or more, (g L" 1), corresponding to the range 10"6 to 10'3 M, and that, if the pH of

water is rather well defined, 6 < pH < 9, its negative Eh values, controlled by macroscopic matter

including Fe(III)/Fe(II) or S/S(II), can vary over hundreds of millivolts (down to - 250 mV). All

these parameters probably fluctuate because of the dynamic nature of most ground/underground

waters in which the chemical equilibria with the surroundings take a long time to achieve. Natural

aqueous systems are also sensitive to small changes of pCO2 and pQ2 (redox front near the outlets)

which give carbonate or hydroxide precipitation, for example (7) :

Fe(HCOs)2 -> FeCOs + H2 + CO2

4Fe(HCO3)2 + Û2 + 4 H2O -> Fe(OH)3 + 2CO2

and carbonate concentration is mainly limited by COsCa saturation. Far field underground water is

not subject to photochemistry or radiolysis effects and does not contain living species, so the

chemistry might be easier to predict than in ground water. Finally, the speed of flowing water in a

steady state is rather low, about 10 m year'1.

It can be noticed that in the case of D and D temptation (Dilute and Disperse) with respect to radwaste

management, the dilution factor would be immediate and higher. So the following considerations will

apply, all the more.

3 - Dilution and kinetics aspects.

During migration in the far field the anthropogenic species experience many interactions with others

species of dissolved natural elements and with solid natural phases. As the velocity of deep water is

very low the relative velocity of two moving species or a moving specie and a solid phase, will be in

the range of the diffusion velocity of the species.

The kinetic aspect of any reaction, if not unknown, is generally quite complicated, with the rate

determining step depending upon the relative values of the rate constants for the "chemical" (mostly

unknown) and the "diffusion" (which is less than 10^ ]_ moH s'^) processes of this step, and a

special treatment is needed for every case. However a general simple approach could be the

following, to estimate the time required for the encounter of two species EI and E2 (E2 possibly



being a colloid or an active site of a solid) which can be, more or less, considered as the reaction
time. In an isotropic medium, the dispersion law of N entities from a 1 cm2 aera in the direction x,

perpendicular to the surface, is the Gaussian :

N(x,t)=—N ( o )
1 /-exp-x2/4Dt

(RDt)1/2

where D is the diffusion coefficient. The mean value of the displacement is <x> = 2 (Dt / II)1/2 and
the standard deviation (or mean free path) is a = (2D t)l/2. In a solution, after t = 1 ns, CT is about 1
nm. So the average speed is about 1 m s'1. The distance between EI and £2 in a volume V (Liters) is
proportional to (Ci + C2)~^, Ci and C2 being their respective concentrations. For an encounter by
diffusion the species must travel <x> or G, which requires a time proportionnai to (Ci + C2)"2/ .̂

Hence the reaction time, with regard to that measured at normal concentrations, could only increase
appreciably if Ci and C2 decrease together as it will be the case, for instance, in the

disproportionation of M or in the dimerization (polymerization) of two monomeric M species. For a
common diminution factor of 10~n it increases by 10 2n/3 In the other cases the ordinary kinetics is
not drastically modified with the decrease in the concentration of only one of the species, as it is the
case when EI pertains to a macrocomponent and E2 to a microcomponent of the system.

In the range of the concentrations of anthropogenic (10"1^ \j or iess) an(j natural elements (10'4 M or

less) examined here, the reaction times are probably less than the times needed for any disturbence of

the flow of underground water which would separate the entities.

We will no more give attention to the kinetics of reactions and will focus on the thermodynamical

aspects.

4 - Dilution and thermodvnamical aspects

Two types of reactions will occur, acid-base type reaction and redox type reaction.

Complexation (mainly by carbonate anions in underground water but possibly also by silicate onions,

Cl", F", hydrogenophosphate anions and humic and fulvic acids) or hydrolysis of aqua ions of M are
examples of the first case. It is known that the ratio of concentrations of two complexes ML/+1 and
ML/ depends on the free ligand concentration [L], according to the expression:

r [ML/+H
K " [ML/ ] ~ K ILJ

K being the stepwise constant of the complexing reaction from order / to /+1 :

ML/ H-L



In the general case the expression of R is a complicated function of CL, the total concentration of the

ligand L involved in the system, CM, / and K, but it is possible to show that M (for instance Np) at

tracer level is incorporated in the complex of order /+1 whereas at higher concentrations of M the
complex ML/ is predominant (15). This effect increases with / value.

The variation of R can be illustrated considering the case / = O (NpO2+ and NpO2CO3~, logpi

around 5), whatever the respective values of CM and CL, with CL constant over large distances and

CL » CM or CM » CL in some localized volumes of solution crossed by M. The simplest

expression of R (appendix 1), is :

2R = K(CL - CM) -1 + [1 + K2(CL - CM)2 + 2K(CL + CM)]1/2

In this expression CL depends, in general, on the analytical concentration of the complexing agent

which possesses the ligand L. If we keep CL as an indépendant parameter we see (figure 3) that R is

always a decreasing function of CM which depends mainly on the factor KCL, but the effect is only

appreciable when CM approachs CL. For CCO3 = 10"̂  M and Np at tracer level, R = IO-A critical

situation is when ML/ is cationic and ML/+1 is anionic ( NpO2+ and NpO2CO3") because behaviour

of M can be drastically changed. During its migration the specie in which M is involved can change
many times depending on the continuous variations of CL and CM and also on their local

fluctuations.

In conclusion, the "speciation" of M depends on CM, although the thermodynamic law valid for M is

the same whatever CM is. This is not surprising, but we must recall this fact, in any prevision of

chemistry at tracer level from what we know from usual chemistry. Of course the same applies in the

reverse situation, during preconcentration for speciation.

In the case of redox reaction the predominance of one oxidation state over the other depends on the
ratio, y, of the concentrations of the element MI and M2 involved in the two redox couples. It can be

shown (15,16), that, for the simple case :

oxi+red2 ^_ red 1+0x2, K

and starting with the only forms oxi and red2 in the initial state, (aij = Credj,i/C] = O, o.2\ -

: = 1) and setting aie = [redi] /Ci and <X2e = [red2] /C2 that :

V _C2 K 02e
• ~ T

(02e- I ) I a Z e ( I - K ) - 1]



where the equilibrium constant, K, is related to the redox potential values of the two couples.
Variations of y versus (X2e are shown on figure 4 for different K values. They lead to the following

understanding. Let 1 be the natural element (Fe) found in natural water and 2 the anthropogenic

element (Np). When y> 1 (man made ordinary chemistry, CNp = 10~3 M, Cpe = 10"** M) the effect

of the redox couple 1 (Fe(III)/Fe(II)) is not perceptible or is neglected and M2 remains in its initial

lower oxidation state, a2e ~ 1, (Np(IV), E° (Fe3+TFe2+) = 0.77 V and E° (NpO2+/Np4+) = 0.64 V,

K > 1). When y < 1 (CNp = 10'12 M, Cp6 = 10~8 M), that is when the anthropogenic element is at

very low concentration (if not at tracer level) it is fully oxidized, ct2e ~ O, (Np(V). The situation is

not so clear when y reaches values around 1 and a closer look at the system is then necessary. The

case of K = 1 is very demonstrative because :

Y
«2e = ——

(I+Y)

and we see thatfory> 1, (X2e = U fory<l, ct2e = O and for y = 1, (X2e = 0.5.

All these considerations do not take into account the thermodynamic activity coefficients of the M

species which are not necessarly equal to unity when CM is at tracer level (17).

5 - Dilution and colloids formation

Colloid formation (aggregates of size less than 0.5 p.m) of a long lived radionuclide does not differ

from that of ordinary inorganic colloids, as CM is high enough to allow a more or less continuous

condensation of monomeric hydrolysed species. However, when the CM value is very low, the

formation with time of a true radiocolloide (103 to 10^ atoms) in a fresh homogeneous solution is

questionable due to kinetic hindrance. Of course this factor disappears in natural underground

solutions considering times of migration and the existence of some local compartimentation giving

heterogeneous zones in which, for some reason, CM is higher then in the bulk solution. Possibilities

in aggregation can also be offered by displacements on a solid suface after sorption. However, the

probability for a radionuclide to give pseudo radiocolloids by reversible or non reversible fixation on

a natural inorganic or organic colloid (physical and chemical sorption, ion exchange, surface

complexation) of which the concentration can reache 10~3 M, seems greater than the formation of true

colloids. Thus it looses its identity and its behaviour is that of the natural colloidal phase. Its apparent

solubility increases and its migration is modified according to the size of the colloids and the filtration

equivalent power of the local geosphere. Formation of inorganic colloids is enhanced at low ionic

strenght.

Are solutions of natural true or pseudo colloids in thermodynamic equilibrium? is a question still open

to discussion. It is then difficult to go into further detail about the fate of the radionuclide.



We do not consider here adsorption on suspended particles (size higher than 1 n.m) of iron or

manganese oxides or on particles of calcium carbonate

6 - Dilution and the formation of a solid phase

During the migration of an anthropogenic element the solid compound, for instance MLn, which

controlled its "solubility" in the near field is likely to be formed again, except in some exceptional
places where Q > KS, Q being the concentration product and KS = [M] [L]n the solubility product of

MLn. It is more probable that the element will be engaged in coprecipitation reactions which operate

at concentration levels such that Q < K5 (18). In underground water the conditions for

syncrystallization seem to prevail because of the probable slow formation of small crystallites. But

true acid-base type syncrystallization processes need the coexistence in the aqueous phases of the

same complexes of M (microcomponent) and M' (macrocomponent) and the existence of

isomorphous crystals, and, furthermore well defined coprecipitations by syncrystallization, presently

known, involve simple systems, ionic crystals and the presence of the aqua ions Mn+ and M'n+. The

conditions of true syncrystallization are probably difficult to be fulfilled in natural aqueous solutions.
If by chance syncrystallization occurs the Berthellot-Nernst law applies :

x _ a - x

where x and y are the amounts of M and M' in the crystal and a and b the total amounts of M and M',
DM

F = — being a constant independent of the conditions of precipitation. If F > 1, M concentrates in

the crystal and some prediction could be made.

Unfortunately in other cases of syncrystallization the situation is not clear.

Anomalous mixed crystals are known to exist in which M is distributed homogeneously with F

constant, but for which M and M' do not form isomorphous crystals. Furthermore, a "solid phase

extraction " process can also take place through redox coprecipitation when only one oxidation state

of M coprecipitates with M1Ln'. For the simple case involving reduction of M aqua ion, three steps

could be imagined :

Mn+ + (n - n1) red ^ Mn'+ + (n - n') ox K

Mn'+ + n'L ^ (MLnOs K2

M'"'+ + n'L ^ (M1LnOs K'2

and it is easy to get, setting r = ( r~r:n)n ""'



r
K '2l +^1 + K

which shows that the process depends on local conditions by the way of the r parameter.

Finally in the case where syncrystallisation does not operate coprecipitation by adsorption, according
to Henry, Freundlich or Langmuir isotherms, can occur during the grow of crystallites and this give
solids where M is localized, by what is called "internal adsorption", on the edges, planes or defects of

the lattice.

Coprecipitations are complicated phenomenas depending on CM which are difficult to foresee in the

lack of well established thermodynamic laws and data. Of course coprecipitation cannot be, presently,

introduced into "speciation codes".

It is obvious that there is a need to get more data on coprecipitation in complicated systems including
oxides, hydroxides, carbonate or silicate of M' (Ca, Mg, Mn, Al, Fe) because every combination of
species with a zero net charge can be suspected to exist as is shown, by the immense number of

minerals found in the nature.

Another phenomena at tracer level could be the spontaneous deposition of M on conducting semi
metallic solids, such as FeS2, of which redox properties could be size dependent at nanometric level

(19).

7 - Consequences on sorpfion

The main consequence of all these phenomena is that the partition of radionuclides between natural
solution and natural solid phases in given conditions depends on the concentration of the element, in a
way which in general is not easily predictable. Thus Kd values are CM dependent and this is not only

the result of the existence of a limited number of active sites on the surface of solid phases, which of
course limit the sorption.

A simple approach is the following. When only Mn+ exchange with monovalent sites and when CM

is above a critical value :

CM !critical) = 103 —^

for which all the exchangable sites, N5 (per gram of solid) are saturated by M, Kd becomes :

10



and

dlodKd
dlogCM

= -1

On the other hand, when M is at tracer level, the concentration of M1 can be choosen higher than the

critical concentration :

CM' (critical) = 1031̂

such that M1 saturates all the sites and Kd becomes independent of CM because of the non

consumption of the sites by M which maintains [M'] constant in the solution. In fact the situation is

more complicated (see appendix 2). Figure 5 gives some illustrations of the variation of M in terms of

its distribution coefficient, D, (in the case where D = Kd) as a function of CM, for the situations

where M, or M and ML are present in solution. It can be shown that the influence of R can be

incorporated in a equilibrium constant K* = K (1 + R), K being the constant for the sorption of Mn+

by exchange with M' in the same oxidation state (subscript s indicates that M or M' is on the solid
phase) :

SM's + Mn+ ^ SM5 + M'n+> K

So the expression D = f(C, CL> CM and several constants) can be set up in every situation. In more

general cases the dependence of D versus CM and other parameters is very complicated.

Experimental results are rather scarce (5,20) because it is not always easy to vary the concentration

of element in laboratory experiments over several orders of magnitude. However the results show
clearly the influence of CM- I£ can be pointed out that the intake of radionuclides by living beings is
also CM dependent (21).

The number and the complexity of the various equilibria to be considered in migration in the

geosphere are the main factors which can discourage a thermodynamical "step by step" approach to
the problem. The practical use of a global approach using the Kd (or Ka) concept through a

retardation factor :

R f = l + c c K d

a depending only on the field parameters, seems more realistic. Of course Kd values, which include

the consequences of all the phenomenas discussed above, apply only to a given set of conditions and

cannot be used for extrapolation.

11



An improvement of migration computation should arise by giving more attention to the fact that Kd is

CM dependent. However how the Kd values depend on CM is imprévisible. Thus we must get

experimental data as representative as possible, measuring Kd value in large ranges of CM values to

reach, at least, the concentration limit (CM limit « 10'3 C) below which Kd is constant. When C is

very low, for instance around |*eq g"1, like for SiO2, CM must be, obviously, at tracer level. This

makes it necessary to have short lived radionuclides at tracer level and macroscopic amount of the

elements. Some are available on a commercial basis without difficulty, other must be synthetized by

nuclear reactions and then separated from the target (20).

Conclusion

In conclusion, we have pointed out that the migration of a radionuclide or an element through the

geosphere is dependent, in a complicated way, upon its concentration. The range of concentration of

interest in radwaste management of an HLW or IL alpha waste underground laboratory can extend

over several orders of magnitude down to 1(H^ to 1(H ̂  M. At this tracer level concentration,

special care must be given to extrapolate, when possible, the traditional behaviour of an element

studied at higher concentration. It is, of course, better to measure it, because a high decrease in

concentration can drastically modify what we know to happen in classical solution chemistry.

To clarify the importance of the concentration of M in partition between aqueous solutions and solid

phases, under various conditions, we need more research in particular in the field of coprecipitation

phenomena.

Acknowledgement : The author thanks F. Besnut, P. Beaudoin, P. Escalier des Orres and D.

Grenèche for fruitful discussions.

Appendix 1

When / = O the set of relations to be considered with reference to the equilibrium :

Mn+ + L-P ̂  ML(n-P)+ , K

are, if the charges are omitted :

[ML] = K [M] [L]

CL = [L]

CL = f(CHpL.«.)
CM =

12



where CHpL and CM are analytical concentrations. If we keep CL and CM as independent

parameters there are two ways to calculate R. If [ML] and [M] are first calculated by elimination of

[L]:

n [ML]
R~[M]

_ 2KCL _
1 - K(CL - CM) + [1 + K2(CL - CM)2 + 2K(CM + CL)] 1/2

and, if [L] is calculated by elimination of [ML] and [M] :

2 R = K [L] = K(CL - CM) - 1 + H + K2(CL - CM)2 + 2K(CL + CM)31/2

The two expressions are equivalent but the second one is easier to handle.

Setting A = [I+ K2(CL - CM)2 + 2K(CL + CM)], the derivative :

dR _ K . . . 1 - K(CL - CM) ,
~ I'1 + J

is always negative (dR/dCM <0 lead to the condition - 2 CL < O which is fulfilled), and

. - - [1+K(Ci.

never equal zero. R is then a continuously decreasing function of CM without any point of inflexion.

Appendix 2

For the simple case where the competitive sorption equilibrium between aqua ion Mn+ and M'n+

(same oxidation state) is :

SM's + M ^ SM5 + M1 K

and setting [M] = x, [M'] = y, the following relations hold :

„ [SM5] y
* = [SM'S] x

Cs = [SM'S] + [SM8]= C

CM' = y + [SM'S] = C + e

CM = x + [SM5]

13



C is the exchange capacity of the solid (in terms of concentration which means that we take m = 1 g

and V = 1 L in the definition of Kd = D V m" * , D being the distribution coefficient of M) and e the

initial concentration of M'. When M' = H it is supposed that n =1. Therefore :

and the route to calculate D which gives the more tractable expression of D is to find y by elimination

of x. Then :

[SM8] = y -e

[SM's] = C + e-y

x = CM + e - y

and

It is easy to see that when :

ç
- CM = O, x is equal to zero and consequently y = e, so D = K— has a constant value

£

- CM increases, [SM5] cannot be higher than C and CM - x < C gives y < C + e; so the limiting value

of D is zero. The problem is to know how D reaches these very low values as y increases from e to

e + C. Setting

b = CM + e

one can calculate y as the roots of :

(1 -K) y2 + [K(a + b) - e] y - K ab = O

The y values, when they exist in the range e to £ + C, depend on the values of K with respect to

unity. Expressions of y can be written as homogenous polynomias in CM. which reduce for high

values of CM to a linear function of CM- So when the decrease of D becomes appreciable from K— ,

the slope .. v- reaches the value - 1 .v dlog CM

14



In the special case e = O, which means that C is always higher than the concentration of M' (or H+)

the situation is the following :

.fv^. [K2(C - CM)2 + 4KC CM]1/2 - K(C + CM)
- i t K < I y- 2 ( 1 - K )

. i f K o i y=^M

1 K(C + CM) - [K2(C - CM)2 + 4KC CMl1/2

l y = 2(K - 1)

and the second root gives y values higher than C which are not convenient.

The expression of D is :

This case is of course unrealistic because it gives obviously an infinite value of D for CM = O, but it

is illustrative.

If now we suppose that M and ML are present in the solution :

CM = x( l+R)+ [SM5]
which gives

v _ C M - y
R

and all the previous expressions of y hold replacing K by K* = K(I +R) to calculate :

15



In this way the influence of CM can be easily appreciated considering appendix 1. It is when M is at
tracer level that the complexation has the the most important effect. In the case when E = O and R = O

the D values are given in the following table :

K < 1 or K > 1 K = I

ni r 2-0.9K-[0.81K2 + Q.4K]*/2
0'^ - [1+8/K]1/* -1.1 - 10K

2K
2' [1 + 8/K] - 3

CM=C K1/2 K
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Table 1

Important long lived (T > 103 years) radionuclides and toxic elements with regard to safety in the

management of high level radwaste. Half lives in 103 years because this period of time is expected

for a safe packaging.

Activation products

C14*(5.7), Ni59 (59), Mo93 (3.5), Zr93 (1.5 103), Nb94 (20)

Fission products

Se79 (65), Zr93 (1.5 1Q3), Tc99 (2.1 102), Pdl07, (6.5 103), 1129* (1.6 104), Csl35 (3 1(P)

Isotopes of heavy radioéléments

Disposal of used fuels

Family

4n_: Pu240 (6.56) and daughters U236 (2.34 104), Th232 (1.4 107) or precursor Cm244

(0.018)
4n+l : Np237 (2.14 103) and daughters U233 (1.59 102), Th229 (7.34) or precursor Am241

(0.432)

4n+2 : U238 (4.47 1Q6) and daughters U234 (2.45 102), Th230 (80), Ra226 (1.6) or precursor

Pu242 (3.75 102)

4n+3 : Pu239 (24) and daughters U235 (7.04 105), Pa231 (32.5) or precursor Am243 (7.37)

Disposal of HLW nuclear glasses and IL alpha wastes

4n±l : Np237 (2.14 103) and daughters U233 (1.59 103), Th229 (7.34) or precursor

Am241 (0.432)

other families : traces of the previous radionuclides present in used fuels

Toxic elements

Be B Cr Ni As Se Cd Sb Hg Pb
a) 50 50 50 10 5 10 1 50
b) 5.10-2 5.10-2 10-2 5.10-3 lQ-3 5.i0-2

*not present in nuclear glasses
1 2 1a) maximum value and b) recommanded value in drinking water in mg L'1

1 - French regulation about the quality of water for human consumption, décret 89-3, Journal

Officiel, January 30,1989
2 - OMS, Directive about the quality of drinking water, Geneva 1985.



Table 2

Expected rounded quantities, in metric tons, of the main long lived radionuclides and toxic elements

to be found in, and around, an underground repository designed for HLW nuclear glasses and IL

alpha waste coming from the use and reprocessing of 58500 tons of used fuel/45000tons of U (30

years of a 60 GWe, 60 x 6 TWh(e) year, French production ) at t = O and t = 104 years after the

closure of the repository. Data from French Electric Compagny EDFS. Losses in the recovery of U

and Pu during reprocessing : 0.5 %. Radionuclides and stable elements are mainly found in 14400

tons of glasses (4000 m3), 18000 tons of bitumen (65000 m3) and 150000 tons of concrete (30000

m3).

U235

U236

U238

Np237

Pu239

Pu240

Pu241

Pu242

Am241

Am243

Cm244

Zr93

Tc99

PdIO?

Csl35

Stable fission products : Zr, Mo, Nd, Cs, Ru,

t=0
2.25

250
20.8
1.44

0.63
0.35

0.13
13.6
5.88
1.6
32
36

8.8
60

Pd
1100

Be a

Ba'c

Se79
Cda,b
Sba,b

Hg, As
Pb

0.25

t=104 years
3.5
1.15
250
34.5
3.80

1.1
O

0.13
O

2.23

O
32
36

8.8
60

0.6

770(620C)

310(6C)

0.22

48
2
•7



Other elements will be : a Ag, 720, b Co 600, b Cu 66, b Mo 120, &F- 25, b CN- 400, b S2- 360,

stainless steele 2900 + f 1800, f Zr 12600, d concrete 150000, contain also in appreciable amount B

2, Be 0.6, Pb 10, Cd 0.03, Hg 10 and Ni 2.

These data can be compared with the quantities of toxic elements found in a 5 105 m3 classical waste

disposal : Cd, 10, Pb 100, Hg 2, Cr 100 and Ni 100.

a) Change of control road of reactors every 5 years

b) Chemicals from reprocessing of 15001 of used fuel by year

c) From glasses.

d) From conditioning of fuel pins, cladding and used materials.

e) From glasses canisters

f) From fuel pins and cladding

g) For a 1 GWe nuclear reactor giving 6 TWh(e) per year one removes, in average, each year, 25

tons of U (0.9% U235), 260 kg of Pu, 10.4 kg of Np,9.8 kg of Am, 0.8 kg of Cm; 750 kg of

fission products in which after 300 years 18 kg of Tc99,4.6 kg of I (3.7 of 1129), 55 kg of Cs (30

of Csl35), 80 kg of Zr (16 of Zr93) and 32 kg of Pd (4.4 of Pdl07) will remain, together with

traces of other radionuclides.



Table 3

Solubilities, in mol L-1, of some compounds of long lived radionuclides and toxic elements expected

to be found at the boundaries of an underground repository and species in solution, pH around 7.5

and Eh around -100 mV, pCO2 = 10'2 to 10'1 atm. (log [CO32'] = 2 pH -18.15 + log pCO2). Only

predominant expected species are tentatively given (Ref 30). Hydrolyzed species and carbonate
complexes of M(IV) are poorly known. Rounded log(3n values are given (Ref 27)

Th

U

Np

Pu

Am

Se(IH)

Zr

Tc

Pd(II)

Cs

ThO2

UO2am

[UO2(OH)2]

Np(OH)4

NpO2 am

[NaNpO2COs]

PuO2 am
Pu (OH)4 am

AmOHCOa

(pKs=20)
CaSeOs

ZrO2

Zr(OH)4

TcO2

PdO
PdS (pKs = 58)

no limit

10-10 to 10-8

10-1 1Io 10-5

10-12 to 10-9

10-4 to 10-5

ID"9 to 10-5

ID'4

ID'8 to 10-3

10"9 to 10"7

10-12 to 10-6

10-9 to 10-6

10-6

Th(OH)4

Th/OH/CO3

U(OH)4
U(IV)/OH/COs

UO2
+

UO2COs (10)

UO2(COS)2
2' (i7)

UO2(COs)S4' (21)
Np(OH)4

Np(IV)/OH/CO3

NpO2(COs)S- (5)
Pu(OH)4

Pu(IV)/OH/CO3
Pu (C03)n(4-2n), n<5

Am(COs)2- (10)

AmCOS+ (6)
SeOs2'

Zr/OH/COs

TcO(OH)2

Tc/OH/COs

Ref
22,23

29

22,23

27

22,23
25,27

22,23

22,23

27,28

22,23

22,23

22,23

26

24



toxic elements

Some insoluble salts are given with pKs (Ref 24) when known. Concentrations in solution will
depend strongly on water composition. Arsenites (AsOs^') and arsenates (AsO '̂) OfFe(II, III) and

of many cations especially Ni2+, Cd2+, Hg+, Hg2+, Sb^+ are insolubles.

Be Be(OH)2
Cr(IH) O-2O3, Cr(OH)3

Ni(II) Ni(OH)2(16), NiCOs (7), Nis(PO4)2 (32)

Cd(II) Cd(OH)2 (15), CdO (12), Cds(PO4)2, (33), CdS (29)
Hg(IJI) Hg(OH)2 (26), Hg20, Hg2CO3 (17), Hg2S (53),

orthophosphates
Pb(II) Pb(OH)2 (20), PbCOs (13), PbS (29), Pbs(PO4)2, PbSO4 (8)

As(III) many arsenites and arsenates

Sb(HI) Sb2(S04)3,
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Table 4

Concentration of radionuclides, Cj (see text), in discharged water in biosphere leading to an effective

dose of 10'6 Sv year1.

ng/Bq f(Sv Bq-1^ Cjb

TH229 1.2 10-1 2.4 10'6 2.1 10'16

U233 2.8 7.410-9 1.4 KT12

Np237 3.8 101 3.2 10'7 4.5 IQ"13

Tc99 1.5 6.7 10-10 2.010"n

Csl35 3.01O1 1.910-9 1.0 10'10

Zr93 1.0 IQl 1.010-9 1.010'10

Pdl07 2.91O1 6.2 ID'11 6.7 10'9

Ra226 2.7 10-2 2.2 10'7 5.0 10'16

Pa231 5.6 10-1 1.4 10'6 1.6 IQ'15

Th230 1.4 3.5 10'7 3.0 IQ'14

Th232 2.5 1Q5 1.8 10'6 5310-9

U234 4.3 7.410-9 2.2 10"12

U235 1.2104 7.810-9 6.010'9

U236 4.0102 6.9 10'9 7 010-9

U238 7.8 104 6.8 10'9 4-5 10-8

Pu239 4.3 10-1 5.610-7 2 91Q-15
Pu240 1.2 10-2 5.6 1Q-7 8"0 1Q-16

Pu242 6.8 10'1 5.610'7 4.5 10"14

Am243 1.3 IQ-I 5.3 10'7 9.5 iQ"16

1129 1.5102 1.0 10-7 1.01O-11

a) for adult and corresponding to a maximum gut transfer (Ref 31)

b) calculated with V = 3 litres
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Figures captions

Figure 1

Typical equivalent doses at the discharge point for a hypothetical reference underground

repository in granitic formation in the case of central scenario. (Adapted from PAGIS exercice,

Ref 12).

Figure 2

Simulated isoconcentration curves for a hypothetical reference underground repository in

granitic formation. Canisters (HLW nuclear glasses) and/or containers (IL alpha waste) are

disposed of 750 m below ground floor : HLW in 1800 wells of 30 m deep designed for 20

canisters and separated each other from 35 m over 2.5 km2, ILW in wells closer than for HLW

over 0.5 km2. These comparative figures, given by the MELODIE code correspond to the same

hydrologeogical input data and the same hypothesis about the fate of packaging. Years after

closure, U : 7 10 ,̂ Np and Cs : 2 10 .̂ Distances in metres.

a) U concentration in 10'6 M; O- near field 100,1- 3.3; 2-16.5: 3- 33; 4- 50; 5- 67.

b) Np concentration in 10-10 M; O) near field 1000; 1- 1.6; 2-16; 3- 32; 4- 50; 5-160.

c) Cs concentration in IO'7 M; 1- 2.5; 2- 25; 3- 250; 4- 750; 5- 2500.

Figure 3

Variation of R (see text) as a function of CM (compared to CL) for different values of KCL- OA

= KCL corresponds to CM = O, OB = ̂  (P + 4KCL]!/2 . i) corresponds to CM = CL, and OD

is the value of CM which gives R = 1. For KCL = 2, R = 1 when CL = CM, for KCL < 10'1,

R is slowly decreasing with CM-

a) KCL = 10, b) KCL = 1.5, c) KCL = 1.

Figure 4

Variation of y (see text) as a function of ct2e, 0< (X2e <1, for different values of K indicated on

the curves. Points A correspond to «2e = 0.25 (y = \F(25K;18.5K + 56)); points B to a2e = 0.5

(Y = T^K) and points C to a2e = 0.9 (Y = 9^7)- Values for points C are : 5.2 (K = 10'1),

9.9 (K = 1), 10.8 (K = 10), 110 (K = 102). For K < 1 only one asymptote (<X2e = 1) must be

considered, for K > 1 the shape of the curves change because of the influence of the second

asymptote ( (X2e = "j—^ < O).



Figure 5

Variation of D (see text) as a function of CM (compared to the exchange capacity C) for

different values of K indicated on the curves. Points A, B, C and D correspond respectively to

CM = 0.1 C, 0.5C, C and 2C. The expressions to calculate D values are given in appendix 2.

Curve a : K = 1, R = 9, K* = 10. Curve b : K = 10, R = 9, K* =


