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Summary 

This contribution presents the progress made in this task until October 31, 2013. The 
kinetic/thermodynamic modelling of experimental data produced at FZJ on Ra uptake during 
the recrystallization of two commercial barites (Sachtleben and Aldrich) was updated and 
now includes newly supplied data extending up to 658 days reaction time. After a first slow 
kinetic step, which lasted up to 120-180 days, a sudden decrease towards a minimum aqueous 
Ra concentration was observed, suggesting fast nucleation from supersaturation of a new 
(Ba,Ra)SO4 solid solution with ideal or even negative interaction parameter (a0 ≤ 0). This step 
corresponded to growth rates of up to 400 µmol m-2d-1. After this fast nucleation step, Ra 
concentrations in the aqueous solution slowly increased, approaching the equilibrium line of a 
regular (Ba,Ra)SO4 solid solution with interaction parameter a0=1.0, in agreement with 
theoretical predictions based on atomistic simulations. Therefore, these data indicate non-
equilibrium Ra entrapment during the mentioned fast precipitation event, followed by slow 
recrystallization towards true thermodynamic solid solution equilibrium.  

The Ra uptake experiments carried out at CHALMERS and KIT-INE involved lower 
(picomolar to nanomolar) total Ra concentrations, compared to the FZJ experiments 
(micromolar Ra concentrations). Moreover, in these experiments 133Ba tracer was added 
simultaneously to the Ra tracer, allowing an independent determination of (Ra,Ba)SO4 growth 
rates. The Ba tracer data indicate for both sets of experiments recrystallization rates and a0-
values comparable to those inferred from earlier published experiments conducted in a similar 
range of aqueous Ra concentration. However, the results of the KIT-INE experiments could 
not be interpreted in terms of the classical heterogeneous and homogeneous recrystallization 
models. A new model, requiring repeated dissolution-precipitation of previously formed Ra-
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barite monolayers and baptised “continuous recrystallization model”, successfully described 
the Ra-uptake experiments conducted at KIT-INE. The different growth mechanism inferred 
for these experiments may be related to much longer pre-equilibration times of the initial pure 
barite (seven months, compared to a maximum of few weeks in the other experiments). 

Thermodynamic modelling  indicates for the CHALMERS data formation of regular 
(Ra,Ba)SO4 solid solutions with moderately positive interaction parameters (a0 = 0.7-1.2), 
whereas the KIT-INE data point to the formation of solid solutions close to ideality.  

One of the essential results arising from the three experimental studies is that the non-
dimensional interaction parameter describing the formation of the binary (Ba,Ra)SO4 solid 
solution ranges between a0 = 0.0 and a0 ~ 1.0. The latter value seems to reflect long-term 
thermodynamic equilibrium and agrees with theoretical predictions based on atomistic 
simulations. This finding has direct relevance for the safety assessment of radioactive waste 
repository sites, since it constrains the solubility and thus the mobility of radium in such 
environments.  

 

Background and Objectives 

It is well known that a minor element precipitating within a dilute solid solution will have a 
much lower solubility than if the same element is precipitated as isostructural pure solid. This 
effect may be particularly beneficial for the safety assessment of radioactive repository sites, 
if it can be shown that radionuclides released from the waste will form dilute solid solutions 
with secondary host minerals. In the case of radium, formation of (Ra,Ba)SO4 solid solutions 
by reaction of sulphate-rich aqueous solutions with Ba and Ra isotopes released via waste 
corrosion is considered to be likely (Curti et al., 2010; Bosbach et al., 2010). This process 
would reduce the concentration of dissolved radium in the mobile aqueous phase by orders of 
magnitude compared to a system in which the solubility is controlled by pure radium sulphate. 
Eventually, the mobility of 226Ra and its contribution to radiological doses would decrease to 
levels largely below those predicted assuming that a pure solid (e.g. RaSO4) controls Ra 
solubility. 

A thorough understanding of the mechanisms leading to Ra-barite formation and the careful 
quantification of related thermodynamic data (non-ideality parameters, end-member solubility 
products) is a prerequisite to reliably predict the contribution of 226Ra to radiological doses in 
safety assessment calculations. In this work package, the main objectives were: (1) to model 
experimental data provided by other SKIN partners on the uptake of Ra during barite 
recrystallization in terms of solid solution thermodynamics (determination of interaction 
parameters) and kinetics (growth rates of radiobarites); (2) to review available data on RaSO4 
solubility product, in order to verify the reliability of the values currently used in 
thermodynamic databases.  
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Recrystallization models  

Classical models 

In a recrystallization process, also called replacement, a newly formed secondary phase grows 
at the expense of a dissolving primary phase (Putnis, 2009). In this study, the primary phase 
is pure barite, whereas the secondary phase is Ra-barite solid solution. Barite recrystallization 
rates can be determined by adding a known aliquot of  133Ba radiotracer to an aqueous 
suspension of barite particles and then monitoring the gamma activity of the aqueous solution 
over time. The 133Ba removed from solution is necessarily incorporated in the secondary 
(growing) phase and is thus indicator of the amount of newly formed barite solid solution. 
The rate of 133Ba removal is proportional to the growth rate of the secondary barite, which is 
defined here with the term “recrystallization rate”. 

Recrystallization rates derived by isotope tracer methods in batch experiments are forcedly 
model-dependent, since they are associated to conceptual ideas of the recrystallization 
mechanisms at the microscopic scale. So far, two such idealized mechanisms have been tested 
(Curti et al., 2010): the so-called homogeneous and heterogeneous incorporation models as 
described by Doerner and Hoskins (1925) and McIntire (1963). These models describe trace 
element uptake during coprecipitation with a solid precipitated from oversaturated solutions. 
During homogeneous incorporation, the total amount of recrystallized (i.e. newly 
precipitated) solid is at all times in full equilibrium with the solution, so that the trace element 
is distributed homogeneously within the growing solid. The trace element concentration in the 
solid changes with time, but there is no internal concentration gradient.  

In the case of heterogeneous incorporation, the equilibrium between growing solid and 
aqueous solution is limited to a thin surface layer, ideally a few atomic monolayers thick. As 
recrystallization proceeds, this surface layer is covered by newly precipitated solid and 
becomes inert, i.e. isolated from exchange with the aqueous solution. In such systems, no full 
thermodynamic equilibrium is reached, only partial equilibrium between aqueous solution and 
a thin mineral surface layer exists. Consequently, there is no internal equilibration of the 
growing crystals and the trace element distribution within the solid will be in general 
heterogeneous, giving rise to the characteristic concentric zoning patterns frequently observed 
in natural crystals.  

The original homogeneous and heterogeneous models were originally developed for foreign 
elements coprecipitating with a host solid from an oversaturated aqueous solution (e.g. Sr2+ in 
CaCO3). In 133Ba-barite recrystallization experiments, a tracer isotope of Ba (133Ba) is 
incorporated in pure BaSO4 under close-to-equilibrium conditions. This required a different 
mathematical development of the aforementioned models, which is described in Curti et al. 
(2010), leading to the following equations: 
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where AL(t)/AS(t) is the ratio of 133Ba activity in the aqueous solution sampled from the barite 
suspension at time t to that of a standard solution containing the total initial 133Ba activity, ν(t) 
is the amount of barite recrystallized per unit mineral surface area [mol m-2], [Ba]  is the total 
Ba concentration in aqueous solution (M), σ is the specific surface area [m2 g-1] of the initial 

barite and (S/V) is the solid to liquid ratio (g l-1). Solving for ν(t) allows to construct curves of 
the amount of barite recrystallized versus time. The recrystallization rate R [mol m-2 d-1] is 
then simply the time derivative dν(t)/dt. Assuming a constant recrystallization rate R, ν(t) can 
be replaced by R t, and the two equations can be used to test the two models against the 
measured 133Ba activity data, using R as adjustable parameter. Although there is no guarantee 
that recrystallization will proceed at constant rate, a perfect fit to the activity data using a 
given model with constant rate would be a strong indication in favor of the recrystallization 
mechanism assumed in that model. For instance, the recrystallization data of Curti et al. 
(2010) could be fitted satisfactorily by applying the homogeneous incorporation model with a 
constant rate, whereas it was not possible to do the same by applying the heterogeneous 
recrystallization model. 

The “continuous recrystallization” model 

In the classical recrystallization models described in the preceding section, it is implicitly 
assumed that dissolution-reprecipitation is a “one way” process, i.e. the primary phase 
dissolves and a new, stable phase is produced in a single step. Here, we describe a new model 
(denoted “continuous recrystallization model”) in which it is assumed that each infinitesimal 
layer of newly formed solid undergoes repeated recrystallization cycles during the course of 
the process. This model was developed after realizing that the data obtained at KIT-INE 
cannot be explained by the classical models and yielded satisfactory fits to those data (see 
later).  

The continuous recrystallization model assumes monolayer by monolayer recrystallization 
from outside towards the internal part of the primary crystals, i.e. it follows a pseudomorphic 
replacement model (see Fig. A1.1, Appendix A1) as described by Putnis (2009), although it 
may well be extended to systems where primary and secondary phase are separated in space. 
A monolayer is a single atomic layer (thickness d = 3.5 x 10-10 m for barite). After the first 
monolayer of the primary pure mineral is dissolved, it reprecipitates in situ as more stable 
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phase, for instance as Ra-barite solid solution. The solution then reacts with the next 
monolayer of primary solid and the same recrystallization step takes place, and so on.  

The basic idea is that, before a given monolayer of the primary solid is dissolved and re-
precipitated, all the previously formed secondary solid must recrystallize again in order to 
adjust to the new solution composition. This means that all monolayers except the most 
internal one at the reaction front will have to recrystallize repeatedly. The total amount of 
mineral recrystallized in such a process (the integral) is at any time larger than the visible 
(net) amount of recrystallized solid. A more detailed explanation and the mathematical 
development of the model are given in Appendix 1. 

Modelling of FZJ data 

Experimental 

Extensive Ra uptake experiments were carried out at FZJ. In these experiments, conducted at 
room temperature (RT) and 90 0C, two commercial barite powders, Sachtleben® (SL) and 
Aldrich® (AL) were aged in 0.1 M NaCl + 5 µM RaBr2 solutions during up to 658 days. The 
Ra concentration in solution was measured by gamma spectrometry at regular intervals. Here, 
we present modelling work performed on the data delivered until October 31, 2013. 

Kinetic model  

Because no 133Ba exchange experiments were carried out at FZJ, an identification of the 
recrystallization mechanisms based on the models described in the previous chapter is not 
possible. However, it is possible to derive recrystallization rates for homogeneous 
recrystallization by the fitting procedure described below.  

In the basic equation, the recrystallization time t (s) is expressed as a function of the amount 
of newly formed barite solid solution n (mol), the specific surface area σ (m2/g), the solution 
volume V (l), the solid to liquid ratio S/V (g/l) and a surface-normalized recrystallization rate 
R (mol m-2 d-1): 

( / )

n
t

V S V Rσ
=          (3) 

In the equation above, σ is a constant equated to σ0 , the initial mineral surface area. New 
particle size distribution data, based on SEM images, showed however that the specific 
surface area of AL barite had decreased by about a factor of two after 443 days ageing in the 
presence of Ra-bearing solution. A much smaller decrease (less than 10%) was observed for 
SL barite under the same conditions. In order to evaluate the effect of variations in mineral 
surface area, the simple growth kinetics model described by eq. 3 has been extended. To 
implement surface area variations in a simple way, we assumed that the mineral surface area 
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is varying linearly with the progress of recrystallization between the initial value σ0 and a 

final value σf : 
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For the practical implementation, we used quantities scaled to 1 kg of water solvent (~ 1 L), 
thus the above equation is expressed as: 
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where square bracket denote molar concentrations. Introducing the molar weight of barite 

(MWbarite) and noting that [ ]0 ( / ) / bariten S V MW= one obtains: 
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Substitution of eq. (6) into eq. (3) yields finally: 

[ ]
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n
t
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     (7) 

 

Equation (7) can be used to calculate the reaction time needed to grow an amount n of solid 
solution at a constant growth rate R in a suspension of mass concentration (S/V) while the 
specific surface area varies linearly between an initial value σ0 and an endpoint σf. The values 
of n are calculated separately via the GEM-Selektor code (Kulik et al., 2013; Wagner et al., 
2012) for a given solid solution model, characterized by the interaction parameter a0.  

The Ra concentration data were fitted using the following two-step procedure: 

(a) Calculation of a series of equilibrium states as a function of the increasing amount (n) of 
(Ra,Ba)SO4 with the GEM-Selektor (GEMS) code. This yields the equilibrium Ra 
concentrations as a function of n up to the total amount of barite used in the experiments and 
for the selected solid solution model (ideal or non-ideal).  

(b) Determination of the reaction time t(n) via eq. (7) 

For each value of n calculated with GEMS, a reaction time can be computed from the 
equation above. Because the GEMS calculations include the concentrations of Ra at 
equilibrium with the selected solid solution, each t(n) value can be readily associated to the 
corresponding equilibrium Ra concentration, [Ra](n). Since there is no independent 
determination of the recrystallization rate in these experiments, R was used as adjustable 
parameter to fit the Ra concentration data. 
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RT experiments at 0.5 g/l  

The data of the two experiments carried out at RT with SL and AL barites at 0.5 g/l are 
illustrated in Fig. 4.3.1a and 4.3.1b with model curves for ideal solid solutions (blue) and 
regular solid solution with interaction parameter a0=1. The latter value corresponds to the 
theoretical equilibrium value of a0 recently determined via atomistic simulations by the double 
defect method (Vinograd et al., 2013). Continuous lines correspond to the usual model with 
constant specific surface area fixed at the initial value, whereas the blue stippled line in Fig. 
4.3.1b was calculated assuming a linear reduction of σ to half the initial value (from 1.7 to 
0.85 m2/g).  

In both experiments, an initially slow decrease in the aqueous Ra concentration, simulated 
through a constant recrystallization rate R1, is followed by a sudden decrease of 1-2 orders of 
magnitude after about 100 days (SL) or 180 days (AL). Simulating this second kinetic step 
required much higher rates than for the initial stage (R2 >> R1). Whereas the growth rates 
inferred for the first kinetic stage are in the order of magnitude of recrystallization rates 
determined through 133Ba exchange in previous Ra-barite uptake experiments (Curti et al. 
2010; Bosbach et al., 2010) the high extrapolated R2 values are, at least for the tests with SL 
barite, much faster. They probably indicate sudden nucleation of a new Ra-barite phase. 
During this step, the Ra concentration in the aqueous phase decreased below the ideal solid 
solution line, indicating negative values for the interaction parameter a0. After reaching a 
minimum at 200 days (SL) and 350 days (AL) the aqueous Ra concentration slowly increases, 
approaching in both cases (though not reaching) the a0=1.0 equilibrium lines. At the time of 
this reporting, no steady state was attained yet, but the observed behaviour strongly suggests 
that after the fast nucleation step the Ra-barite slowly recrystallizes towards an equilibrium 
state close to the theoretically predicted a0 value of 1.0 (Vinograd et al., 2013). Therefore, the 
sudden Ra decrease at 100/180 days probably represents non-equilibrium entrapment (see 
deliverable D4.2), not a thermodynamic equilibrium state. 

Fig. 4.3.1b also shows the effect of decreasing surface area according to eq. 7 (blue stippled 
line). We recall that in the applied kinetic model recrystallization is assumed to occur 
epitaxially on the pre-existing mineral surface and is thus proportional to surface area. As 
expected, reducing the available surface area leads to a delay in attaining equilibrium 
conditions (the horizontal, constant Ra concentration line). It is quite evident that the 
predicted effect is opposite to the observed slight increase in Ra concentrations observed at 
long reaction times. This observation and the very high inferred growth rates (up to 400 µm 
m-2 d-1) suggest that growth rates of the newly formed barites are not proportional to the bulk 
mineral surface. This conclusion is corroborated by the surprising observation that SL barite 
is much more reactive than AL barite, although the latter has a 10 times larger specific surface 
area than SL barite (1.7 m2g-1 vs.0.17 m2g-1).   
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(a) SL barite 
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(b) AL barite 

Figure 4.3.1: Experimental data of FZJ Ra-barite recrystallization experiments carried out at 
room temperature and S/V= 0.5 g/l, compared with model calculations (see text for 
explanations). 

 

RT experiments at 5 g/l  

The higher reactivity of SL barite is clearly observable also in the experiments conducted at 5 
g/l, as shown in Fig. 4.3.2a, where the results of two such experiments are compared to those 
of the previously discussed 0.5 g/l experiments. In general, the second (fast) kinetic stage of 
Ra precipitation occurs earlier in the 5 g/l experiments, or is even absent. Moreover, it is 
evident from Fig. 4.3.2b that the onset of fast Ra uptake occurs at different, unpredictable 
times, which is also an indication for a sudden nucleation process. 

The growth rates inferred for the 5 g/l experiments are reasonably consistent with those 
derived for the 0.5 g/l experiments. A main difference between the two sets of experiments is 
the earlier onset of the fast precipitation stage in the 5 g/l tests (less than 30 days).  

The a0 values corresponding to the minima of aqueous Ra concentrations were found to be 
close to 0 (ideal solid solution) for the 5 g/l tests and even negative for the 0.5 g/l tests. 
Contrary to the 0.5 g/l experiments, a subsequent slow increase in Ra concentration is barely 
visible in the 5 g/l tests. This may be related to the fact that a much larger mass of Ra-barite is 
formed at such high S/L. Consequently, a much longer time is required in order to release and 
re-precipitate the entrapped Ra in a thermodynamically stable (Ra,Ba)SO4 phase with a0=1, 
via recrystallization.  
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 Figure 4.3.2: (a) Comparison of Ra-barite uptake experiments carried out at FZJ with 0.5 g/l 
(open symbols) and 5 g/l S/V ratio (full symbols). (b) Three different 5 g/l experiments carried 
out with SL barite showing different onset times of fast Ra precipitation.   

 

Effect of thermodynamic data uncertainty  

The thermochemical data applied to predict aqueous-solid equilibria in the chemical system of 
interest (Ra-Ba-Na-S-Cl-O-H at 298 K and 1 bar) are in general of good quality. Some minor 
uncertainty remains on the solubility product of RaSO4, as described in the 2nd annual 
workshop proceedings (pp.138-139). All calculations discussed until now have been carried 
out using the Nagra-PSI database (Hummel et al., 2002) which includes a value of -10.26 for 
log Ks

0(RaSO4). In order to evaluate the effect of the uncertainty in the solubility product of 
Ra sulphate, comparative calculations have been carried out using the lowest limit of the 
uncertainty range, i.e. log Ks

0(RaSO4) = -10.40. The rationale for selecting the lowest limit 
was to verify whether the mentioned negative a0-values would disappear assuming a lower 
log Ks

0(RaSO4). Fig. 4.3.3 shows that this is not the case. The effect of decreasing log 
Ks

0(RaSO4) from -10.26 to -10.40 is small and insufficient to “avoid” the Ra concentration 
minima to be below the ideal solid solution line. 

In summary, it can be concluded that the interpretation of the chemical processes occurring 
during the Ra uptake experiments conducted at FZJ does not depend on uncertainties in the 
solubility product of RaSO4.  

Barium concentrations in the aqueous phase  

Fig. 4.3.4 shows Ba concentrations measured by ICP-MS for selected Ra-uptake experiments 
as a function of reaction time. The red lines show the theoretical solubility of Ba in 
equilibrium with pure barite for the system of interest, i.e. 3.0 x 10-5 M in 0.1 M NaCl.  
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Figure  4.3.3: Comparative kinetic-thermodynamic model for experiment #1.5, carried out 
with SL barite at 0.5 g/L. Continuous lines indicate calculations carried out with 
log Ks

0(RaSO4) = -10.26; broken lines show the results obtained assuming Ks
0(RaSO4) =       

 -10.40. Blue curves were obtained assuming formation of ideal (Ba,Ra)SO4 solid solutions, 
whereas red curves are predictions for regular solid solutions with interaction parameter 
a0=1.0. 
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(b) 

Figure 4.3.4: Temporal evolution of aqueous Ba concentrations during the Ra-barite 
experiments carried out at FZJ: (a) 0.5 g/L experiments, (b) 5 g/L experiments. The red 
continuous line denotes saturation equilibrium with pure barite in the initial solutions. The 
red dotted line shows the upper limit of Ba concentrations in equilibrium with (Ba,Ra)SO4. 
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The plot on the left side (a) refers to the experiments conducted at S/V=0.5 g/l. All data points 
so far measured for these experiments indicate Ba concentrations significantly larger than the 
theoretical equilibrium concentration in equilibrium with pure barite. When a solid solution 
forms, the concentration of the host cation in solution should in principle decrease due to the 
dilution effect caused by the incorporation of foreign ions. A possible reduction in aqueous Ba 
concentration caused by formation of (Ba,Ra)SO4 solid solution in our system would be 
however negligible, since the mole fraction of RaSO4 is very small in these BaSO4 dominated 
systems. On the other hand, incorporation of radium in (Ba,Ra)SO4 via recrystallization of 
initially pure BaSO4 will displace some Ba to the solution.  Assuming a limiting (non-
equilibrium) case in which all Ra (5 x 10-6 M) is trapped in the recrystallized solid and an 
equivalent excess of Ba is released to solution, the upper limit of the final Ba concentration 
for a constant molar amount of barite present at all times will be 3.0 x 10-5 + 5 x 10-6 = 3.5 x 
10-5 M. This limit, imposed by mass balance constraints in a closed system, is shown as 
dotted red line in Fig. 4.3.4. However, practically all 0.5 g/l Ba concentrations and most of the 
5 g/l Ba concentrations (up to about 200 days) lie above the dotted red line. This indicates that 
dissolution initially prevails over precipitation, leading to supersaturation. All data points 
above the dotted red line represent solutions supersaturated with respect to both pure and Ra-
bearing barite. Such behaviour is expected during dissolution-precipitation driven 
recrystallization and is indeed corroborated by the Ra data in the experiments conducted at 0.5 
g/l. The evolution in the 5 g/l experiments is somehow different. After initially quite high 
degrees of supersaturation, which correlate quite well with the previously discussed early 
onset of fast Ra precipitation, the Ba concentrations steadily decrease, suggesting that 
saturation equilibrium is slowly approached. One would expect then Ba concentrations to 
reach constant (time-independent) values between the two red lines. However, the last two 
data points at t = 443 days indicate Ba concentrations clearly below the saturation line, which 
cannot be explained at the moment. Future measurements will have to be awaited in order to 
decide on the relevance of these two measurements. 

Modelling of KIT-INE data 

Experimental 

Recrystallization experiments have been carried out with SL barite in 0.1 M NaCl at a mass 
concentration of 0.1 g/l, at room temperature and with 133Ba and 226Ra simultaneously present. 
The SL barite had been previously aged in aqueous solution during 7 months. The 
simultaneous use of 133Ba and 226Ra tracers allowed an independent determination of the 
recrystallization rate, i.e. the determined rate is not a fitted parameter.  Four experiments were 
performed, under the conditions described in Table 4.3.1. The Ra concentrations used for 
these experiments (0.5- 12 nM) are comparable to those used in earlier published experiments 
(Curti et al. 2010; Bosbach et al. 2010) and much lower than in the experiments performed at 

FZJ (5 µM). 
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Table 4.3.1: Summary of barite recrystallization experiments carried out at KIT-INE in the 
framework of the SKIN project. 

 [133Ba]total 

(mol/l) 

[226Ra]total 

(mol/l) 

pH 

A 2.7 x 10-10 0 5 

B 2.7 x 10-10 4.7 x 10-10 3.55 

C 2.8 x 10-10 1.1 x 10-9 3.15 

D 2.7 x 10-10 1.2 x 10-8 4.17 

 

Recrystallization Kinetics  

As previously stated in the “Recrystallization Models” section, it was not possible to 
reproduce the 133Ba exchange data obtained at KIT-INE using the equations developed for the 
homogeneous and heterogeneous incorporation models. Moreover, the removal rate of 133Ba 
tracer from solution was much slower than in the experiments of Curti et al. (2010) and 
Bosbach et al. (2010). This called for the development of a new model, based on the 
assumption of permanent recrystallization of the newly formed secondary barite to adapt for 
the continuosly changing aqueous phase composition. Accordingly, this model (see Appendix 
A1 for details) is called here continuous recrystallization model. 

Figure 4.3.5 shows the modelling results for the four experiments conducted at KIT-INE. In 
the left column, best fit curves are shown for the three previously discussed recrystallization 
models, in a plot where the 133Ba activity in solution AL (normalized to the total added activity 
measured from standard solution, AS) is represented as a function of reaction time. 

The red curves correspond to the heterogeneous incorporation model, the green curves to the 
homogeneous incorporation model and finally blue curves depict the behaviour expected if 
the continuous recrystallization model applies. Whereas for experiments A and B model 
discrimination is difficult, due to considerable scattering in the data and a limited decrease in 
tracer concentration, experiments C and D are unequivocally well reproduced only through 
the continuous recrystallization model. There is no way to reproduce the data assuming either 
heterogeneous or homogeneous incorporation model with a constant recrystallization rate, as 
these predict a much faster decrease in 133Ba activity than observed. 

The right column in Fig. 4.3.5 shows the effective and bulk growth rates (Re and Rb, 
respectively) corresponding to the continuous recrystallization curves on the left side (i.e. the 
blue curves). Re is the rate at which secondary barite is formed at the microscopic scale, 
assumed to be constant. Because it is assumed that each layer of the barite crystal is being 
replaced repeatedly, Re is in general much larger than the macroscopic bulk rate of 
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replacement, Rb, which refers to the net amount of recrystallized solid and thus decreases with 
time. Although the effective rate of replacement is very high (10 < Re < 173 µmol m-2 d-1 ) the 

bulk rate decreases rapidly to values comprised between 1 and 10 µmol m-2 d-1, which are 
quite comparable to the recrystallization rates determined in earlier published experiments, for 
which either heterogeneous or homogeneous recrystallization mechanisms applied.  

Originally, these experiments were carried out with the objective of verifying the influence of 
Ra on recrystallization kinetics. By comparing Fig. 4.3.5 and Table 4.3.1 one can identify a 
positive correlation between the added Ra concentration and the rate of removal of 133Ba, 
suggesting that Ra may catalyze the recrystallization. However, the results correlate even 
better with the pH-value, which varied from 3.15 to 5 among the four tests. Because it is 
known that barite dissolution kinetics is pH-dependent (Dove and Czank, 1995), the two 
effects cannot be separated. Further experiments at fixed pH would be required to verify the 
effect of Ra concentration on barite recrystallization kinetics. 

In summary, the model calculations clearly indicate that the “continuous recrystallization” 
mechanism is more appropriate than the “classical recrystallization models” to explain the 
results obtained at KIT-INE. There is no doubt that another mechanism is operating in this 
case, although the reasons are not well understood at the moment. The only systematic 
difference between these experiments and all other experiments, including those described by 
Curti et al. (2010) and Bosbach et al. (2010), seems to be the longer pre-equilibration time. 
The SL barite used in the KIT-INE experiments was equilibrated during seven months, 
whereas ageing time in all other experiments were in the range of hours to weeks.  

A further indication that pre-equilibration could play a role in affecting the mechanisms of 
recrystallization is the fact that the surface area of SL barite decreased from about 0.4 to 
0.15 m2 g-1 during the ageing (Heberling, pers. comm.). Another distinctive feature is the 
simultaneous use of 133Ba and 226Ra tracers in the KIT-INE experiments. However, the 
presence of Ra cannot be invoked as being the cause of the change in recrystallization 
mechanism, since Ra was present in experiments B, C and D, but not in experiment A, which 
was carried out with 133Ba only (as in the mentioned published studies).  

Clearly, any further progress in this subject will depend on the ability of using in-situ 
microscopic methods to unravel the operating dissolution-precipitation mechanisms. 
Modelling of such batch experiments will not be sufficient to resolve this issue.  
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Figure 4.3.5: From top to bottom, modelling results for KIT-INE recrystallization data for 
experiments A (circles), B(rhombs), C(squares) and D (triangles) . See text for explanations. 
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Thermodynamic Modelling 

We used the combined 133Ba and 226Ra data to model the formation of secondary (Ra,Ba)SO4 
for experiments B, C and D with the help of GEM-Selektor code (http://gems.web.psi.ch). 
Values of [n] (moles of barite recrystallized per liter of solution) were calculated directly from 
experimental 133Ba(solution)/133Ba(total) ratios (AL/AS) and are time independent. For a given 
value of (AL/AS) both homogeneous and continuous recrystallization models yield identical 
values. It is not possible to correlate the results of our thermodynamic calculations to the 
heterogeneous recrystallization model, since this is a partial equilibrium model, i.e. the 
internal parts of the crystals are declared as not being in equilibrium with the solutions. 
Although tools are now being developed to deal with such non-equilibrium systems (see 
Kulik and Thien, deliverable D4.2), this work is in progress and beyond the scope of the 
present study.  Fig. 4.3.6 summarizes the results of the calculations in a single plot showing 
the measured aqueous Ra concentrations as a function of the amount of recrystallized barite. 
The data are compared to GEMS calculations where formation of either ideal (thick 
continuous curves) or regular solid solutions with interaction parameters a0 = +1.0 (dotted 
curves) and a0 = -1.0 (broken curves) were assumed. The results point to formation of 
(Ra,Ba)SO4 solid solutions close to ideality in all three experiments, independently of the 
added Ra concentrations. This result contrasts with the updated results from the FZJ 
experiments, which indicate regular solutions with moderately positive interaction parameter 
in the long-term (a0 → 1 for t > 200 days). Note however that the modelled KIT-INE 
experiments reach only a reaction time of 179 days.  
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Figure 4.3.6: Experimental data from Ra-barite interaction experiments carried out at KIT-
INE compared to predicted Ra equilibrium concentrations for ideal and regular solid solution 
models as a function of the amount of recrystallized barite. 
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Modelling of CHALMERS data 

Experimental 

Ra uptake experiments on self-produced barite were carried out at room temperature with 
simultaneous addition of 223Ra and 133Ba tracers to monitor the recrystallization kinetics. 
Three solutions (System 1, 2, 3) containing 100 ml of 0.01 M Na2SO4 and 0.05 g of BaSO4 
were prepared in 250 ml plastic bottles and pre-equilibrated during 10 days. Thereafter, 223Ra 
and 133Ba spikes were added. In System 3, only 133Ba was added (Ra-free experiment). The 
pH of the final suspensions was 5.4. Blank tests without addition of barite showed that no 
tracer adsorption on the walls of the vessels took place.  

Recrystallization Kinetics  

Surface normalized rates based on 133Ba data cannot be modeled precisely because the 
specific surface area of the BaSO4 solid was not determined experimentally. Based on the 
information that the synthesized BaSO4 was passed through 0.5-1.0 mm sieves and assuming 
a “roughness factor” of two, a value of σ0 = 0.0036 m2 g-1 was estimated. The “roughness 
factor” was determined from available BET surface area and particle size data of other barite 
powders. 

Fig. 4.3.7 shows the best fits for two experiments against the previously discussed 
homogeneous and heterogeneous recrystallization models, obtained using the aforementioned 
σ0 value. The continuous recrystallization model was found to be inappropriate and is 
therefore not shown.  

 

 

0.01

0.10

1.00

0 10 20 30 40 50 60 70

time [d]

13
3 B

a s
ol

ut
io

n/
13

3 B
a t

ot
al
 [ 

- 
]

heterogeneous

homogeneous

 

(a) 

  

0.1

1.0

0 10 20 30

time [d]

13
3 B

a s
ol

ut
io

n/
13

3 B
a t

ot
al
 [ 

- 
]

homogeneous

heterogeneous

 

(b) 

Figure 4.3.7: Best fits of 133Ba data from two BaSO4-tracers interaction experiments in 
0.01 M Na2SO4: (a) System 1 = test with simultaneous addition of 223Ra and 133Ba tracers 
(only data before addition of a second 223Ra aliquot are considered); (b) System 3 = Ra-free 
test with addition of 133Ba only. 



7th EC FP – SKIN  /Deliverable 4.3   Enzo Curti :Kinetic and Thermodynamic Modelling  

                                                                                                                               

 

  

                                    

 

17 

In spite of the large uncertainties in recrystallization rates introduced by the approximate 
value of the barite specific surface area, the current modeling results can nevertheless be used 
to identify the appropriate recrystallization mechanism. As clearly shown in Fig. 4.3.7a, the 
data obtained from the System 1 experiment can only be reproduced by the homogeneous 
recrystallization model. It is not possible to obtain a satisfactory fit with the heterogeneous 
model, which requires an exponential decrease of the 133Ba activity in solution (i.e. a linear 
decrease in the semi-logarithmic plots of Fig. 4.3.7). Conversely, the data of system 3 define a 
linear trend, following the heterogeneous recrystallization model.  

We have currently no explanation why in the two experiments two different recrystallization 
mechanisms should operate; we can only suggest that this difference may be related to the 
presence (System 1) or absence (System 3) of radium in solution.  Note that the estimated 
recrystallization rates of 60 µmol m-2 d-1 and 15 µmol m-2 d-1 derived from the best fits of 
System 1 and System 3 data, respectively, are close to the upper limit of values derived in the 
experiments of Curti et al.(2010) and Bosbach et al. (2010).  

System 1 was a double spiking test, i.e. a second aliquot of 223Ra was added 42 days after the 
start of the experiment. At that time, more than 90% of the initial 223Ra had already decayed. 
Fig. 4.3.8 shows simultaneously the 133Ba and 223Ra aqueous concentration data for this 
experiment. After the addition of the second 223Ra spike at 42 days, the 133Ba concentration 
temporarily increased until 45 days (although no second aliquot of 133Ba spike was added), 
before it then continued to decrease. The close-up of the 40 - 60 days interval (Fig. 4.3.8b) 
shows clearly that 133Ba starts to increase exactly at the time of the second 223Ra addition.   

This short-term, transitory increase in 133Ba is an indication that the Ra-barite formed after the 
first tracer addition was at least partially dissolved soon after addition of the second 223Ra 
aliquot. Because most of the 223Ra from the first spike had already decayed at that time (and 
therefore the secondary Ra-barite had “reverted” to almost pure BaSO4) the addition of a 
second radium aliquot must have caused a destabilization and thus dissolution of the first 
(now almost radium free) solid, causing a net release of 133Ba to the aqueous phase. The 
decrease in 223Ra concentration between 42 and 45 d indicates simultaneous growth of a new 
secondary Ra-barite. The fact that we can observe a transitory increase in 133Ba implies that 
the net rate of 133Ba release from the first secondary barite exceeded the rate of 133Ba uptake 
by the new solid, a quite fortuitous and lucky circumstance revealing the details of the growth 
and dissolution reactions taking place in this system.  

Thermodynamic Modelling 

The data obtained at CHALMERS for the System 1 experiment could not be modelled in the 
same way as the KIT-INE data and the experiments of Curti et al. (2010) since the Ra uptake 
was monitored using the short-lived  223Ra tracer (t1/2 = 11.3 days) instead of the long-lived 
226Ra (t1/2 = 1600 years). Using 223Ra has the advantage of decreasing the detection limit far 
below the picomolar level and avoids generating long-lived radioactive waste. The cost, 
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however, is that solid solution equilibria will rapidly shift during the laboratory experiments 
because of fast decay, which is at a comparable timescale as barite growth rates. Because 
223Ra decays completely to 207Pb within a few months, the Ra concentrations in a (Ra,Ba)SO4 

solid solution will decrease significantly during experiments with duration of up to 60 days.  
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Figure 4.3.8: 133Ba and 223Ra concentrations as a function of reaction time for System 1 
experiment: (a) entire experiment; (b) close-up of the time interval shortly before and after 
the second 223Ra spike addition at t=42 days. 
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From the technical point of view, the CHALMERS experiments cannot be modelled exactly 
in the same way as done for systems doped with 226Ra, because the amount of total Ra in the 
system is not constant on the time scale of laboratory experiments. Therefore, GEMS 
calculations were not be carried out with the usual iterative “process” producing model curves 
as shown in Fig. 4.3.6. A “point by point” strategy was used, by which a separate calculation 
was carried out for each single data point, taking into account the decay of 223Ra at each 
sampling time. Moreover, because after addition of the second 223Ra aliquot it is no longer 
possible to determine [n] quantitatively (due to release of 133Ba from the dissolving first 
recrystallized phase), solid solution thermodynamic calculations had to be restricted to the 
data before 42 days. This limits our modelling capability to the three data points of System 1 
at t = 2, 8 and 13 days.  

A short account of the essential input parameters and key results of the GEMS calculations is 
given in Table 4.3.2. In order to define the initial system, saturation equilibrium was first 
calculated for pure barite in 0.01 M Na2SO4 at the appropriate pH (adjusted by “adding” HCl). 
This yields the background Ba concentration at the start of the experiment, [BaSO4]sat. The 
amount of pure barite recrystallized at the given time, [n] inp, calculated from the best fit of 
133Ba data, was then added to [BaSO4]sat, yielding the total concentration of BaSO4 that has to 
be specified in the GEMS calculations, [BaSO4] inp. 

 

Table 4.3.2: Main input (green) and output (blue) of the three GEMS calculations carried out 
to model (Ra,Ba)SO4 solid solution formation during System 1 experiment. Each row 
corresponds to a single experimental point (sampling times at 2, 8 and 13 days). 

GEMS-ID [BaSO4]sat [n]inp [BaSO4]inp [RaCl2]inp [n]out [Ra] X(Ra) a0 

 mol/kgw mol/kgw mol/kgw mol/kgw mol/kgw mol/kgw [ - ] [ - ] 

CHALM-1-2d 2.96E-07 1.49E-07 4.45E-07 2.28E-13 1.50E-07 1.58E-13 4.67E-07 0.71 

CHALM-1-8d 2.96E-07 7.48E-07 1.04E-06 1.58E-13 7.44E-07 5.96E-14 1.32E-07 1.14 

CHALM-1-13d 2.96E-07 1.48E-06 1.77E-06 1.17E-13 1.47E-06 2.78E-14 6.05E-08 1.21 

 

GEMS then calculates the aqueous speciation in thermodynamic equilibrium with the most 
stable solid(s), which is in our case a (Ra,Ba)SO4 solid solution. The properties of the solid 
solution must be specified by selecting appropriate interaction parameters. In our model, we 
selected a regular solid solution model requiring a single interaction parameter, which is 
sufficient for dilute binary solid solutions of this kind (Henry’s law region). In our 
calculations, the interaction parameter (WG [J/mol] or a0=WG/RT) was varied until the output 
Ra concentration in aqueous solution matched the experimental values. The results of this 
fitting procedure, shown in the right-most column of Table 1, indicate consistently positive 



7th EC FP – SKIN  /Deliverable 4.3   Enzo Curti :Kinetic and Thermodynamic Modelling  

                                                                                                                               

 

  

                                    

 

20 

interaction parameters. These values are close to the theoretical a0 (+1.0) calculated by 
Vinograd et al. (2013) and to the long-term values approached in the FZJ experiments. They 
are also close to the lower limit of the a0-range inferred in the experiments of Curti et al. 
(2010) (1.5-2.5). These values however differ from the KIT-INE results, which point to solid 
solutions close to ideality. 
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Appendix A1 – Development of the “continuous recrystallization” model 

1. Model development 

The model postulates that the reacting mineral consists of N equally sized cubic particles with 
edge length a0 [m] (Fig. A1.1): 

( )0
3
0

/S L L
N

aρ
=           (A1.1)  

In the equation above (S/L)0 is the initial solid to liquid ratio [kg m-3], L is the volume of 
aqueous solution [m3], ρ is the mineral density [kg m-3]. 

The basic idea is that, before a given monolayer of the primary solid is dissolved and re-
precipitated, the whole previously formed secondary solid must recrystallize again in order to 
adjust to the new solution composition. This means that all monolayers (except the “last” one 
at the core of the particle) will have to recrystallize repeatedly. In other words the total 
amount of mineral recrystallized (the integral) is at any time larger than the net amount of 
recrystallized solid.  

For instance, recrystallization of the layer with index k=2 implies that the first layer must 
recrystallize a second time, and the layer with index k=3 can recrystallize only after the k=1 
layer recrystallizes a third time and the k=2 layer a second time. Therefore, the 
recrystallization of k mineral layers requires the following effective amount of reprecipitation: 

( )33
0 0( ) 2

N
n k a a kd

W

ρ  = − −
 

       (A1.2) 

Assuming a constant effective recrystallization rate Re [mol m-2 s-1] it is then possible to 
calculate the time required for the net recrystallization of k-layers 

 

t(k)  = ∆t (1+ 2 + 3+...k)      =>  t(k)  = t(k-1)  + k ∆t    (A1.3) 

where  

( )33
0 0

3
0 0

2

e

a a d
t

R W aσ
− −

∆ ≅          (A1.4) 

where W is the molar weight of barite [g mol-1]. Equation A1.4 is valid when the total amount 
recrystallized is small (a few % max.) compared to the total amount of primary mineral. This 
approximation is in general good on the time scale of laboratory experiments and allows one 
to treat ∆t as a constant, which greatly facilitates the derivation of an explicit solution of the 
model (see later). 

It is convenient here to make a clear distinction between the “effective” (Re) and the “bulk” 
(Rb) recrystallization rates. Re represents the rate at which the mineral is dissolved and 
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reprecipitated at the microscopic (monolayer) scale, whereas Rb corresponds to the 
macroscopic kinetics, i.e. the net amount of mineral recrystallized per unit time and surface 
area at any given reaction time t. Defining S0 as the initial total surface area, one obtains: 

( )33
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2
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e

a a dn
R
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≡ =
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        (A1.5) 
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t k S t k W aσ
− −

≡ =        (A1.6) 

 

Fig. A1.1 : Sketch of the proposed recrystallization model, showing the state of a particle 
after recrystallization of 1 and 3 monolayers, respectively. Parameters and symbols are 
defined in the text.  

 

Note that while Re is a model constant, Rb is a function of k and thus varies (decreases) with 
time. Re and Rb are normalized to the initial surface area of the dissolving mineral. This is 
physically not entirely correct, for the following two reasons: 

 
(1) The model assumes that the effective dissolution rate of a monolayer per unit exposed 

surface area is constant, however for large values of t, S(t) << S0, so Rb(t) should be 
corrected for the decrease in surface to maintain a physical meaning. 
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(2) Re is in principle constant with time, if we regard this quantity as a constant rate of 
destruction of chemical bonds.  Under this premise, at large reaction progress 
geometrical effects will tend to increase the Re value, due to the fact that when the 
particles become very small, the ratio of monolayer volume to particle surface 
increases. 

 

Alternatively, analogous rates (R*e , R*b [mol l-1 s-1]) can be defined relative to the solution 
volume. Such rates are insensitive to changes in surface area, but we preferred to stick to the 
usual surface normalization model to facilitate comparison with data from other experiments. 

 

 2. Recursive and explicit  forms of the model 

The recursive model yields following expressions for the amount of recrystallized barite and 
time as a function of the index k: 

( )33
0 0( ) 2
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n k a a kd

W

ρ  = − −
 

       (A1.7) 

( )( ) 1
2

k
t k k t= + ∆          (A1.8)  

Equation A1.7 yields the total number of moles of newly grown barite after k monolayers of 
barite have recrystallized. In equation A1.8, ∆t is the time of recrystallization of a single 
monolayer. Equation A1.8 is the explicit form of the recursion series representing the 
recrystallization process (eq. A1.3), i.e. t(k) =  ∆t (1 + 2 + 3 + ....+k) which is an arithmetic 
series of the type  

1

k

k i
i

S d a
=

= ∑    with general solution ( )12 1
2k

k
S a k d= + −      (A1.9) 

The series of interest is the particular solution of eq. A1.9 for a1 = 1 and d = 1. The time ∆t is 
related to the surface normalized effective recrystallization rate, Re, by: 
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/ /
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e

e
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R t

t S L L R S L Lσ σ
= =≅ ⇒ ∆ ≅

∆
     (A1.10) 

One should remember that there is no difference between bulk and effective recrystallization 
rate for the first monolayer, therefore we can write nk=1 in the numerator. Note also that an 
approximation equality sign was introduced. The exact equation would require to use σ(t) and 
(S/L)(t), but since this would make it impossible to derive an analytical explicit solution for 
n(t), we were forced to introduce this approximation. The approximation is however good for 
the present laboratory-scale experiments, where only a minor fraction of the initial barite was 
dissolved.  
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Equation A1.10 can be further developed by substituting explicit expressions for nk=1 and N, 
the total number of particles: 

( )33
0

3
0 0

2

e

a a d
t

R W aσ
− −

∆ =           (A1.11) 

Now it is evident that ∆t can be treated as a constant with adjustable parameter Re. That is Re 
must then be found by fitting the experimental data. After solving eqs. A1.7 and A1.8 for k 
the following equation is obtained: 

1/3
3

20 0 8 1

2 2 2

n
a a

t t tK
d t

 − −  ∆ + ∆ ⋅  = −
∆

      (A1.12) 

from which the explicit analytical solution for n(t) is derived: 

( )
2

3
0 0

3
8

1
t t t

n t K a a d
t

   ∆ + ∆ ⋅   = − + −  ∆     

     (A1.13) 

where 

( )0
3
0

/S L LN
K

W W a

ρ≡ =          (A1.14) 

( )33
0

3
0 0

2

e

a a d
t

R W aσ
− −

∆ =          (A1.15) 

 

 

The explicit solution has following advantages compared to the recursive form: 

 
- Re can be fitted directly in a spreadsheet. The recursive method requires to first fit ∆t; 

Re can be calculated only after this step. 
 
- A small number of points is sufficient to generate curves for long time spans. The 

recursive method requires hundreds or thousands of intervals. 
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