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Abstract 14 

Solid solution formation between RaSO4 and other isostructural sulfates has been known for a 15 

long time as a process potentially controlling Ra concentrations in aquifers. Here, we measured the Ra 16 

uptake in the Sr-rich corner of the ternary (Sr,Ba,Ra)SO4 solid solution - aqueous solution (SS-AS) 17 

system by equilibrating SrSO4, BaSO4 and mixed (Sr,Ba)SO4 solids with Ra-bearing aqueous 18 

solutions for up to 1302 days at 90 °C at a solid/liquid ratio of 5 g/L. The recrystallization experiments 19 

were combined with electron microscopy studies of the solids. The evolution of the solid and aqueous 20 

phases was interpreted based on thermodynamic modelling applying a recently revised 21 

thermodynamic dataset for the (Sr,Ba,Ra)SO4 + H2O system. 22 

The recrystallization process involved several metastable phases, starting from the least soluble, 23 

Ba- and Ra-rich precipitates and ending with Sr-rich solids, whose compositions approached the 24 

predicted equilibrium states. The composition and the time evolution of metastable phases were 25 

correlated with changes in the computed supersaturation functions. Particularly, the formation of Ra- 26 

Ba- and Sr-rich rims on primary barite grains in the experiment with the mechanical mixture of 99 % 27 

                                                 
* E-mail of corresponding author: m.klinkenberg@fz-juelich.de, Tel.: +49 2461 61- 3779 
† Present address: Chemical Science Division, Oak Ridge National Laboratory, USA. 



 2 

of celestine and 1 % of barite has been explained by combining calculated supersaturation conditions 28 

with considerations of structural misfit.  29 

A key result was the observed final Raaq concentration which is about one order of magnitude 30 

lower compared to the initial concentration, implying an efficient uptake into the newly formed solid 31 

phases. These concentrations appeared to be just slightly lower than those predicted by the 32 

thermodynamic calculations, implying that the complete SS-AS equilibrium was close to be reached in 33 

Sr-rich systems in the recrystallization experiments lasting for about 3.5 years. 34 

 35 

Highlights  36 

 Formation and evolution of the ternary (Sr,Ba,Ra)SO4 solid solution 37 

 Intermediate, Ra-rich phases observed by FIB, SEM, TEM indicate a complex 38 

recrystallization process involving several metastable states 39 

 Metastable states and approach to equilibrium are explained based on a recent thermodynamic 40 

model and supersaturation calculations 41 

 The ternary (Sr,Ba,Ra)SO4 offers a potential for efficient Ra retention, reducing the Ra-42 

concentration in aqueous solution by one order of magnitude 43 
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1 Introduction 49 

Direct disposal of spent nuclear fuel in deep geological formations is currently considered as the 50 

best option for closing the nuclear energy cycle (SKB, 2011; Nagra, 2014, Ewing et al., 2016). The 51 

long-term safety of an underground repository can be assessed theoretically through the consideration 52 

of the fate of important radionuclides in various geochemical scenarios, including those, where the 53 

waste is allowed to come into contact with ground waters. An adequate and accurate thermodynamic 54 

data base is required for the safety assessment. For example, 226Ra becomes a main contributor to the 55 
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total dose after about 104 - 105 years of waste disposal (SKB, 2011). Many recent studies agree in the 56 

conclusion that the release of 226Ra from the waste into an aquifer will be controlled by solid-aqueous 57 

equilibria involving barite-type solid solutions (Kulik et al., 2004; Bruno et al. 2007; Grandia et al., 58 

2008) and will be very limited, due to the tendency of Ra to partition into the solid phase.  The 59 

thermodynamic properties of the ternary solid solution - aqueous solution (SS-AS) system 60 

(Sr,Ba,Ra)SO4 + H2O, which are required for a quantitative analysis of the Ra retention by barite, have 61 

been recently refined based on an extensive set of first-principles-based atomistic simulations 62 

(Vinograd et al., 2013; 2018a,b).  63 

While previous experimental works have been mostly focused on the binary sub-system 64 

(Ba,Ra)SO4 + H2O (Bosbach et al., 2010; Curti et al., 2010; Klinkenberg et al., 2014; Brandt et al., 65 

2015; Weber et al., 2017; Heberling et al., 2018), we investigated here Sr-rich compositions of the 66 

ternary SS-AS system within experiments lasting for more than 3 years. Main targets of the present 67 

study are to test (i) the feasibility of attaining the thermodynamic equilibrium in such experiments and 68 

(ii) the accuracy of  a recently revised thermodynamic dataset for the (Sr,Ba,Ra)SO4 system (Vinograd 69 

et al. 2018b). For this purpose the Ra uptake is measured with time in batch experiments of different 70 

initial solid-phase composition and microstructure, including mechanical mixtures of pure barite and 71 

pure celestine as well as pre-synthesized homogeneous solid solutions. 72 

The macroscopic experimental approach was combined with microscopy (scanning and 73 

transmission electron microscopy (SEM, TEM), focused ion beam (FIB)) and thermodynamic 74 

modelling to achieve a better understanding of the Ra uptake mechanisms into ternary, Sr-rich 75 

compositions. The first principles based modelling study of the ternary solid solution (Vinograd et al., 76 

2018a) has shown that the non-ideality in the binaries increases in the row of Ba-Ra, Ba-Sr and Sr-Ra, 77 

such that the (Ba,Ra)SO4 solid solution is fully miscible at all temperatures of interest, the (Ba,Sr)SO4 78 

solid solution starts to decompose at about 300 K, while only very limited mixing exists in the 79 

(Sr,Ra)SO4 solid solution at all temperatures. A combination of these binary mixing tendencies at 80 

~300 K corresponds to a wide ternary miscibility gap, which opens at the Sr-Ra binary and closes at 81 

the Ba-Sr binary. The shape of this gap at ambient temperatures has been described applying the 82 

ternary regular mixing model with the parameters WBaRa = 2.47 ± 0.22 kJ/mol, 83 
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WBaSr = 4.95 ± 0.75 kJ/mol and WSrRa = 17.5 ± 1.40 kJ/mol. These results suggested that Ra-uptake at 84 

Sr-rich compositions would be less efficient relative to that of pure barite due to a much higher value 85 

of the activity coefficient of RaSO4, which at xSr ~ 1 is mostly determined by the large value of WSrRa. 86 

This prediction is tested in the present study. 87 

The study of Vinograd et al. (2018a) predicted that Sr-rich and moderately Ra-rich ternary 88 

compositions should decompose into a major Sr-rich celestine phase and a minor phase, which is 89 

simultaneously rich in Ba and Ra. The Ra/Ba ratio in the latter phase was predicted to rapidly increase 90 

with the SrSO4-content in the system. In order to test this working hyopthesis and to help the system to 91 

develop the relevant phase separation, some starting compositions in our experiments were composed 92 

of a mechanical mixture of barite and celestine powders with 1 % fraction of barite grains. We 93 

expected to observe the growth of a (Ba,Ra)SO4 solid solution on top of the barite seeds and to 94 

measure its composition with SEM-EDX. We were also interested in studying the situation, where the 95 

starting material was a single-phase homogeneous Sr-rich (Sr,Ba)SO4 solid solution. In this case a 96 

phase separation was expected to be possible. By sampling tiny portions of the reacted solids and 97 

aliquots of the aqueous solution at well-defined time intervals, we observed various re-crystallization 98 

phenomena at intermediate stages of the system equilibration and related them to the evolution of the 99 

supersaturation of the aqueous phase.   100 
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2 Materials and Methods  101 

2.1. Synthesis and characterization of BaSO4, SrSO4, and (Ba,Sr)SO4 solid solutions 102 

Homogeneous solid solutions with a defined composition were synthesized by the flux method. 103 

Pure endmembers synthesis (BaSO4 and SrSO4) was based on procedures by Patel & Koshy (1968) 104 

and Patel & Bhat (1971). Stoichiometric mixtures of Na2SO4 and BaCl2  H2O or SrCl2 respectively, 105 

were heated above their melting point to react to BaSO4 or SrSO4 and afterwards cooled down in 106 

several steps. The synthesis of (Ba1-xSrx)SO4 solid solutions followed equation (1) 107 

xBaCl2  2 H2O + (1-x) SrCl2 + Na2SO4  BaxSr1-xSO4 + 2 NaCl + 2 H2O,  (1) 108 

where x is the mole fraction of BaSO4 in the solid solution. The chemicals were ground, weighed, 109 

mixed and ground again. The reactants were heated above 1000 °C and cooled to room temperature in 110 

platinum crucibles. Afterwards the melt cake was washed with deionized water to remove the NaCl. A 111 

grain size fraction of 20 – 63 µm was separated by grinding and sieving. Samples were embedded in 112 

epoxy and polished for electron microprobe (EMP) analyses. The compositions of the synthesized 113 

samples are given in Table 1. 114 

 115 

Table 1  Overview of solids synthesized by the flux method. 116 
 117 

  XBaSO4 XSrSO4 

BaSO4 1.00 0.00 

SrSO4 0.00 1.00 

(Ba 0.01Sr0.99)SO4 0.008 ± 10 % 0.992 

(Ba 0.03Sr0.97)SO4 0.03 ± 10 % 0.97 

 118 

The chemical composition and homogeneity of the synthesized solids were analyzed by EMP with 119 

a JEOL 8200 Superprobe equipped with a tungsten hair pin cathode. The used standards and analyzed 120 

lines for each element are summarized in the supplementary materials (Table S1). Samples and 121 

standards were measured with a spot size of 10 µm, an acceleration voltage of 15 kV and an emission 122 

current of 1.5  10-8 A. The EMP analyses indicated homogeneous chemical compositions of 123 

synthesized crystals suitable for the planned batch experiments. 124 
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2.2. Sample preparation and experimental setup 125 

We synthesized solid solutions and pure endmembers by the flux method in this study, in contrast 126 

to previous studies (Curti et al. 2010, Klinkenberg et al. 2014, Brandt et al. 2015, Weber et al. 2017, 127 

Vinograd et al. 2018, Heberling et al., 2018) where barite samples from a precipitation route were 128 

used. The advantage of synthesis by the flux method is that it allows for obtaining homogenous solid 129 

solutions, while the precipitated solids may have inhomogeneous compositions, zoning, trapped fluid 130 

inclusions or other defects. In order to compare the present experiments with our earlier experiments 131 

(Vinograd et al. 2018b), a sample of pure barite from flux synthesis was re-crystallized in the Ra-132 

bearing aqueous solution. The results were compared to those from the experiments with Sachtleben 133 

and Aldrich barites synthesized by precipitation described in Vinograd et al. 2018b (S/L = 5 g/L, 134 

90 °C).  135 

The general batch experiment setup was adapted from earlier studies (e.g. Brandt et al., 2015, 136 

Klinkenberg et al., 2014). The uptake of Ra was observed, starting from a concentration of  137 

5.0  10-6 mol/L in all experiments and 0.1 mol/L of NaCl as background electrolyte. The experiments 138 

were performed at 90 °C with a solid/liquid ratio of 5 g/L. Eight batch recrystallization experiments 139 

were carried out for 1302 days (the working names of the experimental runs are given in italics): 140 

1. reference barite: pure barite (Fig. 1 a) in Ra-free aqueous solution 141 

2. barite: pure barite in Ra-bearing aqueous solution  142 

3. reference celestine 99 + barite 1: mechanical mixture of 99 mol% celestine and 1 mol% barite 143 

(Fig. 1 b) in Ra-free aqueous solution  144 

4. celestine 99 + barite 1: mechanical mixture of 99 mol% celestine and 1 mol% barite in Ra-145 

bearing aqueous solution 146 

5. reference (Ba0.01Sr0.99)SO4: solid solution of 99 mol% SrSO4 and 1 mol% BaSO4 (Fig. 1 c) in 147 

Ra-free aqueous solution 148 

6. (Ba0.01Sr0.99)SO4: solid solution of 99 mol% SrSO4 and 1 mol% BaSO4 in Ra-bearing aqueous 149 

solution  150 

7. reference (Ba0.03Sr0.97)SO4: solid solution of 97 mol% SrSO4 and 3 mol% BaSO4 in Ra-free 151 

aqueous solution 152 
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8. (Ba0.03Sr0.97)SO4 solid solution of 97 mol% SrSO4 and 3 mol% BaSO4 in Ra-bearing aqueous 153 

solution 154 

The initial morphology of the grains in all experiments was dominated by fractured or cleaved 155 

surfaces. Some grains exhibited conchoidal fractures. 156 

 157 

 158 

Fig. 1. SEM images of a) pure barite, b) mechanical mixture of 99 % celestine and 1 % barite (the 159 

bright barite grain is highlighted in the middle) c) (Ba0.01Sr0.99)SO4 solid solution after grain size 160 

separation. 161 

 162 

2.2.1 Sampling and analysis of the aqueous phase in the batch experiments 163 

The sampling and analysis procedure of the aqueous phase was the same as in Klinkenberg et al. 164 

(2014). Further details are provided in the supplementary materials. 165 

 166 

2.3. Sampling and the analysis of the solids 167 

2.3.1 Scanning electron microscopy (SEM) and energy dispersive x-ray spectrometry (EDS) 168 

Small amounts of solids were sampled during the recrystallization experiments. The evolution of 169 

the crystal morphology and chemical composition was studied using the environmental scanning 170 

electron microscope FEI Quanta 200 F combined with energy dispersive X-ray spectrometry (EDS, 171 

EDAX). In order to avoid artefacts due to precipitation of NaCl, SrSO4 or RaSO4, the samples were 172 

cleaned by two washing steps in isopropanol. The samples were then prepared as suspensions on Cu or 173 

Si holders and subsequently dried.  174 

 175 
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2.3.2 Preparation of thin lamellae by focused ion beam (FIB) 176 

A ~100 nm thick cross-section lamella was cut out of a barite grain from the experiment 177 

celestine 99 + barite 1, day 226 by utilizing a NVision 40 cross beam station (Carl Zeiss AG, 178 

Germany). A detailed description of the procedure is given in Weber et al. 2016.  179 

 180 

2.3.3 Transmission Electron Microscopy (TEM) 181 

The thin cross-section lamella was investigated using several TEM techniques with a FEI Tecnai 182 

G2 F20 (Thermo Fischer Scientific, The Netherlands) operated at 200 kV accelerating voltage 183 

(Luysberg, M. et al., 2016). High-angle annular dark-field (HAADF) images were recorded in 184 

scanning transmission electron microscopy (STEM) mode realizing Z-contrast imaging of the thin 185 

cross section (Pennycook, S., 1989). In our STEM experiments the electron probe was formed with 186 

12 mrad convergence semi-angle, and the intensities of diffracted beams were recorded with an 187 

annular detector covering the angular range of 85 mrad up to about 200 mrad in a magnified image of 188 

the back-focal plane. In this HAADF setup, the recorded intensity increases with increasing 189 

accumulated atomic core charge at the position of the small scanning probe. Higher intensity indicates 190 

a composition with higher atomic number, larger sample thickness, or higher material density. In the 191 

present context, intensity variations are expected due to changes in composition between elements of 192 

high and low atomic numbers: Ra (Z = 88), Ba (Z = 56), and Sr (Z = 38). The HAADF STEM imaging 193 

was therefore complemented with EDS mapping. 194 

 195 

2.4. Thermodynamics of mixing in the ternary system (Sr,Ba,Ra)SO4 196 

The study of Vinograd et al. (2018a) recommended the regular model description of the ternary 197 

solid solution with the parameters WBaRa = 2.47 ± 0.22 kJ/mol, WBaSr = 4.95 ± 0.75 kJ/mol and 198 

WSrRa = 17.5 ± 1.40 kJ/mol. The simple three-parameter regular equation has been obtained, however, 199 

at the cost of a less accurate description of mixing in the dilute limits of xBa ~ 1 and xSr ~ 1. Indeed, the 200 

Margules parameter WBaSr = 4.95 kJ/mol was set to model the lowering of the free energy in the 201 

intermediate range of compositions in the system of Ba-Sr, which is driven by short range order 202 

(SRO). However, SRO vanishes in dilute limits, i.e. at high BaSO4 or high SrSO4 concentrations. 203 
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Thus, the best model for these compositions should exclude the effect of SRO. The calculations of 204 

Vinograd et al., 2013 and Vinograd et al., 2018a based on the single defect method showed that the 205 

dilute limits of the (Ba,Sr)SO4 solid solution are well described with the interaction parameter 206 

WBaSr = 8.34 ± 0.60 kJ/mol. Similarly, at the Sr-rich compositions the (Sr,Ra)SO4 solid solution is well 207 

described with the interaction parameter WSrRa = 19.80 ± 0.60  kJ/mol.  208 

As the majority of the experimental data of the present study refer to very Sr-rich and Ba- and Ra-209 

poor compositions, the latter parameter values should be preferred. Thus, the modelling of the 210 

equilibrium states at Sr-rich compositions has been performed here with the regular ternary model, in 211 

which the parameters WBaSr and WSrRa were 8.34 kJ/mol and 19.8 kJ/mol, respectively. 212 

A more accurate description of the binary Ba-Sr solid solution at ambient temperatures covering 213 

the whole range of the compositions can be obtained with a spline model, which envelopes two regular 214 

models, such that the enthalpy of mixing coincides with the regular model equations constrained by 215 

the parameters W0 = 8.34 kJ/mol and W0.5 = 4.95 kJ/mol in the dilute and intermediate compositions, 216 

respectively. The spline equation (1) can be written as 217 

Hmix = x (1 - x) (16 (W0 - W0.5) (x - 0.5)4 + W0.5)   (1) 218 

where x is the mole fraction of celestine. In Fig. 2 this function is plotted as the solid line. 219 

The activity coefficients of BaSO4 and SrSO4, which correspond to the spline model are given by 220 

the following equations 221 

RT ln SrSO4 = W0.5 (1 - x)2 + (W0 - W0.5) (1 - x)2 (80x4 - 128x3 + 72x2 - 16x + 1)  (2) 222 

and 223 

RT ln BaSO4 = W0.5 x2 + (W0 - W0.5) x2 (80x4 – 192x3 + 168x2 - 64x + 9),   (3) 224 

where x is the mole fraction of celestine. The last two equations were used here to compute saturation 225 

states in Ra-free experiments. Although the spline model is given by a mathematically very simple 226 

equation for the (Ba,Sr)SO4 binary, there is still a difficulty of implementing it directly into the GEM-227 

Selektor software package (GEMS, http://gems.web.psi.ch) to model the ternary solid solution. Thus, 228 

in the present modelling study two separate ternary regular models with the parameters 229 

WBaRa = 2.47 kJ/mol, WBaSr = 4.95 kJ/mol, WSrRa = 17.5 kJ/mol and WBaRa = 2.47 kJ/mol, 230 

WBaSr = 8.34 kJ/mol WSrRa = 19.8 kJ/mol were used. The first model was implemented in the 231 
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calculations of saturation states relative to the ternary solid solution, to explain the formation of the 232 

ternary intermediate Ba- and Ra-rich intermediate phase, while the second model was used to compute 233 

final equilibrium states, in which the formation of stable dilute solid solutions was expected.  234 

 235 

 236 

Fig. 2. The spline model of the binary (Ba,Sr)SO4 solid solution corresponding to the parameters 237 

W0 = 8.34  kJ/mol and W0.5 = 4.95 kJ/mol. The latter parameters define two regular mixing models, 238 

which are valid at the dilute and at intermediate compositions, respectively. The regular model 239 

enthalpies are shown as dashed lines.  240 

 241 

2.5. Modelling of solid aqueous equilibria and evaluation of metastable conditions 242 

Gibbs energy minimization approaches implemented in the GEMS3K solver 243 

(http://gems.web.psi.ch/GEMS3K) and described in Kulik et al. (2013) were used to calculate the solid 244 

solution composition as well as the aqueous solution equilibria at 90 ºC. The activity coefficients for 245 

all dissolved species were calculated according to the extended Debye-Hückel model (Helgeson et al. 246 

1981, Johnson et al., 1992). The application of this model, of which a detailed description is provided 247 

in Wagner et al. (2012), is justified by the relatively low ionic strength of the solution at equilibrium 248 

(ionic strength ~ 0.1). Thermodynamic data for aqueous species were taken from the PSI-Nagra 249 

database (Thoenen et al., 2014) integrated in GEMS that inherits temperature and pressure 250 
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dependencies for most aqueous ions and complexes from the HKF EoS (Helgeson et al., 1981) as 251 

given in the SUPCRT92 database (http://gems.web.psi.ch/TDB).  252 

Although only certain defined compositions of a solid solution could coexist at the 253 

thermodynamic equilibrium with the aqueous phase, at non-equilibrium a wide range of solid solution 254 

compositions can precipitate from the same aqueous solution (Prieto et al. 1993; Pina et al., 2000). 255 

These non-equilibrium precipitates can occur at the early stages of the experiments. The most likely 256 

compositions correspond to the maximum value of the supersaturation , which is defined for a pure 257 

system, e.g. BaSO4 as: 258 

=   ( )       (4) 259 

where a(Ba2+) and a(SO4
2-) represent the activities of the aqueous species and K(BaSO4) is the solubility 260 

product of BaSO4. In a SS-AS system, the supersaturation of an aqueous solution is not a unique 261 

value, but rather a function of the composition of the solid phase. The supersaturation relative to the 262 

binary (Sr,Ba)SO4 solid solution can be computed as follows (Prieto et al. (1991): 263 

( , ) = ( )  ( ( )) .  (5) 264 

where a(Ba2+), a(Sr2+) and a(SO4
2-) represent the activities of the ions in the aqueous solution; K(BaSO4), 265 

and K(SrSO4) are the solubility products of the end-members BaSO4, and SrSO4 at the temperature of 266 

interest; xBa, and xSr are the mole fractions of BaSO4 and SrSO4 in the solid and Ba and Sr are the 267 

activity coefficients of the end members. The last equation can be easily generalized for the case of the 268 

ternary (Sr,Ba,Ra)SO4 system: 269 

( , , ) = ( ) ( )  ( ( )) ,  (6) 270 

where the additional parameters refer to the Ra-bearing species and end members. Equilibrium 271 

corresponds to  = 1. For  < 1 dissolution can occur, whereas for  > 1 precipitation can take place. 272 

The solubility products of BaSO4 and SrSO4 (K0
(BaSO4) = 10-9.97 and K0

(SrSO4) = 10-6.63) at the standard 273 

temperature were taken from Hummel et al. (2002) and that of RaSO4 (K0
(RaSO4) = 10-10.26) from 274 

Langmuir and Riese, 1985). The solubility products K(BaSO4), K(RaSO4), K(SrSO4) at 90 ºC were calculated 275 

using the GEMS ‘RTplot’ Tool database with temperature and pressure dependencies for the aqueous 276 
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ions and complexes accounted by the HKF EoS (Helgeson et al., 1981) and the Cp functions for the 277 

solids summarized in Vinograd et al. (2018b). The solubility products at 90 ºC used in our 278 

supersaturation calculations (equations 5 and 6) are K(T)(BaSO4) = 10-9.55, K(T)(SrSO4) = 10-7.1and  279 

K(T)(RaSO4) = 10-10.55. For the binary solid solution (Ba,Sr)SO4, the activities of the solid, , are 280 

calculated for the BaSO4 and SrSO4 end members following equation 2 and 3 respectively. For the 281 

ternary solid solution (Sr,Ba,Ra)SO4, the activities coefficients of the respective endmembers within 282 

the solid were calculated assuming the regular mixing model with zero ternary interaction parameter 283 

as described in Wagner et al. 2012. 284 

 285 

2.6. Structural misfit 286 

Best conditions for epitaxial growth occur when the unit cell dimensions of a newly formed 287 

precipitate are equal to the unit cell dimensions of the substrate. The relative easiness/difficulty of the 288 

epitaxial growth for a solid solution of a given composition on a seed of pure barite can be related to 289 

the following misfit function 290 

 2
,B

3

1
,ss )( ia

i
i aaQ ,     (7) 291 

where aSS,i and aBa,i are the cell parameters of the solid solution and barite, respectively. The cell 292 

parameters of a solid solution with the composition defined by the mole fractions of xBa, xSr, and xRa of 293 

barite, celestine and RaSO4, respectively, were computed with the equation 294 

  iaiai axaxaxa ,RRaiSr,Sr,BBa,ss ,    (8) 295 

where iaa ,B , iSr,a and iaa ,R  are the corresponding unit cell parameters of pure barite, celestine and 296 

RaSO4, respectively. The cell parameters of barite and celestine were taken from Jacobsen et al. 297 

(1998), the data for RaSO4 from Weigel and Trinkl (1968). As the unit cell parameters of celestine and 298 

RaSO4 are, respectively, smaller and larger, than the parameters of barite, there exist a continuity of 299 

ternary solid solution compositions, which are characterized by zero Q value, i.e. zero misfit relative 300 

to pure barite. 301 

 302 

  303 
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3 Results and Discussion 304 

In the following, we present the results of the batch experiments beginning with the temporal 305 

evolution of the cation concentrations measured in the aqueous solution at selected times up to 3.5 306 

years. Electron microscopy of simultaneously extracted solid samples accompanies these results, 307 

indicating that differences in the solution dynamics are related to differences in the microstructural 308 

evolution of the solids. Most of these observations can be explained by the thermodynamic modelling, 309 

which provides a basis for discussing the temporal evolution of the system in great detail. A few 310 

remaining discrepancies between experiment and theory are discussed and may be related to small 311 

inaccuracies in the modelling as well as insufficient equilibration of the experiment. 312 

 313 

3.1. Temporal evolution of the Ra, Ba, and Sr concentrations in the aqueous solution  314 

The Raaq concentration in the presence of pure barite showed a significant decrease within the first 315 

70 days of the experiment and reached a plateau of 1.5 · 10-8 mol/L after 200 days. In the course of this 316 

experiment the initial Raaq concentration decreased by 99.75 % (Fig. 3 a). Both, the final Raaq 317 

concentration as well as the temporal evolution are in very good agreement with those observed by 318 

Vinograd et al. 2018b in their experiments (S/L = 5 g/L, 90 °C) with Sachtleben and Aldrich barite 319 

(Fig. 3 a). Those experiments showed a final Raaq concentration of 1· 10-8 - 2 · 10-8 mol/L. In the 320 

presence of Ra, the Baaq concentration in the experiment with barite from flux synthesis quickly 321 

stabilized at 4 · 10-5 mol/L (Fig. 3 d), similar to 5 · 10-5 mol/L observed in the reference experiment 322 

without Ra (Fig. 3 g). 323 

In the experiment with the mechanical mixture celestine 99 + barite 1, the temporal evolution of 324 

the Raaq concentration indicated a stepwise recrystallization: the first minimum at  325 

2 · 10-6 mol/L was observed after 30 days, then the concentration increased to 3.5 · 10-6 mol/L, and 326 

dropped after 226 days to a plateau of 1 · 10-7 mol/L after ~ 600 days (Fig. 3 b). The concentration of 327 

Baaq rose in the beginning to 1 · 10-5 mol/L (Fig. 3 e), and after 100 days reached a plateau at  328 

3 · 10-6 mol/L. On the contrary, in the reference experiments without Ra (Fig. 3 h), the Baaq 329 

concentration initially stayed at 1 · 10-6 mol/L, i.e. one order of a magnitude lower compared to the 330 

experiment with Ra, and then after 100 days increased reaching a plateau of  331 
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2 · 10-6 mol/L. The concentration of Sraq remained stable (1 · 10-3 mol/L) in both experiments, 332 

independent of the presence of Ra (Fig. S1 a).  333 

The temporal evolution of the total metal concentrations in the experiments with solid solutions of 334 

(Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4 is similar to that of the experiments starting from the mechanical 335 

mixture celestine 99 + barite 1. At the beginning, the Raaq concentration dropped down to the first 336 

minimum of 1 - 2 · 10-6 mol/L. Then after ~ 40 days the Raaq concentration reached the maximum of 337 

2.5 – 3 · 10-6 mol/L and then slowly decreased reaching a plateau at 1.5 · 10-7 mol/L after ~ 600 days 338 

(Fig. 3 c). The Baaq concentration elevated to 8.5 · 10-6 mol/L at the beginning of the experiment with 339 

Ra and after 100 days, reached plateau values of ca. 2 · 10-6 mol/L in the case of (Ba0.01Sr0.99)SO4 and 340 

4 · 10-6 mol/L in the case of (Ba0.03Sr0.97)SO4 (Fig. 3 f).  341 

The temporal evolution of the Baaq concentration is similar in Ra-free reference and Ra-containing 342 

experiments (Fig. 3 i). First, the concentration of Baaq rose to ~ 9 · 10-6 mol/L and then reached the 343 

plateau values of 2 · 10-6 mol/L in the case of reference (Ba0.01Sr0.99)SO4 and 4 · 10-6 mol/L in the case 344 

of reference (Ba0.03Sr0.97)SO4 after 100 days. The concentration of Sraq remained stable at  345 

1 · 10-3 mol/L in both experiments as well as in reference experiments without Ra (Fig. S1 b). All the 346 

experimental results of the aqueous metal concentrations are summarized in Table A.1 - Table A.5 of 347 

the appendix. 348 

In summary of the macroscopic results, all experiments showed a significant decrease of Raaq of at 349 

least one order of magnitude after 1302 days. For the binary SS-AS system with pure barite and Ra in 350 

the aqueous solution, a continuous decrease of the Raaq concentration was observed. On the contrary, 351 

the experiments in the ternary SS-AS system with the mechanical mixture and the solid solutions 352 

showed a fluctuation of the Raaq concentration within the first year. Differences were also observed in 353 

the evolution of the Baaq concentrations, where a constant Baaq concentration for pure barite and a 354 

decrease of the Baaq concentrations in the ternary SS-SA system was observed. The results of cation 355 

metal concentrations are discussed and compared to the thermodynamically predicted values in section 356 

3.3. 357 
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 358 

Fig. 3. Temporal evolution of the Raaq concentrations a) of pure barite (flux), Sachtleben, and Aldrich 359 

barite (Vinograd et al. 2017) b) of the mechanical mixture of celestine 99 + barite 1, c) experiments 360 

with solid solutions (Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4. d, e, f) Temporal evolution of the Baaq 361 

concentrations in the Ra-uptake experiments and g, h, i) in reference experiments without Ra: 362 

Reference barite (d & g), reference celestine 99 + barite 1 (e & h), reference (Ba0.01Sr0.99)SO4 and 363 

reference (Ba0.04Sr0.96)SO4 (f & i). Lines indicate the equilibrium concentrations calculated with 364 

GEMS. 365 
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3.2. Evolution of the solid phases 366 

In general, the solids synthesized by the flux method exhibit an irregular shape and morphology, 367 

dominated by fractured conchoidal surfaces, thus deviating significantly from the equilibrium 368 

morphology, which typically shows characteristic idiomorphic crystal faces. In contrast, the 369 

Sachtleben and Aldrich barites used in earlier studies consisted of partially idiomorphic, unbroken 370 

particles. Therefore, it could be expected that solids synthesized by the flux method could show a 371 

different reactivity.  372 

 373 

3.2.1 SEM observations on pure barite in contact with Ra-bearing solution 374 

In the experiment without Ra (reference barite), only minor changes in the size and in the surface 375 

morphology of barite grains were noted. In contrast, the conchoidal surfaces disappeared in the 376 

presence of Ra indicating a continuous transformation from fractured surfaces towards idiomorphic 377 

crystal faces.  378 

 379 

3.2.2 SEM observations on experiments with the mechanical mixture: Initial phase of 380 

recrystallization 381 

In the Ra-free experiment (reference celestine 99 + barite 1) no significant changes in the shape 382 

of the celestine grains could be seen until day 226 (Fig. 4 a, b). On the contrary, small idiomorphic 383 

precipitates (~ 3 – 5 µm) were observed on celestine surfaces already after day 1 in the experiment 384 

with the Ra-bearing solution (celestine 99 + barite 1). These precipitates contained significant 385 

amounts of Ba and Ra in the mole percent range (Fig. 4 g; the EDS spectrum is given in the 386 

supplementary materials, Fig. S2). Unfortunately, no primary barite grains were identified in the 387 

sampled volume taken from the experiment with the mechanical mixture (celestine 99 + barite 1) after 388 

day 1, making it impossible to characterize changes in the morphology or in the composition of the 389 

barite grains. 390 

After 226 days, the celestine particles in the Ra-free reference experiment (reference 391 

celestine 99 + barite 1) did not change their morphology, whereas slight changes in the shape of the 392 

crystals accompanied by a minor uptake of Sr were observed on the primary barite (Fig. 4 b). In the 393 
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presence of Ra, the newly formed idiomorphic Ba and Ra rich crystals were still present on the 394 

celestine surfaces after 226 days (celestine 99 + barite 1) (Fig. 4 h). In addition, the solid sample taken 395 

at day 226 contained several former pure barite grains which were partially recrystallized to a ternary 396 

(Sr,Ba,Ra)SO4 solid solution (Fig. 4 e). EDS analyses of the rim indicated a composition of about 1/3 397 

Ba, 1/3 Ra and 1/3 Sr (Table S2). Trace amounts of Pb were also detected, most likely stemming from 398 

impurities in the used chemicals (99.99+ purity). The analyzed sample contained one broken grain 399 

allowing visualization of the core composed of the initial barite and the rim composed of the 400 

(Sr,Ba,Ra)SO4 solid solution. The EDS element distribution across this grain is shown in Figure S3 of 401 

the supplements.  402 

 403 
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 404 

Fig. 4. a-c) Temporal evolution of the solid of the experiment reference celestine 99 + barite 1 405 

without Ra. d-f) Temporal evolution of primary barite grains in the presence of Ra. g-i) Temporal 406 

evolution of primary celestine in contact with Ra. 407 

 408 

  409 
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3.2.3 FIB/SEM and TEM-observations of partially recrystallized barite taken at day 226 410 

A thin lamella was extracted from a primary barite grain (position marked in Fig. S4 a of the 411 

supplements). The chemical composition as determined by EDS (particle 2, Table S2) was: 412 

Sr: 48.4 at%, Ra: 25.2 at%, Ba: 26.6 at% (mean values). The prepared lamella is displayed in Fig. S4 413 

b. The HAADF STEM imaging of the cross-section lamella clearly showed different signals between 414 

the core and the rim region of the particle. A much stronger intensity was obtained in the rim region as 415 

shown in Fig. 5. This indicates a significant increase in the average atomic number, assuming a similar 416 

sample thickness, coherent crystal structure and orientation between core and rim. Further details were 417 

observed in the rim region, which exhibits lamellar-like modulations. These modulations appear along 418 

the surface region of the rim (Fig. 5 b), while they were more parallel to the interface at the barite core 419 

(Fig. 5 c). 420 

Selected area electron diffraction of the core and rim regions as displayed in Fig. 6 showed a high 421 

degree of similarity. Precise analysis of the two patterns yields small deviations: (i) The lattice in the 422 

rim region showed a general expansion of 1.0126(3) along the 100  direction and of 1.0067(3) along 423 

the 011  direction relative to the barite lattice of the particle core region, where numbers in brackets 424 

are estimates of the measurement error for the last digit. (ii) A small relative rotation and angular 425 

lattice distortion of about 0.5° was observed between the two patterns, which were recorded under 426 

identical imaging conditions. 427 

EDS was performed in the TEM from selected areas of the cross-section sample. The spectra 428 

obtained showed a significantly reduced Ba emission in the rim region as well as additional Sr and Ra 429 

emissions. Assuming a direct linear relationship between recorded X-ray signal and composition, the 430 

reduction of the Ba L intensity corresponds to a fraction of 0.36(1) in the rim composition. This 431 

assumption includes that the X-ray signal generation is not affected by a change in diffraction 432 

conditions, which seems valid considering the similarity observed in the electron diffraction of Fig. 6. 433 
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 434 

Fig. 5. HAADF STEM images of the cross-section lamella. a) Overview showing the barite core with 435 

lower intensity than the (Sr,Ba,Ra)SO4 rim. Dashed rectangles mark the areas where the enlarged 436 

images (b) and (c) were recorded, showing a modulation of the HAADF signal at the surface and the 437 

interface, respectively. 438 

 439 

 440 

Fig. 6. SAED pattern recorded from (a) the barite region and (b) the rim region of the TEM lamella. 441 

The pattern corresponds to a {0 1 1} zone axis orientation. The reciprocal lattice of barite has a length 442 

of 0.2796 1/Å for the (2 0 0) vector and of 0.4304 1/Å for the ( ) vector (Jacobsen et al. 1998). 443 

  444 
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 445 

Fig. 7. STEM EDS mapping of the lamellar features observed in the HAADF STEM image (left) close 446 

to the particle surface. The elemental maps of the Ra, Ba, and Sr L lines show a similar modulation. 447 

The maps of the Ra L and the Sr L signal show an anti-correlation indicating that the modulations are 448 

of chemical nature and due to compositional variations of the involved cations. 449 

 450 

Additionally, a possible change in X-ray absorption is assumed to be of minor importance for a 451 

thin sample as used here. Based on a reference measurement from a perovskite 452 

(Ba0.5Sr0.5)(Co0.8Fe0.2)O3 with a known ratio of Ba:Sr = 1 under identical conditions with the same 453 

instrument, the Ba:Sr ratio in the rim region was measured with 1.03(2). Further assuming a solid 454 

solution, the final composition in rim region is deduced as (Ba0.36Sr0.35Ra0.29)SO4, excluding systematic 455 

errors of the measurement, which could have been introduced by deviations from assumptions made. 456 

The statistical error of the composition analysis is estimated with 1 %. The results confirm the 457 

SEM/EDX measurements. 458 
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Variations observed in elemental maps of the Ra, Ba, and Sr L edge EDS signal in the rim region, 459 

as displayed in Fig. 7, indicated the presence of local compositional variations including an anti-460 

correlation of the Ra and Sr content. In particular the EDS Ra L signal variations correlate with the 461 

HAADF signal variations of the STEM images, i.e. more intense regions in the STEM images contain 462 

a higher concentration of Ra and a respectively lower concentration of Sr compared to darker regions. 463 

The variations in the Ba map showed no clear spatial correlation to the Ra or the Sr signal. 464 

 465 
3.2.4 SEM observations on experiments with the mechanical mixture, approach to equilibrium: 466 

At the end of the Ra-free reference experiment, none of the initial barite grains could be found 467 

while newly idiomorphic crystals of Sr1-xBaxSO4 were present, with x = 0.03 to 0.05, in addition to the 468 

pure celestine (Fig. 4c). In the presence of Ra, between day 226 and day 1302 the small idiomorphic 469 

(Ba,Ra,Sr)SO4 crystals disappeared, while the formation of newly formed crusts was noted at the 470 

surfaces of SrSO4 grains. These contained Ba as detected on a sample taken at day 744 (Figure S5 a, 471 

c). Furthermore, in the sample taken at day 744, idiomorphic celestine crystals were observed (Figure 472 

S4 b, d). At the end of the experiment, no Ba or Ra could be detected in the Sr-rich phase (Fig. 4 i). 473 

The Ba-rich phase (Fig. 4 f) originating from pure barite, contained no detectable amounts of Sr and 474 

Ra.  475 

 476 

3.2.5 SEM observations on experiments with solid solutions (Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4 477 

The microscopic observations of solids from the two reference experiments with Sr-rich 478 

(Sr,Ba)SO4 solid solutions yielded very similar results (Fig. 8 a - c and Fig. S6 a - c). At day 1 (Fig. 8 479 

a and Fig. S6 a), precipitates of a Ba-rich phase appeared on the primary solid solution grains. At day 480 

226 these initial precipitates disappeared in favor of a surface layer (crust) which was enriched in Ba 481 

(Fig. 8 b and Fig. S6 b). At day 1302, the grains sampled from both reference experiments were 482 

predominantly characterized by smooth idiomorphic surfaces (Fig. 8 c and Fig. 5 c). No chemical 483 

inhomogeneities could be observed by EDS. 484 

Similar observations were made for recrystallization of Sr-rich solid solution in the presence of 485 

Ra (experiments (Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4). At day 1, Ra was present in measurable 486 
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amounts in the Ba-rich precipitates occurring on the primary solid solution particles ( Fig. 8 d and Fig. 487 

S6 d). Similarly to the reference experiments, at day 226 the Ba-rich precipitates were dissolved and 488 

Ba-rich layers (crusts) were formed on the primary grains (Fig. 8 e and Fig. S6 e). Due to dilution 489 

effects Ra could not be detected within these crusts. At the final stage of the experiment, after 1302 490 

days, the idiomorphic features dominated the grains morphology (Fig. 8 f and Fig. S6 f). The chemical 491 

composition determined by EDS of the solid solutions at the end of the experiment was Sr1-xBaxSO4, 492 

with x = 0.016 for (Ba0.01Sr0.99)SO4 and x = 0.053 for (Ba0.03Sr0.97)SO4 (Table S3). 493 

 494 

Fig. 8. a-c) Temporal evolution of the solid in the reference (Ba0.03Sr0.97)SO4 experiment d-f) Temporal 495 

evolution of solids in the experiment (Ba0.03Sr0.97)SO4 in the presence of Ra. 496 

 497 
In summary of the microscopic results, the solids in the experiments with the mechanical mixture 498 

and solid solutions changed significantly with time and several metastable phases were observed. 499 

Different stages were observed in the Ra-free reference experiment and in the ternary system of the 500 

mechanical mixture. While the barite remains stable for a rather long time in the Ra-free experiment, 501 

eventually a single phase binary solid-solution (Ba,Sr)SO4 is formed. The ternary system remains two 502 

phase to the very end, with small Ba and Ra-rich precipitates at the surface of the primary celestine 503 
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and ternary coatings on the primary barite at the beginning and two distinct Ba or Sr-rich phases at the 504 

end. Already after one day, the experiments with the homogenous solid solutions showed a phase 505 

separation by the formation of Ba-rich precipitates in the presence of Ra as well as without Ra. These 506 

contain considerably amounts of Ra in the case of the ternary system. The Ba-rich precipitates 507 

dissolved completely with time and gradually formed crusts on the primary grains, which eventually 508 

recrystallized to a homogeneous single phase solid solution. The evolution of the solids is compared to 509 

thermodynamic modelling results in section 3.3 510 

 511 

3.3. Thermodynamic modelling 512 

3.3.1 Predicted equilibrium states and final experimental conditions 513 

For all experiments, the calculated Raaq concentrations at equilibrium are slightly higher than the 514 

measured concentrations at the end of the experiment (Ra equilibrium concentrations calculated using 515 

GEMS in horizontal lines of Fig. 3). Such a deviation was previously noted and discussed in the study 516 

of Vinograd et al. 2018b. The calculated Sraq concentrations in the experiments with the mechanical 517 

mixture of celestine 99 + barite 1 and with the solid solutions (Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4 518 

are in good agreement with the experimental data (Fig. S1 b). For pure barite, the total Baaq 519 

concentrations also match with the simulated values. However, in the case of the mechanical mixture 520 

and the solid solutions, in both experiments with and without Ra, there are slight discrepancies 521 

between the experimental and simulated Baaq concentrations. These could indicate that the equilibrium 522 

was not reached in these experiments.  523 

The calculated solid compositions at equilibrium are presented in Table 2. In the experiment with 524 

pure barite in contact with the Ra containing solution, the theoretical equilibrium state corresponds to 525 

an almost pure barite with highly diluted Ra concentration. This is in good agreement with our 526 

microscopic results at the end of the experiment after 1302 days, where a homogeneous barite is 527 

observed, and no significant Ra signal could be measured beyond the detection limits of the 528 

EDS instruments. In the case of the experiment with the mechanical mixture celestine 99 + barite 1, 529 

only one Sr-rich phase is predicted to be stable. This prediction refers to both, the Ra-free reference 530 

experiment and to the recrystallization experiment with Ra. However, the microscopic results showed 531 
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that two phases were present at the end of both experiments after 1302 days. In the case of the Ra-free 532 

reference experiment, two Sr-rich phases were observed: a pure celestine and an idiomorphic Sr-rich  533 

Sr1-xBaxSO4 solid solution with x = 0.03 to 0.05. In the presence of Ra, a Ba-rich phase remained 534 

present together with an almost pure celestine (Fig. 4). The presence of Ra, Sr-rich as well as Ba-535 

rich phases in the experiments stand in contrast to the thermodynamic predictions. This can be 536 

caused by an inaccuracy of the thermodynamic data base but also by an insufficient 537 

equilibration of the experiment.  538 

Similar to the case of the mechanical mixture, the experiments, in which the starting solid was 539 

represented by homogeneous solid solutions, (Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4, are also predicted 540 

to equilibrate as single phase assemblages. Our observations are indeed consistent with this prediction, 541 

as only one Sr-rich phase was present at the end of both of these experiments (day 1302, Fig. 8 f and 542 

Fig. S6 f). However, these solid solutions contained more BaSO4 than is expected (Table S3). This 543 

observation could be very important suggesting that the equilibrium has not been reached in these 544 

experiments and that the higher concentrations of Baaq measured at day 1302 (Fig, 3 f, i) could be 545 

maintained via a metastable equilibrium with a Ba-enriched precipitate. As the final Baaq 546 

concentrations were similar in the experiments with the solid solution and with the mechanical 547 

mixture, the mechanical mixture experiments also not likely have achieved the equilibrium. 548 

 549 

Table 2: Calculated compositions of solid solutions present at equilibrium (X for mole fraction). 550 
 551 

Experiment 
Composition of solid solution present at equilibrium 

Sr end member 
XSrSO4 

Ba end member 
XBaSO4 

Ra end member 
XRaSO4 

Barite - 0.9998 0.0002 

Reference celestine 99 + barite 1 0.9918 0.0082 - 

Celestine 99 + barite 1 0.9916 0.0082 0.0002 

Reference (Ba0.01Sr0.99)SO4 0.9934 0.0066 - 

(Ba0.01Sr0.99)SO4 0.9933 0.0066 0.0002 

Reference (Ba0.03Sr0.97)SO4 0.9802 0.0198 - 

(Ba0.03Sr0.97)SO4 0.9800 0.0198 0.0002 
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3.3.2 Evolution of phases and supersaturation in the reference experiments of (Sr,Ba)SO4 +H2O 552 

system 553 

As follows from the calculated saturation functions presented in Fig. 9 a, in the reference 554 

experiment with the mechanical mixture (reference celestine 99 + barite 1) at day 1 the aqueous 555 

solution is undersaturated with respect to barite-rich compositions and is supersaturated with respect to 556 

celestine-rich compositions. At day 226, the solution is supersaturated with respect to pure celestine 557 

and is close to equilibrium with respect to pure barite, while at day 744 the solution is slightly 558 

undersaturated with respect to all compositions.  559 

 560 

 561 

Fig. 9. Temporal evolution of the supersaturation functions ( ) in experiments without Ra, a) 562 

mechanical mixture of reference celestine 99 + barite 1, b) reference (Ba0.01Sr0.99)SO4 and c) reference 563 

(Ba0.03Sr0.97)SO4. The supersaturation is calculated from the measured concentrations in an aqueous 564 

solution at day 1 (red), day 226 (blue) and day 744 (green) relative to all possible compositions of the 565 

solid solution of (Sr,Ba)SO4. x = mole fraction. 566 
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The calculated supersaturation functions are in good agreement with our SEM observations. Our 567 

calculations suggest that at day 1 barite-rich compositions are undersaturated. Thus, the few barite 568 

crystals present in the mixture should tend to dissolve. Indeed, no newly formed Ba-rich crystals were 569 

observed in SEM at day 1. Further, Fig. 4 b shows that at day 226 the few remaining grains of barite 570 

were overgrown by a crustal layer which contained a small fraction of SrSO4. This observation is 571 

reconciled with the relatively high supersaturation calculated for BaSO4-rich compositions, suggesting 572 

that the crust is likely composed of a relatively Ba-rich solid solution, which is grown epitaxially on 573 

the grains of barite. At day 744 our calculations indicate a slight undersaturation with respect to all 574 

compositions, suggesting that the approach to equilibrium is a dynamic process, which possibly occurs 575 

through several dissolution and re-precipitation stages. The maximum of the supersaturation curve 576 

occurs at ~25 at% of BaSO4, suggesting that the aqueous solution approaches the equilibrium state, but 577 

does not yet match the theoretical composition of the solid.  578 

In the experiments with the single-phase solid solutions without Ra (reference (Ba0.01Sr0.99)SO4 579 

and reference (Ba0.03Sr0.97)SO4) after day 1, the aqueous solution was strongly supersaturated with 580 

respect to Ba-rich solid solutions (Fig. 9 b, c), suggesting that a Ba-rich phase was able to crystallize 581 

even on a structurally misfitting substrate. The supersaturation with respect to barite-rich compositions 582 

apparently occurred due to the fast dissolution of the celestine-rich solid solution, which contained a 583 

significant amount of BaSO4. As the BaSO4 component dissolved simultaneously with the SrSO4 584 

component, the concentration of Baaq increased quite rapidly. Consistently, our SEM observations 585 

showed the formation of Ba-rich precipitates with well-shaped faces on top of the primary celestine 586 

(Fig. 8 a, d) at day 1.  587 

Similar to the case of the mechanical mixture, in the experiments with the solid solutions the 588 

maximum of the supersaturation function at day 226 was shifted significantly to Sr-rich compositions 589 

(Fig. 9 a, b). These calculations are in good agreement with the observation that the almost pure barite 590 

crystals observed on top of the primary solid solution were converted to a Ba-containing crust which 591 

had very little SEM contrast to the primary solid solution and was thus Sr-rich (Fig. 8 b). Furthermore, 592 

our calculations show that in the experiments with the solid solutions at day 744 the aqueous solution 593 

was still supersaturated with respect to Sr-rich compositions but undersaturated with respect to Ba-rich 594 
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compositions, thus providing the possibility for the system to closely move to the predicted 595 

homogeneous Sr-rich equilibrium solid solution state. Generally, the supersaturation function 596 

calculated at day 744 approximates the equilibrium state much closer than at day 226. Fig. 9 b shows 597 

that the maximum of the supersaturation curve moves closer to the theoretical equilibrium 598 

composition of a Sr-rich solid solution, while its maximum decreases, thus approaching to the 599 

theoretical value of 1. In both reference experiments starting from single-phase (Sr,Ba)SO4 solid 600 

solutions, at day 1302, the SEM observations indicated the formation of newly-formed idiomorphic 601 

crystal faces at the surfaces of celestine grains, which implied their further re-equilibration. 602 

Conclusively, after 744 days, and possibly even after 1302 days, the equilibrium was not 603 

achieved, both in the experiments with the mechanical mixture (reference celestine 99 + barite 1) and 604 

in the reference experiments with solid solutions (reference (Ba0.01Sr0.99)SO4 and 605 

reference (Ba0.01Sr0.99)SO4). However, all systems demonstrated an approach towards equilibrium. 606 

Consistently with this statement, the final concentrations of Baaq in the long-term Ra-free experiments 607 

with the mechanical mixture (reference celestine 99 + barite 1) and the solid solution 608 

(reference (Ba0.01Sr0.99)SO4) approached a similar value of ~2 · 10-6 mol/L. 609 

 610 

3.3.3 Evolution of phases and supersaturation in the ternary (Sr,Ba,Ra)SO4 + H2O system 611 

Starting from single-phase solid solutions, the evolution of the Sraq and Baaq concentrations in the 612 

ternary SS-AS systems was similar to their evolution in experiments without Ra, indicating that the 613 

ternary system behavior is largely determined by the behavior of the binary solid solution, which takes 614 

up Ra as a trace element. In contrast, in the presence of Ra, the SS-AS system composed initially of 615 

two distinct phases behaved differently compared to the Ra-free reference experiment. In the 616 

following, the temporal evolution of supersaturation functions (Fig. 10) in the ternary system is 617 

discussed in more detail referring to two series of Ra uptake experiments, in which the starting 618 

compositions were represented by the mechanical mixture celestine 99 + barite 1 and by the solid 619 

solution (Ba0.01Sr0.99)SO4.  620 

In contrast to the reference experiment (reference celestine 99 + barite 1), in the experiment with 621 

Ra at day 1 the aqueous phase was supersaturated not only with respect to Ba-rich compositions (Fig. 622 
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10 a), but also with respect to a wide area of ternary compositions extending to Ra contents of up to 623 

75 %. This difference in supersaturation conditions correlates well with our SEM observations of 624 

small Ba- and Ra-rich crystals with well-developed crystal faces formed on the surfaces of the 625 

celestine crystals (Fig. 4 g). The same figure shows various signs of partial dissolution of the latter 626 

crystals. Ra naturally accumulates in the minor newly-formed Ba-rich phase as also discussed in 627 

Vinograd et al. 2018b. These crystals appear to remain stable up to day 226 and, possibly, longer. At 628 

day 226 the composition of the aqueous solution is supersaturated with respect to Sr-rich compositions 629 

and is slightly undersaturated with respect to the intermediate ternary compositions. The rims on the 630 

primary barites sampled at day 226 and discussed in detail in 3.2.2 and 3.2.3, could be the relicts of the 631 

earlier phase of recrystallization. The observed intermediated ternary compositions of the rims can be 632 

rationalized noting that they fall into the “low misfit area” in the ternary plot, where the misfit function 633 

Q is defined relative to pure barite. The lowest structural misfit corresponds to compositions with the 634 

Sr/Ra ratios of ~ 0.4. The equal misfit lines are shown in Fig. 10 a, c, e. At the beginning of the 635 

experiment, the aqueous solution was supersaturated with respect to a wide range of intermediate 636 

ternary compositions providing the necessary condition for the rim deposition (Fig. 10 a). At day 744 637 

the area on the ternary plot, over which the aqueous phase is supersaturated further shrinks to the very 638 

vicinity of the celestine corner. At the same time, it remains only slightly undersaturated at the barite 639 

corner. This shift generally reflects the tendency of the system to move to the thermodynamic 640 

equilibrium, and also explains why the barite phase is still present at the end of the mechanical mixture 641 

experiments. At day 1302 no Ra-rich phases could be seen in our SEM-observations, suggesting that 642 

Ra is more homogeneously distributed within the celestine- and barite-rich phases. The surfaces of the 643 

original celestine crystals reveal newly formed faces, reflecting their partial or complete 644 

recrystallization. This is in good agreement with the calculated supersaturation function (Fig. 10 e) 645 

which at day 744 indicates a strong undersaturation in all areas except the Ba- and Sr-rich corners. 646 

Since both Ba- and Sr-rich compositions appear to be close to equilibrium, a metastable two-phase 647 

system seems to have very little driving force to re-equilibrate to the thermodynamically predicted 648 

one-phase system. However, it remains unclear due to the low Ra-concentrations resulting from total 649 

equilibration of all solid or significant amounts of solid, which solid has taken up most of the Ra. 650 
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From the thermodynamic point of view, if the two phases are at equilibrium, the activity of RaSO4 in 651 

both phases should be similarly suggesting that the total amount of Ra may be approximately equally 652 

split between the two phases. Sr-rich solid solution would be likely host for Ra. 653 

In the case of the experiment with the (Ba0.01Sr0.99)SO4  solid solution put in contact with the Ra-654 

bearing aqueous solution the supersaturation functions differ from the case of the mechanical mixture, 655 

particularly at day 1 (Fig. 10 b), predicting the formation of more Ba-rich and less Ra-rich precipitates. 656 

In agreement with the calculated supersaturation, SEM observations showed newly precipitated Ba- 657 

and Ra-rich crystals on the primary solid solution surfaces. At a later stage of this experiment, at day 658 

226, the composition of the aqueous solution shifted towards more Sr-rich compositions (Fig. 10 d). 659 

Accordingly, no Ba-rich crystals were observed on the primary celestine surfaces. Instead, new crusts 660 

appeared on the surfaces. These crusts have very little SEM contrast to the primary solid solution 661 

suggesting a high Sr content. At day 744, the region of strong undersaturation stretches almost to the 662 

complete ternary plot, leaving only the Sr-rich corner in slight supersaturation (Fig. 10 f). This 663 

transition correlates with the SEM-EDX results obtained for the samples taken after day 1302. The 664 

final assemblage occurs as a homogenous single-phase solid solution, whose Ba/Sr ratio is very close 665 

to the thermodynamically predicted composition.  666 

Our experiments and modelling results thus suggest that rather high degrees of non-equilibrium 667 

remain in the system after day 226 and a decrease in the supersaturation, which is consistent with the 668 

approach to true equilibrium, occurs only after about two years. This is in agreement with the results 669 

of Felmy et al. (1993) who studied the solubility of (Ba,Sr)SO4 precipitates of a wide range of 670 

compositions in aqueous solutions. Felmy et al. (1993) noted that a reversible equilibrium with the 671 

aqueous solution could be obtained only at the time scale of about 1 year. Consistently with the 672 

present results, Felmy et al. (1993) observed a significant increase in Baaq concentration in short-term 673 

experiments, which was leveled out only after 315 days. This shows that in the both studies the 674 

equilibration starts with the congruent dissolution of the solid solution, what causes a release of a large 675 

amount of Ba in the aqueous phase. A similar initial increase in Baaq was also observed in the system 676 

of (Ba,Pb)SO4 studied by Kornicker et al. (1991). Within the initial process of congruent dissolution 677 

the aqueous solution quickly becomes supersaturated with respect to the less soluble component, i.e. 678 
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BaSO4, causing the appearance of early Ba-rich precipitates. Felmy et al. (1993) noted that their 679 

solubility data were inconsistent with the assumption of a stoichiometric saturation involving a single 680 

solid solution phase. They suggested that a nearly pure secondary BaSO4 was immediately formed and 681 

remained in the system throughout the experiment controlling the aqueous concentration of Ba. Our 682 

study offers an important modification to the two-phase model of Felmy et al. (1993) as we could 683 

show that the Ba-rich precipitates did not persist throughout the experiment. Our detailed SEM study 684 

showed that the early Ba-rich phases were replaced after 226 days by more Sr-rich precipitates, while 685 

the longest-term experiments resulted in the formation of Sr-rich crystals whose composition 686 

approached the theoretical prediction. Our results suggest that the rapid formation of Ba-rich 687 

precipitates causes a depletion of Baaq concentration, which, in turn, causes the aqueous phase to 688 

become supersaturated with respect to more Sr-rich compositions. The subsequent crystallization of 689 

more Sr-rich, but still Ba-rich precipitates requires a further consumption of Baaq, what, in turn, drives 690 

the dissolution of the early Ba-rich crystals. The predicted temporal shift of the maximum of the 691 

supersaturation function from Ba-rich to more Sr-rich compositions provides the mechanism of a 692 

gradual approach of the system to the equilibrium state.  693 

 694 
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 695 

Fig. 10. Supersaturation of the aqueous phase relative to the ternary solid solution in the experiments 696 

with the mechanical mixture of celestine 99 + barite 1 (a, c, e) and the solid solution (Ba0.01Sr0.99)SO4 697 

(b, d, f) after day 1 (a, b), day 226 (c, d) and day 744 (e, f). The intensities of blue and brown colors  698 

correlate with the degree of undersaturation and supersaturation, respectively. White circles denote the 699 

composition of the crustal layer grown on top of primary barite grains measured after day 226 of the 700 

mechanical mixture. The dashed lines (a, c, e) illustrate the misfit Q of the ternary solid solution phase 701 

relative to pure barite. 702 
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4 Summary and conclusions 703 

The primary aims of this combined experimental and modelling study were to measure the Ra-704 

uptake at Sr-rich compositions within the ternary SS-AS system (Sr,Ba,Ra)SO4 at 90 °C and to 705 

compare the results with thermodynamic predictions. An essential experimental result is that the Raaq 706 

concentration has decreased by more than one order of magnitude. The measured decrease is smaller 707 

than that observed in the experiments with pure barite but is nevertheless significant. The final Raaq 708 

concentration of ~ -7 mol/L is very close to the predicted concentration at the thermodynamic 709 

equilibrium at 90 °C in a system composed of 5 g/L of celestine-rich solid solution. This agreement 710 

implies that the available thermodynamic database is sufficiently robust for modelling of systems, in 711 

which the Ra-uptake is controlled by sulfates containing variable amounts of barite and celestine. This 712 

conclusion is important in the discussion of nuclear waste disposal scenarios, which are concerned 713 

with a possible interaction of Ra-contaminated ground waters with host rocks containing barite-type 714 

solid solutions. 715 

The re-equilibration of the ternary SS-AS reveals itself as a complex dynamic process, involving 716 

the precipitation and dissolution of various secondary metastable phases and the corresponding 717 

temporal changes in the composition of the aqueous solution. Supersaturation functions appear to be 718 

particularly instrumental in linking the evolution of the solid precipitates to the evolution of the 719 

aqueous phase. The calculated functions for the binary and ternary SS-AS systems permitted a 720 

straightforward interpretation of our experimental SEM-EDX results. This shows that the 721 

thermodynamic data base revised in the earlier studies (Vinograd et al., 2018a,b) provides a 722 

sufficiently accurate tool not only for predicting plausible thermodynamic equilibrium states, but also 723 

for understanding the mechanisms by which the system evolves towards the final equilibrium from the 724 

starting non-equilibrium experimental conditions. For the first time, the existence of a wide range of 725 

intermediate, metastable ternary (Sr,Ba,Ra)SO4 solid solution compositions was observed. It appears 726 

that in a SS-AS system the composition of the solid phase does not always take the shortest path in its 727 

evolution from the starting to the final equilibrium composition. The compositions of precipitates at 728 

intermediate stages may differ quite drastically both from the initial and the end points. The formation 729 

of these metastable solid solutions in the short-term experiments provided for the first time a 730 
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possibility of the structural investigation of the ternary phase, which is nearly equally composed of 731 

BaSO4, SrSO4 and RaSO4 components. The combination of FIB, SEM and TEM investigations has 732 

shown that the average structural parameters of the rim are very similar to that of the barite core. This 733 

agreement suggests that the particular choice made by the system in favor of this particular ternary 734 

composition, has been driven by the combination of a minimization of the structural mismatch 735 

allowing for the coherent growth on the barite surface and supersaturation of the newly formed phase.  736 

Different initial phase associations provided different final phase associations. In the case of the 737 

mechanical mixture of 99 % of celestine and 1 % of barite in Ra-bearing solution the final state was 738 

represented by a two-phase association of a newly formed celestine and barite, while in the case of the 739 

solid solution of identical composition, (Ba0.01Sr0.99)SO4, only a single Sr-rich phase was formed. 740 

Although our equilibrium thermodynamic calculations are consistent with the single-phase final 741 

assemblage (Table 3), the two-phase association found in the experiments with the mechanical mixture 742 

may indicate that at 90°C the studied system of (Ba0.01Sr0.99)SO4 + H2O is close to be able to phase 743 

separate. Indeed, as discussed by Vinograd et al. 2018b, the addition of RaSO4 to the binary 744 

(Ba,Sr)SO4 solid solution increases its tendency to phase separate. On the one hand, the addition of Ra 745 

destabilizes the Sr-rich phase due to a very large value of the WSrRa parameter. On the other hand, the 746 

addition of Ra to the Ba-rich phase does not cost much of enthalpy because of the small value of the 747 

WBaRa parameter. Thus, even at a reasonably small total concentration of RaSO4 in the system, the 748 

phase separation may become the thermodynamically preferred state. Although the observation of 749 

different final assemblages in experiments with the same total chemical composition can formally be 750 

considered as a proof of the absence of the thermodynamic equilibrium, the similarity of the final Raaq 751 

and Baaq concentrations in the experiments on Ra uptake in the systems composed of the mechanical 752 

mixture of celestine 99 + barite 1 and of the homogeneous (Ba0.01Sr0.99)SO4 solid solution (Fig. 3) 753 

suggests that the both systems deviated only marginally from the true equilibrium at 90 °C. 754 

 755 

 756 

 757 

 758 
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Appendix 768 

Table A.1: Temporal evolution of the aqueous Ra and Ba concentrations of experiments with pure 769 

barite. 770 

  Ra concentration 
(mol/L) 

Ba concentration  
(mol/L) 

Experiment Barite Barite Reference 
Barite 

Day       
0 5.00E-06     
1 3.49E-06 3.90E-05 4.91E-05 
3 2.21E-06 4.19E-05 4.80E-05 
8 3.87E-07 4.08E-05 4.33E-05 
15 9.61E-08 4.17E-05 4.40E-05 
22 5.44E-08 4.23E-05 4.71E-05 
29 3.54E-08 3.81E-05 4.72E-05 
43 3.44E-08 4.11E-05 4.42E-05 
57 2.65E-08 3.70E-05 4.05E-05 
71 2.25E-08 3.51E-05 4.82E-05 
99 2.37E-08 4.09E-05 4.93E-05 

134 2.41E-08 3.56E-05 4.66E-05 
165 2.74E-08 3.80E-05 4.57E-05 
226 2.47E-08 3.94E-05 4.42E-05 
295 1.51E-08 4.57E-05 5.17E-05 
405 2.02E-08 4.24E-05 5.38E-05 
512 1.60E-08 3.92E-05 5.69E-05 
601 1.61E-08 4.22E-05 5.64E-05 
744 1.68E-08 4.34E-05 6.86E-05 
828 1.02E-08     
1022 7.49E-09     
1085 1.25E-08     
1302 1.00E-08     

 771 

  772 
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Table A.2: Temporal evolution of the aqueous Ra, Ba, and Sr concentration of experiments with a 773 

mechanical mixture of celestine 99 + barite 1 with 5 g/L at 90 °C and corresponding reference 774 

experiments without Ra. 775 

  Ra concentration 
(mol/L) 

Ba concentration (mol/L) Sr concentration (mol/L) 

Experiment Celestine 99 + 
barite 1 

Celestine 99 +     
barite 1 

Reference 
celestine 99 + 

barite 1 

Celestine 99 + 
barite 1 

Reference 
celestine 99 + 

barite 1 

Day           
1 4.60E-06 1.00E-05 9.98E-07 9.27E-04 1.45E-03 
3 3.19E-06 8.48E-06 1.06E-06 1.15E-03 1.57E-03 
8 2.66E-06 6.01E-06 1.25E-06 1.00E-03 1.57E-03 
15 2.55E-06 6.04E-06 1.47E-06 1.12E-03 1.58E-03 
22 2.36E-06 4.85E-06 1.34E-06 1.16E-03 1.55E-03 
29 2.26E-06 3.47E-06 1.46E-06 1.12E-03 1.54E-03 
43 2.76E-06 3.09E-06 1.73E-06 1.13E-03 1.58E-03 
57 2.92E-06 2.91E-06 1.91E-06 1.15E-03 1.53E-03 
71 3.18E-06 3.05E-06 1.98E-06 1.18E-03 1.60E-03 
99 3.51E-06 2.54E-06 1.96E-06 1.14E-03 1.60E-03 

134 3.65E-06 2.45E-06 1.35E-06 1.61E-03 2.03E-03 
226 8.77E-07 2.67E-06 2.37E-06 1.75E-03 2.04E-03 
295 3.15E-06 2.09E-06 1.37E-06 1.60E-03 2.12E-03 
405 2.75E-07 1.63E-06 1.44E-06 1.62E-03 1.95E-03 
512 3.81E-07 4.81E-06 2.09E-06 1.29E-03 1.59E-03 
601 1.07E-07 3.04E-06 4.51E-07 1.10E-03 1.75E-03 
744 1.41E-07 3.84E-06 2.05E-06 1.13E-03 8.89E-04 
828 1.01E-07         
1022 2.20E-07         
1085 9.93E-08         
1302 1.67E-07         

 776 

  777 
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Table A.3: Temporal evolution of the aqueous Ra concentrations of experiments with solid solutions 778 

(Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4. 779 

  Ra concentration (mol/L) 

Experiment (Ba0.01Sr0.99)SO4 (Ba0.03Sr0.97)SO4 

Day     
1 2.45E-06 1.80E-06 
3 2.11E-06 1.35E-06 
8 2.02E-06 1.17E-06 

15 2.39E-06 1.47E-06 
22 2.95E-06 1.37E-06 
29 3.06E-06 1.98E-06 
43 3.16E-06 2.40E-06 
57 2.94E-06 2.12E-06 
71 2.77E-06 2.25E-06 
99 2.45E-06 2.21E-06 
134 2.19E-06 1.92E-06 
169 1.97E-06 1.38E-06 
226 1.31E-06 1.83E-07 
295 8.91E-07 2.37E-07 
405 3.25E-07 1.79E-07 
512 3.74E-07 2.42E-07 
601 2.08E-07 1.68E-07 
744 1.43E-07 9.39E-08 
828 2.34E-07 1.00E-07 
1022 9.38E-08 1.35E-07 
1085 1.03E-07 1.30E-07 
1302 1.62E-07 1.83E-07 

 780 

 781 
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Table A.4: Temporal evolution of the aqueous Ba and Sr concentrations of experiments with solid 783 

solutions (Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4. 784 

  Ba  concentration (mol/L) 
      Reference Reference 

Experiment (Ba 0.01Sr0.99)SO4  (Ba 0.03Sr0.97)SO4  (Ba 0.01Sr0.99)SO4  (Ba 0.03Sr0.97)SO4  
Day         

1 8.77E-06 8.37E-06 8.45E-06 9.34E-06 
3 7.30E-06 7.40E-06 9.21E-06 1.08E-05 
8 4.87E-06 5.28E-06 8.13E-06 6.90E-06 

15 4.22E-06 4.67E-06 8.26E-06 6.24E-06 
22 3.25E-06 4.22E-06 7.67E-06 5.91E-06 
29 3.09E-06 3.98E-06 7.82E-06 5.90E-06 
43 2.75E-06 3.68E-06 7.69E-06 4.78E-06 
57 3.09E-06 3.89E-06 5.56E-06 4.21E-06 
71 3.28E-06 4.20E-06 4.89E-06 4.24E-06 
99 2.77E-06 3.86E-06 3.71E-06 3.92E-06 

134 3.25E-06 4.02E-06 2.72E-06 4.00E-06 
169 2.56E-06 3.85E-06 3.07E-06 3.56E-06 
225 2.85E-06 3.95E-06 2.01E-06 3.76E-06 
295 3.08E-06 3.38E-06 1.56E-06 3.53E-06 
405 1.57E-06 2.88E-06 1.00E-06 2.39E-06 
512 1.70E-06 3.79E-06 1.27E-06 3.15E-06 
601 1.70E-06 3.08E-06 1.13E-06 2.59E-06 
744 1.38E-06 3.60E-06 1.11E-06 2.34E-06 

 785 

  786 
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Table A.5: Temporal evolution of the aqueous Sr concentrations of experiments with solid solutions 787 

(Ba0.01Sr0.99)SO4 and (Ba0.03Sr0.97)SO4. 788 

  Sr concentration (mol/L) 
      Reference Reference 

Experiment (Ba0.01Sr0.99)SO4 (Ba0.03Sr0.97)SO4 (Ba0.01Sr0.99)SO4 (Ba0.03Sr0.97)SO4 
Day         

1 1.02E-03 9.75E-04 1.28E-03 1.24E-03 
3 1.11E-03 1.03E-03 1.27E-03 1.80E-03 
8 1.11E-03 1.07E-03 1.27E-03 1.27E-03 

15 1.11E-03 1.06E-03 1.35E-03 1.34E-03 
22 1.08E-03 1.08E-03 1.30E-03 1.33E-03 
29 1.13E-03 1.08E-03 1.30E-03 1.35E-03 
43 1.11E-03 1.16E-03 1.41E-03 1.36E-03 
57 1.11E-03 1.08E-03 1.37E-03 1.39E-03 
71 1.17E-03 1.12E-03 1.41E-03 1.48E-03 
99 1.09E-03 1.03E-03 1.41E-03 1.36E-03 

134 1.64E-03 1.65E-03 1.92E-03 1.91E-03 
169 1.65E-03 1.67E-03 2.00E-03 1.94E-03 
225 1.70E-03 1.67E-03 1.96E-03 1.98E-03 
295 1.64E-03 1.61E-03 1.96E-03 1.96E-03 
405 1.68E-03 1.68E-03 1.95E-03 6.76E-04 
512 1.21E-03 1.14E-03 1.56E-03 1.54E-03 
601 1.23E-03 1.19E-03 1.63E-03 1.52E-03 
744 1.26E-03 1.20E-03 1.62E-03 1.63E-03 

 789 
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