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A combined macroscopic and micro analytical approach was applied on two distinct barite 11 

samples from Ra uptake batch experiments using ToF-SIMS and detailed SEM investigations. 12 

The experiments were set up at near to equilibrium conditions in order to distinguish between 13 

two possible scenarios for the uptake of Ra by already existent barite, (1) formation of a  14 

Ba1-xRaxSO4 solid solution surface layer on the barite or (2) a complete recrystallization, leading 15 

to homogenous Ba1-xRaxSO4 crystals. It could be clearly shown that Ra uptake in all barite 16 

particles analyzed within this study is not limited to the surface but extends to the entire solid. 17 
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For most grains a homogenous distribution of Ra could be determined, indicating a complete 18 

recrystallization of barite into a Ba1-xRaxSO4 solid solution. The maxima of the Ra/Ba intensity 19 

ratio distribution histograms calculated from ToF-SIMS are identical with the expected Ra/Ba 20 

ratios calculated from mass balance assuming a complete recrystallization. 21 

In addition, the role of Ra during the recrystallization of barite was examined via detailed SEM 22 

investigations. Depending on the type of barite used, an additional coarsening effect or a strong 23 

formation of oriented aggregates was observed compared to blank samples without Ra. In 24 

conclusion, the addition of Ra to a barite at close to equilibrium conditions has a major impact on 25 

the system leading to a fast re-equilibration of the solid to a Ba1-xRaxSO4 solid solution and 26 

visible effects on the particle size distribution, even at room temperature. 27 

 28 

Introduction 29 

The system RaSO4 – BaSO4 – H2O is a classic example of solid solution formation. Already in 30 

1925, the publication by Doerner & Hoskins (1) postulated a structural uptake of Ra into the 31 

crystal structure of barite during co-precipitation of Ra and Ba with sulfate. Especially the 32 

isotope 226Ra which yields a series of short lived decay products is known to be a major 33 

environmental concern which easily enters the food chains (2).  34 

Due to the environmental relevance as one of the major sources of technologically enhanced 35 

naturally occurring radioactive material (TENORM), the fate of Ra in the environment and in 36 

technical processes has been the subject of several publications (e.g. 3, 4, 5, 6, 7). On the short 37 

time scale of hours to days which is relevant for processes such as unconventional gas extraction 38 

the mechanism of co-precipitation of Ra from supersaturated solutions dominates the 39 
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sequestration of Ra from aqueous solutions whereas the uptake of Ra by pre-existing barite is too 40 

slow to be relevant (8).  41 

However, the uptake of Ra by pre-existing barite at close-to equilibrium conditions is relevant 42 

for the safety assessment of nuclear waste disposal which are carried out to cover the complete 43 

time span until natural levels of radiation are reached. Barium is formed from the decay of Cs 44 

and as a fission product (138Ba). 138Ba already exists within the fuel elements during the 45 

production of nuclear power. On the other hand, Ra as a late decay product of the 238U is formed 46 

after 10,000 to 100,000 years. Especially in the late stages of direct disposal of spent nuclear fuel 47 

(300.000 years), Ra may become the dominant source of radioactivity (9, 10). Here, a particular 48 

scenario may be considered: During spent fuel corrosion Ba is released from the waste matrix as 49 

a fission product and at the same time UO2 dissolves. 226Ra forms as a daughter nuclide within 50 

the decay chain of 238U, which may be released from the UO2. Based on thermodynamics, 51 

eventually the released Ra should re-equilibrate with the earlier formed barite and form a Ba1-52 

xRaxSO4 solid solution.  53 

Several recent theoretical studies have focused on the estimation of Ra mobility in ground 54 

waters which may come into contact with spent fuel in a radioactive waste repository (10, 11, 12, 55 

13). The possible solubility control of Ra by coprecipitation of a Ba1-xRaxSO4 solid solution from 56 

high supersaturation has been demonstrated in recent publications (14, 15, 16). Recently, 57 

experimental and modeling approaches were used to derive the thermodynamic constants needed 58 

to describe the solid solution and the speciation of the aqueous solution in equilibrium (14, 15, 59 

16, 17). 60 

However, the scenario which may be applied to the direct disposal of spent fuel in a deep 61 

geological waste repository requires the uptake of Ra by barite at close to equilibrium conditions. 62 
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This scenario has been addressed by recent macroscopic experimental studies of Curti et al., 63 

2010 (18) and Bosbach et al., 2010 (19). The available macroscopic results indicate a partial or 64 

full recrystallization of barite to Ba1-xRaxSO4 solid solution combined with a significant 65 

reduction of the Ra in aqueous solution. In these studies, it is argued that the initial pure barite 66 

either recrystallized completely (18) or incompletely (19) to a Ba1-x Ra xSO4 solid solution. In the 67 

latter case, kinetic inhibition was invoked as an explanation. However, in their discussion of the 68 

data of Bosbach et al., 2010 (19), Vinograd et al., 2013 (17) point to a full recrystallization of 69 

barite to a Ba1-xRaxSO4 solid solution within the scale of the experiments. Therefore, based on 70 

the available macroscopic data it remains unclear whether a Ba1-xRaxSO4 solid solution is only 71 

formed as a surface layer on the barite crystals or if a complete recrystallization occurs, leading 72 

to homogenous Ba1-xRaxSO4 crystals.  73 

Here we present new experimental results, following a combined macroscopic and 74 

microanalytical approach. Batch experiments with higher Ra concentrations than published so far 75 

were carried out in order to analyze the spatial distribution of Ra within the solid after the 76 

recrystallization experiments as well as the effect of the presence of Ra on the morphology and 77 

particle size distribution (PSD). 78 

 79 

Materials and Methods 80 

Barite sample preparation and characterization 81 

Two different types of barite powders with varying grain size distribution and morphology 82 

were used during the Ra uptake experiments. The first barite was a synthetic, high purity barite 83 

(XR-HR10) from Sachtleben Chemie GmbH, which was provided by Enzo Curti (Paul 84 

Scherrer Institute, Villigen, Switzerland). The same barite was used in the experiments of Curti 85 
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et al., 2010 (18) and Bosbach et al., 2010 (19). The second barite was a commercially available 86 

barium sulfate from Aldrich with a purity of 99.998 %. Several equilibration steps were carried 87 

out to eliminate high energy surface sites and ultrafine particles which may have a high impact 88 

on the Ra uptake kinetics. In a first step, the barite powders were equilibrated in pure water for 6 89 

weeks. Afterwards, a grain size fractionation was carried out via sedimentation using Atterberg 90 

cylinders to narrow down the grain size distribution of the two barite types and achieve a 91 

homogeneous PSD. Thus, two distinctively different barite powder samples were prepared, a 92 

coarse Sachtleben (SL) barite with a mean particle size of approximately 18 µm and a fine 93 

grained Aldrich (AL) barite with a mean particle size of approximately 0.5 µm. 94 

The original barite samples were analyzed by powder X-ray diffraction using a Bruker D4 95 

Endeavor instrument. The morphology of the barite crystals before and after the adjustment of 96 

the grain size distribution was studied using the environmental scanning electron microscope FEI 97 

Quanta 200 F. The microscope was equipped with an Apollo X Silicon Drift Detector (SDD) 98 

from EDAX.  99 

XRD and SEM/EDX confirmed that both powders were pure barite within the precision of 100 

these methods. SEM observation showed that SL barite consisted of blocky crystals with a wide 101 

grain size distribution, whereas the original AL sample consisted of two different barite 102 

morphologies.  103 

SEM observation after separation and equilibration indicated that the AL barite consisted of 104 

rounded particles forming agglomerates. The particles showed smooth crystal surfaces with 105 

small pores. The mean particle size was < 2 µm. The separated SL barite consisted of blocky 106 

crystals with a particle size of > 10 µm. The SL morphology was dominated by barite cleavage 107 

planes. 108 



 

6 

The specific surface area of the separated powder samples was determined via multipoint  109 

Kr-BET measurements. A Quantachrome Autosorb instrument was used to obtain 5-point 110 

isotherms of about 0.5 g of each sample. Previously, the samples were outgassed at 120 °C for 111 

14 h. The specific surface area of Sachtleben barite was SBET = 0.17 m²/g, and differed from the 112 

specific surface area of SBET = 0.31 m²/g determined by Curti et al., 2010 (18). This may be due 113 

elimination of fine particles following the size fractionation procedure. The specific surface area 114 

of the Aldrich barite was determined as SBET = 1.7 m²/g. 115 

Ra uptake experiments 116 

Batch recrystallization experiments were performed at ambient conditions (23 ± 2 °C). The 117 

separated and pre-equilibrated barite powders were suspended in 10 mL of 0.2 n NaCl solutions 118 

for 4 weeks in 25 mL glass bottles. A stock solution with a concentration of 8.8 ⋅ 10-4 mol/L 119 

226Ra was prepared from RaBr2 and diluted to 1.0 x 10-5 mol/L.  120 

At the beginning of the 226Ra uptake experiments, 10 mL of the radiotracer solution were 121 

added to each of the barite suspensions, resulting in a total volume of V = 20 mL, an ionic 122 

strength of 0.1 n, and a concentration of 5.0 x 10-6 mol/L 226Ra. The ionic strength was chosen to 123 

address the conditions expected for the Swedish granitic groundwater (20). Experiments were 124 

carried out with two different solid/liquid ratios of 5 g/L and 0.5 g/L (Table 1). The glass bottles 125 

with suspensions were permanently shaken with a roller mixer shaker. Furthermore, two types of 126 

blank experiments were conducted - (1) blank experiment without barite to evaluate the 127 

adsorption of Ra on the glass bottles and (2) a blank experiment with barite but without Ra in 128 

order to compare the morphological evolution of the barite crystals in the presence and absence 129 

of Ra (Table 1). 130 
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In regular time intervals, 500 µL of the aqueous solution were taken and then filtered after a 131 

settling time of 1 h. Similar to the procedure described in Curti et al., 2010 (18), the liquid was 132 

filtered through Advantec ultrafilters (MWCO = 10,000 Da) and then analyzed for the Ra and Ba 133 

concentration.The Ra concentration in solution was examined via Gamma spectrometry. For this 134 

purpose, 100 µL of the filtered solution were measured using a N2 cooled high purity (HP) Ge-135 

detector. Gamma-W for Windows was used for the analysis of the spectra (Version 2.55, 136 

Interaktive Spektrum Analyse, Dr. Westmeier, Gesellschaft für Kernspektrometrie mbH). The 137 

intensity in counts per second of the Ra peak at 186 keV was determined and converted to a 138 

concentration in mol/L. The system was calibrated with an independent, external standard.  139 

The Ba concentration in solution was quantified via ICP-MS. Measurements were performed 140 

with an ICP-MS ELAN 6100 DRC (PerkinElmer SCIEX) instrument. For the measurements, the 141 

samples were diluted by a factor of 1:100 and acidified (HNO3). 142 

 143 

Analysis of the solids 144 

Scanning electron microscopy (SEM): 145 

Small amounts of barite (10 µL suspension) were sampled during the recrystallization 146 

experiments. The evolution of the barite crystals morphology was studied using the 147 

environmental scanning electron microscope FEI Quanta 200 FEG. In order to avoid artifacts 148 

due to precipitation of NaCl, BaSO4 or RaSO4, the samples were separated from their solution by 149 

two washing steps in iso-propanol. The samples were then prepared as a suspension on a Si 150 

wafer and subsequently dried.  151 

 152 

Determination of the particle size distribution by image analysis: 153 
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For the AL samples, the longest axis of 360 grains of each sample was measured via image 154 

analysis of SEM images at 40,000 x and 20,000 x magnifications. Due to the larger grain size of 155 

the SL barite and narrow grain size distribution, 150 grains per SL sample were analyzed for 156 

images taken at a magnification of 1800 x and 2000 x. A control sample of 350 grains showed 157 

that analyzing 150 grains was sufficient to obtain reproducible results of this sample. Grains, 158 

which were grown together, were considered individually and not as a single grain. For each 159 

sample, the minimum and maximum grain sizes as well as the mean values of the analyzed 160 

grains were determined. The equivalent mass of each grain was calculated using the measured 161 

grain size as the diameter of an equivalent sphere and the density of barite (4.5 g/cm³).  162 

 163 

Time of flight secondary ion mass spectrometry (ToF-SIMS) 164 

Time of flight secondary ion mass spectrometry (ToF-SIMS) has found wide application 165 

within the last decades in the ultra-trace element analysis of solids with a high spatial and mass 166 

resolution (21). Within this study, a method was developed specifically for the analysis of the 167 

recrystallized barite grains and the detection of Ra in the sub-ppm range.  168 

Small amounts of powder samples were taken for ToF-SIMS measurements after 169 

characterization by SEM and prepared for ToF-SIMS. SIMS measurements were carried out 170 

using a ToF-SIMS IV instrument (IONTOF GmbH, Münster Germany). For the mass spectral 171 

analysis a pulsed Bi3+ beam of 25 keV was used. The beam was raster scanned over a max area 172 

of 500 x 500 µm. To gain access to the depth distribution of elements and isotopes a sputter 173 

beam of 2 keV Cs+ was scanned over the area of interest. The sputtered ions were accelerated by 174 

2 keV extraction voltage into the reflectron type drift tube. The high flexibility of ToF-SIMS in 175 
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selecting the sputter and analysis timing independently (22) allowed us to address the different 176 

particle sizes.  177 

During the ToF-SIMS measurements, a special focus was laid on the spatial resolution so that 178 

individual barite grains could be distinguished from one another in the SL sample. In addition, 179 

the sputter time and sputter conditions were set so that a relevant Ra signal could be extracted 180 

from the measurements with a depth resolution of about 0.1 µm within the depth profiles, and a 181 

lateral resolution of about 2 µm as estimated from a comparison of SEM and ToF-SIMS 182 

analyses. The small particles were sputtered with relative low sputter ion density to use as much 183 

material for the acquisition to gain enough sensitivity. To identify individual particles the spot 184 

size of the analysis beam had to be improved. This was done by not using the buncher to gain 185 

high mass resolution. This reduces the energy spread in the Bi pulse and therefore yields a better 186 

focus. The high mass resolution was not necessary and this was verified by looking at the mass 187 

spectra for Ra containing and Ra free barite samples. Different masses were tested e.g. the mass 188 

of 226Ra, 226RaH, and 226RaO before the mass of 226 was chosen. At this mass, the AL and SL 189 

blank samples clearly showed no Ra signal whereas Ra could be detected within the 190 

recrystallized samples. 191 

Figure 1 shows SEM images of a SL-type barite before and after a ToF-SIMS measurement. 192 

The element contrast of the back scattered electron-image (BSE) in Figure 1 b shows a complete 193 

sputtering of the sample with very small residues of the original barite left on the substrate. The 194 

elevated features of Figure 1 b are due to the protection of the silicon substrate by the barite 195 

particles during sputtering. 196 
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 197 

Figure 1. SEM images of ToF-SIMS preparation of SL 0.5 g/L before (a) and after measurement 198 

with residues of barite on the Si-substrate at the original location of the barite particles (b). 199 

The measurement raw data were processed with the IONTOF software surfaceLab6 Version 200 

6.3 and reconstructed to obtain three dimensional element distribution images. From the element 201 

distribution images, element profiles were calculated as well as the integrated intensity of the Ba 202 

or Ra signal at a defined x-y position. 203 

 204 

Results and Discussion 205 

Uptake of Ra during barite recrystallization 206 

Final Ra concentration in aqueous solution 207 

The Ra concentration in solution significantly decreased during 443 days of experiment. The 208 

final concentrations are given in Table 1. The experiments with 5 g/L barite the Ra concentration 209 

showed a decrease from 5.0 x 10-6 to the order of 10-9 mol/L whereas the Ra concentration in 210 

solution of the 0.5 g/L experiments decreased to the order of 10-8 mol/L. According to these 211 

results, a Ra/Ba ratio of the solid was calculated from mass balance. In both cases, almost all of 212 

the Ra in solution is taken up into the given amount of barite, leading to a Ra/Ba = 2.5 x 10-4 for 213 

the experiments with S/L = 5 g/L barite whereas for S/L = 0.5 g/L barite the Ra/Ba ratio was 214 

calculated to be one order of magnitude higher (Table 1). 215 
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Table 1. Overview of experiments and final Ra concentration after 443 days. 216 

Name Type of 
barite 

Solid/Liquid Initial Ra 
concentration 

Final Ra 
concentration 

Ra/Ba  
in the solid 

[g/L] [10-6 mol/L] [10-9 mol/L] [-] 
Blank Ra --- --- 5 5000 ± 200   
Reference SL Sachtleben 5 0     
Reference AL Aldrich 5 0     
SL 0.5 g/L Sachtleben 0.5 5 35 ± 10 2.5 x 10-3 
SL 5 g/L Sachtleben 5 5 2.8  ± 0.8  2.5 x 10-4 
AL 0.5 g/L Aldrich 0.5 5 47 ± 14  2.5 x 10-3 

AL 5 g/L Aldrich 5 5 7.4 ± 2.2 2.5 x 10-4 
 217 

ToF-SIMS investigations of the final Ra concentration and distribution in the solid phase 218 

Due to the larger grain size, the SL sample was chosen for a detailed ToF-SIMS investigation 219 

of the spatial distribution of Ra and the total Ra/Ba ratio. Individual grains could be identified by 220 

comparing a SEM image taken before the measurement (Figure 2 a) with the integrated intensity 221 

distribution image of Ba (Figure 2 b) and Ra (Figure 2 c). Additional measurements were carried 222 

out on AL-type barite, on which due the smaller particle size only integrated Ra/Ba ratios over 223 

several grains could be determined. 224 

A comparison of the images showing the integrated Ba and Ra ToF-SIMS signal (Figure 2 b,c) 225 

and the SEM image (Figure 2 a) shows a good correlation between the areas of high integrated 226 

intensities in the ToF-SIMS images and the spatial distribution of the grains in the SEM image. 227 

Furthermore, it can be seen in Figure 2 that all grains within this measurement of the 228 

recrystallized SL barite contain Ra. Additional ToF-SIMS measurements on different grains of 229 

the same sample which are not shown here, confirmed that this is typical for the recrystallized 230 

SL barite.  231 
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For the four grains identified in the ToF-SIMS image (labeled 1 to 4 in Figure 1 a) depth 232 

profiles were reconstructed using the IONTOF software (Figure 2 d). The four grains had similar 233 

dimensions (Figure 2 a) and were sputtered completely. Even though the absolute height scale is 234 

not measured by ToF-SIMS, the profiles represent the same length as they were taken during the 235 

same measurement. For the same reason the total concentrations depicted in the profiles are 236 

directly comparable. The profiles indicate a complete recrystallization of barite to a Ba1-xRaxSO4 237 

solid solution on the scale of the ToF-SIMS instrument. All SL grains which were analyzed 238 

indicate measurable concentrations of Ra not only on the surface but also within the grains. 239 

Grain 1 and 4 in Figure 2 d show a slight inhomogeneity of the Ra concentration whereas grain 2 240 

and 3 are homogeneous with regard to the Ra concentration. The total Ra concentration within 241 

the grains varies as can be seen by the total counts (TC) depicted in Figure 2.  242 

 243 
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 244 

Figure 2. a) SEM image of SL 0.5 g/L before the ToF-SIMS analysis, b) integrated intensity of 245 

the Ba signal c) integrated intensity of the Ra signal. MC = Maximum Counts, TC = Total 246 

counts. d) Depth profiles of the integrated Ra signal. The x-axis of the depth profiles corresponds 247 

with the x-axis of the integrated intensity distribution image (c). The y-axis of the depth profiles 248 

are given in arbitrary units as the ToF-SIMS does not provide an absolute height scale. 249 

Absolute concentrations of Ra and Ba in the ToF-SIMS measurements are difficult to 250 

determine due to the absence of suitable Ra standards. However, assuming a similar yield of 251 
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secondary ions of Ba and Ra, a Ra/Ba ratio of the recrystallized barite can be determined from 252 

ToF-SIMS measurements. The intensities of Ra and Ba are related to the number of atoms which 253 

are ionized and can thus be used to estimate the molar ratio of Ra/Ba. As shown in Table 1, the 254 

average Ra/Ba ratio of 2.5 x 10-3 is expected in both SL and AL grains. The Ra/Ba ratios 255 

determined from several hundred integrated Ra and Ba intensities show a distribution of Ra/Ba 256 

intensity ratios rather than one single Ra/Ba ratio in both recrystallized barite samples (Figure 3). 257 

Both intensity distributions have a maximum at a Ra/Ba ratio of about 3 x 10-3.  258 

 259 

Figure 3. (a) Histogram of the Ra/Ba ToF-SIMS intensity ratio obtained from 660 integrated 260 

measurement points of SL 0.5 g/L. (b) Histogram of the Ra/Ba ToF-SIMS intensity ratio 261 

obtained from 400 integrated measurement points of AL 0.5 g/L. 262 

The distribution of Ra/Ba intensity ratios in the SL sample is narrow and ends at about 1 x 10-2 263 

whereas the distribution in the AL sample is broader and exhibits a small number of individual 264 

grains which contain much more Ra than the average ratio predicted from macroscopic 265 

experiments (Figure 3 b). No systematic trend with respect to the grain size could be observed 266 

for the SL Ra/Ba intensity ratios. This may be taken as an indirect proof that Ra is not enriched 267 

at the mineral surfaces but distributed into the barite crystals during recrystallization. As a result 268 
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of the ToF-SIMS investigations, it is now possible to distinguish between the two possible 269 

scenarios of Ra uptake by already existent barite, (1) formation of a Ba1-xRaxSO4 solid solution 270 

surface layer on barite or (2) a complete recrystallization, leading to homogenous  271 

Ba1-xRaxSO4 crystals. A complete recrystallization of barite into a Ba1-xRaxSO4 solid solution can 272 

be proposed. Therefore, the treatment of the Ba1-xRaxSO4 solid solution with thermodynamic 273 

tools as shown e.g. in Vinograd et al., 2014 (17) can now be justified. As a consequence, 274 

geochemical modeling applied for the safety assessment of deep geological disposal of nuclear 275 

waste and environmental issues related to TENORM can now include this solid solution system. 276 

 277 

Effect of Ra on barite recrystallization 278 

Evolution of morphology and grain size distribution 279 

The combination of the ToF-SIMS analyses and the observed Ra uptake from the solution 280 

show that Ra is efficiently taken up by pure barite. A detailed SEM investigation was performed 281 

to identify the influence of the presence of Ra on the recrystallization of barite. Particle size 282 

distributions (PSD) were determined to quantify the observations by SEM with more extended 283 

statistical information about the barite particles, similar to earlier studies e.g. Simonsen et al. 284 

2011 (23). 285 

Two reference samples, one SL (Figure 4 a) and one AL barite (Figure 5 a), were aged in 286 

parallel experiments with a solid to liquid ratio of 5 g/L under the same conditions as the 226Ra 287 

uptake experiments. SEM observation of the SL sample before (Figure 4 a) and after (Figure 4 b) 288 

the experiments indicates that there is no significant change of the morphology after 443 days.  289 

At the beginning of the experiments, the SL barite sample was characterized by a narrow grain 290 

size distribution with grain sizes between ~ 6 and 45 µm (see Table S1 and Figure S1, supporting 291 
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information). The changes in the PSD of the reference without Ra due to aging are within the 292 

error of the analysis.  293 

After being in contact for 443 days with a Ra spiked solution, the morphology of SL crystals 294 

changed only slightly. However, in contrast to the reference, the grains of this sample were 295 

observed to be grown together with a defined orientation, forming large aggregates (Figure  296 

4 c,d). Even in the presence of Ra, the narrow grain size distribution remains mainly unchanged 297 

with only insignificant differences between minimum and maximum values of the PSD 298 

(Supporting information Table S1). The apparent changes in the mass based grain size 299 

distribution are due to individual large grains which have a high impact here but not in the 300 

frequency based PSDs of SL after aging with and without Ra. 301 

 302 

Figure 4. (a) Morphology of individual grains of reference SL without Ra at the beginning of the 303 

experiment and (b) at the end of the reference experiment after 443 days; (c) Morphology of SL 304 

barite 5 g/L after 443 days in contact with the Ra solution. Grains are grown together and form 305 
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large aggregates. (d) Detail of an aggregate. The arrow marks the area, where two grains are 306 

grown together in an oriented way. 307 

 308 

Figure 5. (a) Morphology of reference AL without Ra at the beginning of the experiment and (b) 309 

at the end of the reference experiment after 443 days. A newly formed large particle is marked 310 

with an arrow; (c) Morphology of AL after 443 days in contact with the Ra solution for 311 

experiments with 0.5 g/L barite. The zoomed inset illustrates details of the particle shape (d). 312 

Large grains > 10 µm are grown, assimilating smaller grains. 313 

At the beginning of the experiments, the AL barite sample was characterized by a wide grain 314 

size distribution with grain sizes between ~ 0.2 and 2.2 µm (see Table S1, supporting 315 

information). Already without Ra, newly formed, larger idiomorphous crystals with a typical 316 

grain size larger than 3 µm appear in the reference AL sample after 443 days (Figure 5 b, large 317 

particle marked with an arrow). In comparison, the original small grains are typically smaller 318 
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than 1 µm (Figure 5 a). After 443 days, the morphology and shape of the small grains didn’t 319 

change significantly within this reference sample (Figure 5 b). 320 

In comparison with the reference experiment, an additional change of the AL particle 321 

morphology in the presence of Ra was observed after 443 days. The small particles were less 322 

rounded and elongated with sharp edges, and less pores on the surface (Figure 5 c, zoomed 323 

inset). The grain size of the small particles increased visibly. Furthermore, small grains were 324 

assimilated by the growth of large idiomorphous crystals which are up to > 10 µm in size (Figure 325 

5 d).  326 

For the AL sample, the quantification was carried out for the fine particles only as the large 327 

particles > 5 µm were statistically not relevant. The initial AL type barite is characterized by a 328 

wide PSD, covering more than one order of magnitude in the mass based representation (Figure 329 

6).  330 

 331 

Figure 6. PSD based on frequency (upper histograms) and calculated equivalent mass (lower 332 

histograms) of AL barite. Left: Reference experiments without Ra; right: Experiments with Ra.  333 
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A slight shift of the PSD towards higher grain sizes was observed on the AL reference sample 334 

which was aged for 443 days. This is more clearly detected in the frequency based PSD. Mainly, 335 

the very small grains in the fraction < 0.5 µm were shifted to the fraction 0.5 – 1.0 µm. In the 336 

presence of Ra, not only new large grains (> 2 µm) appeared as described above but also a 337 

significant coarsening of the small grains can be deduced from the PSD (Figure 6, supporting 338 

information Table S1). The most significant effect is visible in the mass based PSD of the 339 

0.5 g/L AL sample. 340 

In summary, the presence of Ra was found to affect the recrystallization process, however in a 341 

different way for the two studied barites. The wide PSD of AL barite is changed during the 342 

recrystallization of barite in the presence of Ra compared to a Ra free reference. The mechanism 343 

of Ostwald ripening is related to the coarsening of some particles while very small particles 344 

dissolve. Ostwald ripening is a grain size coarsening due to the minimization of the interfacial 345 

energy (24). The existence of even larger newly formed crystals in the experiment with Ra 346 

indicates an additional effect of the solid - aqueous disequilibrium, in addition to the surface 347 

energy minimization.  348 

On the other hand, the particle size of the SL sample remains more or less constant. Here, a 349 

distinctively different mechanism of coarsening appears to occur i.e. the formation of orientated 350 

aggregates. This effect has been described in the literature to occur preceding Ostwald ripening, 351 

eventually also resulting in the occurrence of large particles. Such effects were observed by Jia & 352 

Goa, 2008 (25), who investigated the growth of well-defined cubic hematite single crystals due 353 

to the oriented aggregation of particles and Ostwald ripening. There, particles formed 354 

agglomerates which eventually made up single crystals.  355 

 356 
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Environmental Implications 357 

Recrystallization of barite and simultaneous uptake of Ra has been proven to be a relevant 358 

mechanism for the retention of Ra in the environment. Considering the relevant time scales of 359 

nuclear waste disposal (up to several 100,000 years) this process is comparatively fast. However, 360 

compared to co-precipitation as the proposed main mechanism of Ra-removal related to 361 

TENORM, recrystallization it is a rather slow process. Thus, the amount of Ra taken up by barite 362 

on the scale of days during recrystallization is not representative for the long-term. In the long 363 

term, the Ra concentration in an aqueous solution in contact with pre-existing barite will 364 

significantly decrease due to the thermodynamics of (Ba,Ra)SO4 solid solutions. However, the 365 

effect of other ions such as Sr or Pb which are also known to form solid solutions with barite will 366 

need to be studied to extend the system (Ba,Ra)SO4 investigated here to a broader range of 367 

environmental conditions. 368 
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