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Ein Gelehrter in seinem Laboratorium ist nicht nur ein Techniker;  

er steht auch vor den Naturgesetzen wie ein Kind vor der Märchenwelt.  

Marie Curie 

(1867-1934) 

 

Alles Gescheite ist schon gedacht worden, man muss nur versuchen, es noch ein-

mal zu denken. 

Johann Wolfgang von Goethe 

(1749-1832) 
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Abstract  

Recently, the BaxRa1-xSO4 solid solution has been investigated with regard to its 

applicability to the long-term safety of spent nuclear fuel (SNF) disposal. As 226Ra 

originates from the U decay chain, its concentration in SNF builds up with time. In 

some scenarios for the direct disposal of SNF taken from the Swedish license appli-

cation for a final SNF repository, 226Ra dominates the dose after 100,000 years. Cur-

rently, the solubility of 226Ra is considered to be controlled by the formation of Ra-

SO4 in the Swedish license application as the BaxRa1-xSO4 solid solution character-

istics were not sufficiently investigated at the point of submission. The Ba xRa1-xSO4 

solid solution could be considered as solubility controlling phase for Ra if the uptake 

mechanism of Ra into barite was understood in more detail. 

Barite can occur as a primary phase in the surrounding of the future repository or as 

a secondary phase within nuclear waste due to the different positions of Ba and Ra 

within SNF. In the case of SNF corrosion, Ba would come in contact with water first. 

Sulfate-containing water would lead to barite precipitation. Therefore, a system is 

most likely where pre-existing barite is in equilibrium with an aqueous solution into 

which Ra then enters. Recent studies comprising long-term batch recrystallization 

experiments propose a kinetically influenced uptake of Ra into barite that equili-

brates into a thermodynamically controlled situation within 800 days.  

This thesis provides the first detailed four-dimensional characterization of the Ra 

uptake into barite by combining three-dimensional sample characterization with the 

temporal evolution. To understand the mechanism of Ra uptake into barite, two 

types of barites (SL and AL barite) obtained from batch recrystallization experiments 

of previous studies were characterized prior to, during and after the Ra uptake. A 

combination of different state-of-the-art high-resolution microscopy techniques was 

used to answer the questions regarding (1) the internal microstructure of the initial 

barite (2) the role of this internal microstructure during the Ra uptake and (3) t he 

changes in the Ra distribution within the barite.  

This study comprises the first characterization of barite by atom probe tomography 

(APT). By combining APT and transmission electron microscopy (TEM) methods, 

pores covering the size range from a few nanometers to a few micrometers were 

identified in the SL barite. The pores were organized in layers parallel to the outer 

crystal faces. High resolution chemical analysis indicated that the pores contain a 

solution of water and sodium chloride. By focused ion beam (FIB) tomography, it 

was revealed that open macropores of several micrometers size are present as well 

within the SL barite. These partially connected macropores are distributed within the 

complete barite particles. Therefore, the macropores provide a direct pathway for 
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Ra-containing aqueous fluid to enter the SL barite particles by diffusion within the 

aqueous solution. In addition, pores were also identified in the AL barite by TEM 

characterization.  

The entrapment of solution during mineral precipitation is known for several minerals 

at high supersaturation. As barite only precipitates at high supersaturation, nano-

scale fluid inclusions as well as macropores probably were entrapped during the 

particle growth by precipitation. A microstructure similar to the one of the barite type 

used in this study was previously reported for other barites. In Ra-free reference 

experiment, no microstructural changes were noted over recrystallization times of up 

to 898 days.  

In prior studies, three different stages of Ra uptake were described based on mac-

roscopic results. Ra-containing barite samples from all three stages were character-

ized to understand the role of the internal barite microstructure. At the beginning, 

the nano-scale fluid inclusions disappeared, probably due to coalescing to new 

macropores. This was part of an Ostwald ripening process driven by the minimiza-

tion of the free energy in the complete system.  

Furthermore, chemical analyses by Scanning TEM energy-dispersive X-ray spec-

troscopy (STEM-EDX) were conducted and a characteristic evolution of the Ra dis-

tribution within the solids with time was observed. After an intermediate, inhomoge-

neous Ra distribution within the barite, a homogeneous Ra distribution at the scale 

of STEM-EDX was detected.  

In conclusion, the Ra uptake into barite takes place in several steps: first, the Ra- 

diffuses within the aqueous phase into the open macropores where it is incorporated 

into the barite via a dissolution-reprecitation process. The complex internal micro-

structure of the barite enlarges the barite surfaces and the uptake process takes 

place from the inside of the barite particles. The recrystallization of barite in the 

presence of Ra is completely different from pure barite recrystallization as the up-

take of Ra causes fundamental changes within the Ra microstructure. The presence 

of Ra is a thermodynamic driving force which triggers the complete barite micro-

structure to rebuild despite the low concentration of Ra. A possible reason for these 

significantly different effects could be the radiation damage that is caused by the 

alpha-decay of 226Ra.  
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Kurzzusammenfassung  

Die BaxRa1-xSO4 Mischkristallreihe wird momentan als mögliche löslichkeitsbestim-

mende Ra-Phase für 226Ra im Kontext der direkten Endlagerung abgebrannter 

Brennelemente (englisch: spent nuclear fuel, SNF) untersucht. 226Ra ist ein Zerfalls-

produkt der U-Zerfallsreihe. Daher baut sich seine Konzentration im abgebrannten 

Kernbrennstoff mit der Zeit auf und ist für die Langzeitsicherheit eines potenziellen 

Endlagers wichtig. In einigen Szenarios, die aus dem Genehmigungsverfahren der 

schwedischen Endlageragentur SKB für die direkte SNF-Endlagerung stammen, 

dominiert 226Ra nach etwa 100.000 Jahren die Dosis. In dem aktuellen schwedi-

schen Sicherheitsnachweis wird die Löslichkeit von 226Ra durch das Löslichkeitspro-

dukt von RaSO4 beschrieben, da die Eigenschaften von BaxRa1-xSO4 zum Zeitpunkt 

des Einreichens des Sicherheitsnachweises noch nicht in ausreichendem Maße er-

forscht waren. 

Baryt kann sowohl als primäre Phase in der Umgebung eines zukünftigen Endlagers 

als auch als Sekundärphase innerhalb des Abfallgebindes auftreten. Aufgrund der 

verschiedenen Positionen von Ba und Ra innerhalb des SNF, ist die Entstehung des 

folgenden Systems anzunehmen: Ein bereits existierender Baryt befindet sich im 

Equilibrium mit einer wässrigen Lösung; anschließend wird Ra freigesetzt. Studien, 

in denen Langzeit-Rekristallisationsexperimente durchgeführt wurden, zeigten einen 

anfänglich kinetisch beeinflussten Einbau von Ra in Baryt. Innerhalb von 800 Tagen 

entwickelte sich dieses System zu einem thermodynamischen Gleichgewichtszu-

stand hin.  

Durch eine drei-dimensionale Probencharakterisierung in Kombination mit der zeitli-

chen Entwicklung wurden neue Erkenntnisse in den Ra-Einbau in Baryt gewonnen. 

Um den Ra-Einbaumechanismus in Baryt zu verstehen, wurden zwei verschiedene 

Arten von Baryten (SL und AL Baryt) aus Rekristallisationsexperimenten vor, wäh-

rend und nach dem Ra-Einbau charakterisiert. Eine Kombination verschiedener 

hochmoderner Mikroskopie-Techniken wurde angewendet um (1) die interne Mikro-

struktur, (2) die Rolle dieser internen Mikrostruktur und (3) die Entwicklung der Ra -

Verteilung während des Ra-Einbaus zu untersuchen.  

Erstmals ist in dieser Arbeit eine Messung von Barytproben mit der Atomsonde 

(Atom Probe Tomography, APT) gelungen. Durch die Kombination von APT und ver-

schiedener Transmissionselektronenmikroskopie (TEM) Methoden wurden Poren mit 

einer Größe zwischen einigen Nanometern und wenigen Mikrometern im SL Baryt 

identifiziert. Diese Poren bilden ein Lagensystem parallel zu den äußeren Kristallflä-

chen. APT Analysen zeigten, dass die Poren mit H2O und NaCl gefüllt sind. Durch 

eine Tomographie mit Hilfe des fokussierten Ionenstrahles (Focused Ion Beam 
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(FIB)) wurden außerdem offene, Mikrometer große Makroporen im SL Baryt beo-

bachtet. Diese teilweise verbundenen Makroporen sind im gesamten Kristallvolumen 

verteilt und bieten so eine Wegsamkeit für Ra, um durch Diffusion in der wässrigen 

Phase in den Baryt zu gelangen. Ähnliche Poren wurden durch TEM Analysen im AL 

Baryt detektiert. In Ra-freien Referenzexperimenten konnte trotz Rekristallisations-

zeiten von bis zu 898 Tagen keine internen mikrostrukturellen Veränderungen beo-

bachtet werden.  

Basierend auf vorhergehenden makroskopischen Studien wurde der Ra-Einbau in 

drei verschiedene Stadien eingeteilt. Um die Veränderungen in der internen Mikro-

struktur zu identifizieren, wurden Ra-haltige Barytproben aus allen drei Stadien un-

tersucht. Anfangs verschwinden die nanometer-großen flüssigkeitsgefüllten Ein-

schlüsse, wahrscheinlich durch das Zusammenwachsen zu neuen Makroporen. Dies 

ist Teil eines Ostwaldreifungsprozesses, angetrieben durch die Minimierung der 

freien Energie im gesamten System. Mit Hilfe von Rastertransmissionselek tronen-

mikroskopie in Kombination mit energiedispersiver Röntgenmikrobereichsanalyse 

(STEM-EDX) wurden Element-Mappings aufgenommen und die zeitliche Entwicklung 

der Radiumverteilung innerhalb des Feststoffes analysiert. Nach einer temporären, 

inhomogenen Ra-Verteilung innerhalb des Barytes wurde im dritten Stadium eine 

auf der Skala von STEM-EDX homogene Ra-Verteilung beobachtet.  

Der Ra-Einbau in Baryt findet in mehreren Schritten statt: Zuerst diffundiert das Ra 

in der wässrigen Phase durch die offenen Makroporen in den Baryt, wo es anschlie-

ßend durch einen Auflösung/Wiederausfällungsprozess aus dem Inneren des Kristal-

les in den Baryt eingebaut wird. Durch eine Rekristallisation des kompletten Barytes 

entsteht ein homogener BaxRa1-xSO4 Mischkristall. 

Die Rekristallisation des reinen Barytes unterscheidet sich grundlegend von der Re-

kristallisation unter Radiumeinbau, wie anhand der internen mikrostrukturellen Ver-

änderungen zu erkennen ist. Hier stellt das Ra trotz seiner geringen Konzentration 

eine thermodynamische Triebkraft dar, die den kompletten Umbau der internen Mik-

rostruktur des Barytes verursacht. Ein möglicher Grund für diese signifikanten Un-

terschiede in der Rekristallisation könnten die durch den Alpha-Zerfall des Radiums 

verursachten Strahlenschäden darstellen.  
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1 Introduction 

Mining and milling of U ores, including waste waters, tailings and waste rock pro-

duce radionuclides containing waste. In addition, residues originating from other 

industries contain U and Th decay series radionuclides, e.g. the phosphate industry, 

mineral sand processing, oil, gas or coal industry. These residues are called natural 

occurring radioactive materials (NORM). Radium (Ra) is extremely important among 

the radionuclides of concern (U, Th, Ra, Rn, Pb and Po) due to the presence of its 

isotopes in all natural decay series and their relatively long half -life (Fesenko et al., 

2009). Furthermore, it is easily accumulating in bones in the case of ingestion into 

the body. In addition, the gaseous Rn poses a severe health threat. Ra is consid-

ered as a key nuclide for the long-term safety of nuclear waste disposal due to its 

long half-life (Bruno et al., 2007; Curti et al., 2010).  

The characteristics of Ra dissolved in aqueous solution, its fate during migration and 

its immobilization by possible secondary phases are investigated as dissolved Ra 

tends to be very mobile in various elemental conditions. Elevated Ra concentrations 

were found in produced water from hydraulic fracturing and oil production (Nabhani 

et al., 2016) but also in some drinking waters (Milvy & Cothern, 1990; Somlai et al., 

2002; Bonotto, 2015). Because radionuclides can easily be ingested by drinking 

contaminated water, drinking water is monitored regarding its radioactivity in many 

countries. For example, the Ra limit in drinking water is 5 pCi (= 0.158 Bq) per liter 

(EPA, 2000) in the USA and in Germany the total activity limit of the alpha-emitters 

per liter of water is 0.1 Bq (Dritte Verordnung zur Änderung der Trinkwasserver-

ordnung, 2015).  

The formation of a solid solution is, among other processes as e.g. sorption, a pos-

sibility to immobilize Ra or other hazardous elements dissolved in aqueous solu-

tions. The aqueous concentration needed for a minor element to get incorporated in 

a solid solution can be significantly smaller than its aqueous concentration which 

needs to be reached for pure phase precipitation. In the case of Ra, the aqueous Ra 

concentration needed for the formation of a Ba xRa1-xSO4 solid solution would be 

several orders of magnitude lower than the solubility of pure RaSO 4. The sequester-

ing of elements by solid solutions is widely recognized in environmental research, 

but has however only been taking into account in some cases, e.g. BaxRa1-xSO4 sol-

id solution formation was considered in the Swiss nuclear waste safety case (Nagra, 

2002; Prieto et al., 2013; 2016).  

Ra is easily incorporated in barite and forms the Ba xRa1-xSO4 solid solution (Curie, 

1898; Hanor, 2000; Randa et al., 2010). Barite is an ubiquitous mineral which occurs 
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in a variety of sedimentary, metamorphic and igneous geological environments 

(Hanor, 2000). The BaxRa1-xSO4 solid solution has recently been investigated in 

more detail with regards to the long-term safety of spent nuclear fuel (SNF) disposal 

(Bosbach et al., 2010; Curti et al., 2010; Vinograd et al., 2013; Klinkenberg et al., 

2014; Brandt et al., 2015). One of the main tasks of our generation is to establish a 

safe disposal for SNF which mainly consists of UO2 (Bruno & Ewing, 2006). As 226Ra 

originates from the U decay chain, its ’ concentration builds up within SNF with time 

due to the decay of 234U and 238U. In some scenarios for the direct disposal of SNF 

(Fig. 1) taken from the Swedish license application for a final SNF repository, 226Ra 

dominates the dose after 100,000 years and even leads to a second peak in the to-

tal dose which exceeds the typical background radiation in Sweden (SKB, 2011).  

 

 

Fig. 1 Mean annual effective dose [µSv] in a special case of canister corrosion taken 
from the Swedish Nuclear Fuel and Waste Management Company (SKB). The 
contribution of Ra (blue line) to the total dose (green line) leads to a second 
peak after 300.000 years with possible doses above the level of the typical 
background radiation in Sweden (Modified after SKB, 2011) . 

 

Independent from the strategy of waste management, e.g. conditioning, long -term 

interim storage or direct disposal of the spent nuclear  fuel from today’s point of 

view, the deep geological disposal is the safest option to which no adequate alterna-

tive has yet been proposed (Röhlig et al., 2012; Baisden & Atkins-Duffin, 2011; Al-

exander & McKinley, 2007; Kim et al., 2011; EU, 2011; Ewing et  al., 2016). Primari-
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ly, deep geological disposal is favored because it provides the best option for main-

taining the two main safety principles: isolation and containment. The deep geologi-

cal disposal in rock formations allows the radioactive waste enough time for the de-

cay of its radioactive isotopes to natural levels in isolation from the environment. 

Another important requirement is the immobilization of radionuclides. This can be 

assured by the combination of technical and geotechnical barriers, e.g. can isters, 

backfilling, buffer and the selection of the host rock. Three different host rock types 

were identified as potentially suitable for the disposal of radionuclides: clay, salt and 

crystalline rock (Röhling et al., 2012; BGR, 2007). In Germany, no dec ision for one 

of these potential host rocks was taken since the restart of the final repository pro-

gram in 2013 (§ 3 Standortauswahlgesetz). 

Other countries like Finland, Sweden or France have already advanced in the pro-

cess towards bringing a final repository into service (Posiva, 2014; Bennett & Gens, 

2008). The Swedish waste management agency SKB has submitted its license ap-

plication for a high-level waste disposal site in granitic rock in 2011 (Fig. 2) (SKB, 

2011) and the Finnish waste management agency Posiva has submitted the con-

struction license application in 2012. The Finnish construction license was granted 

in 2015 (Posiva, 2015).  

 

 

Fig. 2 The KBS-3 concept of spent nuclear fuel disposal by the Swedish SKB (Modi-
fied after SKB, 2010). 

 

The provision of a long-term safety assessment evaluating the possibility of a re-

lease of radionuclides into the bio- or geosphere over a timescale of one million 

years is necessary for the license application of a repository (IAEA, 2012; Ojovan & 
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Lee, 2014). The behavior of radionuclides within this time-span is rather difficult to 

derive directly from laboratory experiments. Therefore, a long-term safety assess-

ment includes probability calculations for radionuclide retention on different host 

phases and various scenarios, e.g. canister failure due to corrosion or buffer trans-

formation. Crucial information for a reliable calculation is the assessment of possible 

interactions of radionuclides with primary or secondary mineral phases. Usually, this 

detailed information on the radionuclides interactions with mineral phases and dis-

solved species, e.g. stability constants, is obtained from laboratory experiments, 

which are further combined into a simulation of  more complex processes in multi-

component systems (IAEA, 2012). This approach is the most favorable one for mod-

eling the radionuclide behavior in the complex geochemical systems, as it is based 

on a fundamental knowledge about the system (e.g. composition,  ionic strength, re-

dox- and pH conditions, etc.) and radionuclides interactions.  

A number of processes can lead to retention of radionuclides in the near -field of a 

repository system, e.g. adsorption on mineral surfaces, precipitation of pure phases 

or solid solution formation. These processes are substantially different on a molecu-

lar level but may result in a similar outcome on the macroscopic level. A molecular 

scale process understanding is still necessary to gain confidence in the long-term 

predictions made in the safety assessment. Therefore, the characterization of radio-

nuclide interactions in a geochemical system on a molecular level is a prerequisite 

for a reliable safety assessment (Bruno et al., 2007).  

In the submitted license application for a Swedish high level waste repository, the 

solubility of 226Ra is considered by the formation of RaSO4 because the BaxRa1-xSO4 

solid solution characteristics were not sufficiently investigated (SKB, 2011). In the 

technical report for provisional safety analyses of the Swiss NAGRA calculations are 

performed with RaSO4 and RaCO3 as limiting solids for the upper guideline. Here, 

the solid solution formation between BaSO4 and RaSO4 is used for the lower guide-

line (NAGRA, 2014). There is evidence that barite might be present in the surround-

ing of the planned repository in Forsmark (Jaremalm et al., 2013) or forms as a sec-

ondary phase in some scenarios (SKB, 2011). In the specific bentonite examined as 

possible geotechnical barrier for the Swiss SNF repository, barite is present. There-

fore, the BaxRa1-xSO4 solid solution formation could be considered in general as sol-

ubility controlling phase for Ra if the thermodynamic properties of this solid solution 

and the uptake mechanism of Ra into barite were known in more detail.  

Barite can occur as a secondary phase in a nuclear waste repository. In Sweden, a 

final repository for the direct disposal of SNF will be built in granitic basement rock 

(SKB, 2011). The SNF will not be conditioned but it will be stored in Cu canisters 
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which are surrounded by a bentonite filling. Already during the construction of such 

a repository fractures in the crystalline rock are existent and therefore the presence 

of water within the repository is likely and addressed in the safety assessment. By 

technical means (canister design and engineered barrier system), a possible migra-

tion of radionuclides should be prevented. Nevertheless, canister corrosion and wa-

ter infiltration followed by a contact between spent nuclear fuel and water are con-

sidered as possible individual and combined scenarios. 

The location of Ra and Ba within SNF differs. Within fresh nuclear fuel, stable Ba 

isotopes are already present as fission products. Ba results from 137Cs and 135Cs 

decay within SNF and it is part of the grey phase as oxide precipitates, e.g. 

(Ba,Sr)ZrO3. During the operation time, the Ba precursor Cs is transported to the 

grain boundaries, fractures or the region between SNF and cladding (Bruno & 

Ewing, 2006; Brandt et al., 2015). 226Ra will build up from 238U and 234U decay and is 

therefore located either in the UO2 matrix or within secondary uranium phases. After 

the operation time, in the possible case of fuel corrosion, Ba is then more easily ac-

cessible compared to Ra. Therefore, in case of contact between SNF and a sulfate-

rich groundwater, Ba is released first and then quickly precipitated as BaSO4 due to 

its low solubility. Accordingly, barite would be in equilibrium with the aqueous solu-

tion and then, Ra would enter (Fig. 3). 

 

 

Fig. 3 System of an aqueous sulfate solution including Ra2+ in equilibrium with bar-
ite (adapted from Klinkenberg et al.,  2014).  

 

Recent studies have shown that pre-existing barite takes up Ra in long-term batch 

recrystallization experiments of about 800 days (Bosbach et al., 2010; Curti et al., 

2010, Torapova et al., 2013, Klinkenberg et al., 2014; Brandt et al., 2015).  

In the scenario mentioned above, the Ra concentration in aqueous solution is con-

trolled by the solubility of a BaxRa1-xSO4 solid solution rather than by the solubility of 
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a pure RaSO4 phase. This assumption was made based on thermodynamic model-

ing, demonstrating a decrease of Ra solubility in the presence of pre-existing barite 

at close-to-equilibrium conditions (Vinograd et al., 2013). The combination of a sta-

ble Ra concentration in solution and a homogeneous Ra distribution within the solids 

indicate that a stable state is reached which can be thermodynamically predicted. A 

microscopic study by Klinkenberg et al. (2014) applying time-of-flight secondary ion 

mass spectrometry (ToF-SIMS) showed the uptake of the Ra into the barite crystal 

volume. In addition, Brandt et al. (2015) modeled the evolution of the Ra concentra-

tion in solution using the thermodynamic interaction parameter for the BaxRa1-xSO4 

solid solution obtained by Vinograd et al. (2013). This enabled the prediction of the 

BaxRa1-xSO4 and the composition of the aqueous solution in equilibrium conditions 

with this solid. At the same time, due to the new observations made by Klinkenberg 

et al. (2014) and Brandt et al. (2015) a number of new questions arose. These ques-

tions are related to the internal microstructure of the initial barite, the potential 

changes within the internal barite microstructure and the homogeneity of the Ra dis-

tribution at equilibrium state. The answers would lead to a process understanding of 

the Ra uptake. The focus of this thesis is to develop a mechanistic understanding at 

a molecular scale of the Ra uptake into barite. 
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2 Scientific and Theoretical Background  

2.1 Radium  

Radium (Ra) is the sixth element of the second group in the periodic table, the alka-

line earth metals and present in nature in doubly charged oxidation state. Due to 

similar ionic radii and resulting similar chemical behavior, Ba data has often been 

used if Ra was not available (Carvalho et al., 2014). 

There are four naturally occurring isotopes of Ra, 223Ra (half-life: 11.4 days) origi-

nating from the Ac decay series, 224Ra (3.64 days) and 228Ra (5.75 years) originating 

from the Th decay chain and 226Ra (1602 years) from the U decay chains. The most 

long-living isotope 226Ra decays to several isotopes, e.g. the gaseous isotope 222Rn, 

to the stable isotope 206Pb (Carvalho et al., 2014). Historically, research on Ra was 

concentrated on its impact on human health (e.g. Raabe et al., 1989; Sheen et al., 

2016; Warren, 1980), its application as a tracer for environmental processes (e.g. 

Burnett et al., 2008; Krest & Harvey, 2003) or its use in industrial, medical or other 

application (e.g. Pratt,1993). This study is focused on the interaction of Ra dissolved 

in an aqueous solution with a pre-existing bariumsulfate (barite) solid. 

Studies reporting the preparation of the Ra-containing halogenides, RaF2, RaCl2, 

RaBr2 and RaI2 exist, but the crystal structure of the solids decays within 10 h to 

amorphous material due the high radioactivity and accompanying radiation damage 

(Weigel & Trinkl, 1968). The Ra-salts RaSO4, RaSeO4, RaCrO4, RaMoO4 and 

RaWO4 are more stable to radiation damage (Weigel & Trinkl, 1968a). Also RaCO3 

exists, but its solubility (Ksp = -8.3, Langmuir & Riese, 1985) is higher than that of 

RaSO4 (Ksp = -10.26, Langmuir & Riese, 1985). The solubility of pure RaSO4 will be 

discussed in detail in the next chapter.  

Pure Ra phase precipitation of any of these Ra-phases in nature was not observed, 

probably due to the low molar Ra concentrations found in nature (Carvalho et al., 

2014, 2014). Some solid phases in nature are known to take up Ra at conditions 

close to the thermodynamic equilibrium. Barite is one phase which is particularly 

known for incorporating Ra by recrystallization (Grandia et al., 2008; Bosbach et al., 

2010). Minor amounts of Ra were found to incorporate into Celestine (Jucker & 

Treadwell, 1954). Other mineral phases, as e.g. gypsum (CaSO4 x H2O) were ob-

served to poorly incorporate Ra (Jucker & Treadwell, 1954).  

The kinetically influenced co-precipitation of Ra is another way to fixate Ra in solids. 

Here, Ra can also be sequestered in a phase which is thermodynamically not favor-

able, e.g. Ra precipitation with gypsum (Yoshida et al., 2009). When carbonate con-
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centrations in waters are high, Ra and also other alkaline earth metals are precipi-

tated as carbonate. Curti (1999) reviewed the available data on the partitioning of 

Ra and other radionuclides into calcite. This review was further supported by studies 

of Rihs & Condomines (2002) and Sturchio (1990) reporting co-precipitation experi-

ments with Ra and calcite. Also the precipitation as a ternary solid solution of 

(Ba,Ra,Sr)SO4 was observed (Zhang, 2014).  

The BaxRa1-xSO4 solid solution was previously observed to be a scavenger for Ra. 

Therefore, the incorporation of Ra into barite by recrystallization at thermodynamic 

equilibrium and also the co-precipitation of a BaxRa1-xSO4 solid solution will be elab-

orated further in this thesis. In order to describe and understand the characteristics 

of the BaxRa1-xSO4 solid solutions, the end-members of this solid solution, RaSO4 

and BaSO4, will be described first.  

Already the discovery and the following investigation of the element Ra were closely 

related to its co-precipitation with barite and to the formation of a BaxRa1-xSO4 solid 

solution. In her ground-breaking work on the discovery of Ra, Marie Curie (1898) 

reported about the affinity of Ra for barite. Later, Curie stated in her Nobel Prize 

lecture (Curie, 1911) that she had used barite extracts for the recovery of Ra from 

the U residues.  

The ionic radii of the Ba2+ and Ra2+ ions in 12-fold coordination only differ by 5 % 

(Tab. 1). A complete substitution of the two divalent cations should be possible ac-

cording to the Goldschmidt rule (Goldschmidt, 1925). Also the unit cell parameters 

of both structures are similar, which should allow the formation of a complete solid 

solution (Tab. 1).  

 
Tab. 1 Characteristics of the end-members of the BaSO4-RaSO4 solid solution. Ionic 

radii of Ba2+ and Ra2+ in 12-fold coordination from Shannon (1976) as well as 
lattice parameter of barite by Jacobson et al. (1998) and of RaSO 4 by 
Hedström et al. (2013)  

 

 

 

Although the formation of solid solutions with intermediate compositions should be 

possible based on thermodynamics, only barites containing minor amounts of Ra 

were observed in nature (Hanor et al., 2000; Randa et al., 2010). Radiobarites ob-

served in nature often originate from hydrothermal precipitates (Randa et al., 2010).  

Mineral BaSO4 RaSO4

Ionic radius [12] [Å] 1.61 1.70

a [Å] 8.879 9.07

b [Å] 5.454 5.52

c [Å] 7.154 7.28
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2.2 Properties of RaSO4  

Due to its absence in natural environments and its high radioactivity, few studies are 

available on the characteristics of pure RaSO4. Pure RaSO4 has been used in medi-

cal applications (Weigel & Trinkl, 1968). Curie (1904) mentioned it but it was de-

scribed in more details by Kolowrat (1910) and Hönigschmid (1911). The density of 

pure RaSO4 is 5.77 g/cm³ and the molar volume 55.87 cm³/mol (Weigel & Trinkl, 

1968).  

The solubility of RaSO4 was first studied by Lind et al. (1918) in pure water and at 

different ionic strength of sulfuric acid. Further experiments on the solubility of pure 

RaSO4 were performed by Nikitin and Tolmatscheff (1933) in pure water and in 

0.015 M Na2SO4 solutions at 293 K. Langmuir and Riese (1985) applied the results 

of Nikitin and Tolmatscheff (1933) for the calculation of log𝐾𝑅𝑎𝑆𝑂4
 = -10.38 ± 0.02 at 

293 K. Paige et al. (1998) used the experimental results of Nikitin and Tolmatscheff 

(1933) in pure water and additionally data from Lind et al. (1918) in H2SO4 to calcu-

late log𝐾𝑅𝑎𝑆𝑂4
 at 298 K using the Pitzer model (Pitzer, 1973). Values 

from -10.42 ± 0.03 to -10.21 ± 0.06 were obtained for 𝐾𝑅𝑎𝑆𝑂4
. The thermodynamic 

constant implemented in the Nagra-PSI database (Thoenen et al., 2014) for RaSO4 

is log𝐾𝑅𝑎𝑆𝑂4
 = -10.26 as obtained by Langmuir and Riese (1985). A detailed summary 

of all thermodynamic data available for RaSO4 is included in Vinograd et al. (2013). 

Brown et al. (2015) gave a review of the temperature dependence for the RaSO 4 

solubility.  

2.3 Properties of BaSO4  

Barite is one of the best studied minerals in geosciences. It is a naturally occurring 

ubiquitous mineral (Hanor, 2000). It often occurs as unwanted scale in the oil and 

gas industry and therefore, its crystallization has been investigated in detail. In addi-

tion, its’ easy cleaving characteristics make it suitable as a model mineral for many 

surface investigations (Fenter et al., 2001; Bosbach et al., 1998; Pina et al., 1998; 

Stack & Rustard, 2007; Stack, 2009) regarding the dissolution and precipitation 

rates of barite.  

Barite is a rather soft mineral, with a Mohs hardness of 3 - 3.5 (Okrusch & Matthes, 

2010). The calculated molar volume of barite is 47.95 cm³/mol based on the density 

of 4.48 g/cm³ (Hanor, 2000). In comparison to other minerals, barite is highly insolu-

ble but shows a quick recrystallization. Barite powder recrystallization studies in the 
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presence of a 133Ba tracer have shown that the complete barite crystal is exchanged 

within several hundred days. Powders with different particle size distributions were 

investigated and no link between the particle size and uptake rate was observed  

(Curti et al., 2010, Bosbach et al., 2010). A recent review on stable mineral recrys-

tallization at low temperatures stated that small particles (nm to µm scale) can be 

chemically very dynamic due to observed recrystallization (Gorski et al., 2016). In 

addition, the application of high resolution characterization is recommended for the 

identification of subtle changes in the mineral during recrystallizat ion.  

In the final report of the European project SKIN “Slow processes in close-to-

equilibrium conditions for radionuclides in water/solid systems of relevance to nu-

clear waste management” (Grambow et al., 2014), it is concluded that for many oth-

er minerals than barite, the surface isotopic exchange rate is directly proportional to 

the detachment rates. For these minerals, a higher reaction rate results in a faster 

exchange with a monolayer. This is completely different for barite. The dissolution 

rate is smaller compared to e.g. calcite but the exchange in calculated monolayers is 

five orders of magnitudes higher. This behavior then lead to the conclusion that the 

existing phase is dissolved and subsequently, a new phase is precipitated (Gram-

bow, 2013).  

Naturally occurring barite is often formed by mixing of fluids originating from the al-

teration of silicate, carbonate and sulfate minerals in sedimentary, metamorphic and 

igneous rocks (Hanor, 2000). In these naturally formed barites, different defects 

were reported. Fluid inclusions in the micrometer scale are often reported in litera-

ture (Bodnar et al., 2014; Böhlke & Irwin, 1992; Rajabzadeh, 2007; Wilkinson, 2001; 

Zou et al., 2015; Jamieson et al., 2016; Asl et al., 2015). Furthermore, opaque mate-

rial in oriented layers within the barite’s crystal structure was detected. No chemical 

reason for these opaque layers was found so far (Frondel, 1935; Luedeking & 

Wheeler, 1891; Parr & Chang, 1935). Recently, barite deposits within hydrothermal 

vents from the Endeavour Segment, Juan de Fuca Ridge, were characterized by 

light microscopy and SEM. Again, layers were observed in this barite. At higher res-

olution, these layers were identified to consist of fluid inclusions (Jamieson et al., 

2016).  

Several studies on barite solubility in water and salt solutions at ambient conditions 

and elevated temperatures are available (Melcher, 1919; Neuman, 1933; Morey & 

Hesselgesser, 1951; Templeton, 1960; Uchameyshvili et al., 1966; Puchelt, 1967, 

Blount, 1977; Langmuir & Melchior, 1985; Paige et al., 1998). Blount calculated a 

log𝐾𝐵𝑎𝑆𝑂4  of -9.97 and as well investigated the effect of temperature on the solubility 
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of barite in the range of 295 – 553 K. In addition, the solubility of barite as a function 

of pressure at different salt concentrations was investigated in this study.  

The ionic interaction theory (Pitzer, 1973) was applied to the results of Blount (1977) 

in 0.2 and 1.0 M NaCl solution at 298 K and 373 K by Langmuir & Melchior (1985). 

Hereby, they showed that the data are consistent with the Pitzer model. The ther-

modynamic data which are listed in the Nagra-PSI database (Thoenen et al., 2014) 

are taken from the study of Helgeson et al. (1978) with the same solubility for barite 

as given by Blount (1977).  

 

2.4 Immobilization of Radium by Solid Solution Formation: The 

BaxRa1-xSO4 Solid Solution 

The main immobilization processes are adsorption, absorption or secondary phase 

formation. The different immobilization processes differ regarding their effectiveness 

and their reversibility. Adsorption occurs when a contaminant is immobilized by ac-

cumulating at the interface between the aqueous and a pre-existing solid phase 

without forming a three-dimensional molecular arrangement (Bruno et al., 2007). 

When one or more water molecules of the adsorbate are lost during the adsorpt ion 

process, a chemical bond is formed. This process is called specific adsorption or 

chemisorption. If the water molecule is preserved during the process, the interaction 

is weaker. In this case, the adsorption is referred to as non-specific or physisorption 

and based on physical energies, e.g. Van-der-Waals forces (Brown et al., 1992; 

Zangwill, 1988).  

The uptake of a chemical component from the aqueous solution into an existing sol-

id phase by diffusion into the complete volume is called absorption. Zeoli tes are an 

example for minerals that immobilize contaminants by absorption (Bruno et al., 

2007). In other mineral systems than zeolites, diffusion rates of cations are rather 

low. Zhang et al. (2010) reported ~10 -17 m2/s at 1600 K as a characteristic diffusion 

rate for cations in minerals. Compared to the characteristic values for aqueous diffu-

sion rates of 10-9 m2/s at 300 K or diffusion in silicate melts with a rate of 10 -11 m2/s 

at 1600 K (Zhang et al., 2010), this diffusion coefficient is lower. In Zhang (2008) an 

overview of 18 different references for experimental data on cation diffusion in a 

variety of minerals is presented. No experiments with barite are reported. The min-

eral system which probably resembles the BaxRa1-xSO4 system best is Sr diffusion in 

calcite. The experiments on Sr diffusion in calcite were conducted in a temperature 

range between 713 - 1073 K (= 439.85 - 799.85 °C) providing a function for the tem-

perature dependency. Accordingly, the calculated diffusion coefficient at ambient 
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conditions would be 2.2 x 10-58 m²/s. Therefore, bulk diffusion can be neglected for 

the interpretation and analysis of geochemical processes at ambient temperatures, 

as e.g. weathering or interaction of pollutants and minerals.  

The formation of a secondary phase is less easily reversible than sorption (Poinssot 

& Geckeis, 2015). Secondary phases can be formed by precipitation or solid solution 

formation. The transfer of a dissolved contaminant from the aqueous to the solid 

phase by growing a three-dimensional arrangement is called precipitation. The 

grown three-dimensional arrangement is called the crystal structure.  

Precipitation can occur as a pure phase precipitation when the solubility of this 

phase is reached. In addition, the precipitation of a solid solution by co-precipitation 

of two different components is possible. The formation of a solid solution can be 

thermodynamically more favorable than the precipitation of a pure phase. This may 

already be the case for small concentrations of contaminants and provides the pos-

sibility of an effective immobilization. Frequently, this characteristic is used in pro-

cess engineered barriers for the retention of metals, radionuclides or other pollu-

tants (Prieto et al., 2016). A very specific case of solid solution fo rmation is the up-

take of a solvent into a pre-existing solid. In this work, the case of interaction be-

tween a pre-existing barite solid and an aqueous solution containing Ra was investi-

gated.  

Depending on the mineral phases present in the environment, Ra 2+ can be immobi-

lized in different ways, e.g. by sorption onto clays (Ames et al., 1983 a+b) or absorp-

tion into zeolites (Jurado-Vargas et al., 1997; Chalupnik et al., 2013). Theoretically, 

also a pure Ra-containing mineral phase as e.g. RaSO4 could precipitate. However, 

the precipitation of pure RaSO4 has so far not been reported in nature. The high 

concentration of Ra in solution which is required to precipitate pure RaSO 4 might 

explain the lack of natural RaSO4 precipitates. In general, the naturally occurring Ra 

content of rocks in the upper crust is low leading to low concentrations 

(<10-11 mol/L) of Ra in natural groundwaters as well as in surface waters (Grandia et 

al., 2008). Therefore, these natural Ra concentrations always stay below the solubil-

ity limit of RaSO4. To explain this finding, Sturchio et al. (1990) and Grundl & Cape 

(2006) have proposed the formation of a solid solution with barite.  This is close to a 

circular argument because it can also be the case that the Ra concentration in na-

ture is low per se and this is the reason why it is thermodynamically more favorable 

to be incorporated into barite than the precipitation of a pure phase.  

The process of a BaxRa1-xSO4 solid solution formation was observed both in nature 

(Randa et al., 2010) and experimentally (Doerner & Hoskins, 1925; Klinkenberg et 

al., 2014; Brandt et al., 2015).  
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2.4.1 Theory of solid solution formation in aqueous solutions  

In contrast to a mechanical mixture, where two or more solids are physically mixed, 

a solid solution is the combination of two or more solids forming a homogeneous 

crystalline structure by replacing atoms on defined crystallographic positions. The 

extent of the mixing and the ideality of the solid solution depends ob the size and 

charge of the substituting ions on a specific structural site and also the geometry of 

this site. For a binary solid solution (B,C)A, two mass-action equations define the 

thermodynamic equilibrium conditions (1) and (2).  

 {𝐵+}{𝐴−} =  𝐾𝐵𝐴𝑎𝐵𝐴 (1) 

 {𝐶+}{𝐴−} =  𝐾𝐶𝐴𝑎𝐶𝐴 (2) 

In the curly brackets, the activities of the uncomplexed B+, C+ and A- ions are given; 

aBA and aCA are the activities of the BA and CA components in the solid solution and 

KBA and KCA are the corresponding thermodynamic solubility products. When both 

equations are satisfied at the same time, the system is at equilibrium. It can be diffi-

cult, however, to determine when this is the case. A complete description of the de-

termination of these thermodynamic calculations can be found in Prieto (2009) and 

Prieto et al. (2016).  

As the final compositions of the aqueous and solid solution at equilibrium depend on 

the initial solid/aqueous phase ratio, the calculation requires the conservation of 

mass of the solid-solution components as well as the conservation of charge in the 

solid. For the solution of these equations, a speciation code can be applied to de-

termine the distribution of aqueous species and the aqueous activity coefficients 

from the aqueous concentration determined experimentally.  

In equation (1) and (2) activities instead of mole fractions (X) are used. These are 

related to the mole fractions by equation (3):  

 𝑎𝐵𝐴 = 𝛾𝐵𝐴𝑋𝐵𝐴 (3) 

γBA is a dimensionless activity coefficient which is used to account for the non-

ideality of solid solutions. aCA is defined by an analogous expression. In case of an 

ideal solid solution, the solid phase activity coefficients are equal to 1. Therefore , 

the relations aBA = XBA and aCA = XCA are valid for all compositions. In non-ideal solid 

solution the activity coefficients vary depending on the solid solution composition 

and it is critical to define them in order to be able to describe the thermodynamic 

equilibrium conditions. A further description about the thermodynamics of solid solu-

tion can be found in Prieto (2009), Glynn et al. (1990), Glynn, (2000). Two expres-
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sions are needed to describe the activity coefficients of the components BA and CA 

in the solid solution:  

 𝑙𝑛𝛾𝐵𝐴 = 𝑋𝐶𝐴
2 [𝑎𝑜 + 𝑎1(3𝑋𝐵𝐴 − 𝑋𝐶𝐴) + 𝑎2(𝑋𝐶𝐴 − 𝑋𝐵𝐴)(5𝑋𝐵𝐴 − 𝑋𝐶𝐴) + … ] (4) 

and 

 𝑙𝑛𝛾𝐶𝐴 = 𝑋𝐵𝐴
2 [𝑎𝑜 + 𝑎1(3𝑋𝐶𝐴 − 𝑋𝐵𝐴) + 𝑎2(𝑋𝐶𝐴 − 𝑋𝐵𝐴)(5𝑋𝐶𝐴 − 𝑋𝐵𝐴) + … ] (5) 

a0, a1, a2 are dimensionless parameters which were obtained by fitting experimental 

values of the excess free energy of mixing (ΔGE) to a Guggenheim expansion series. 

The free excess energy of mixing is defined as the difference between the free  en-

ergy of mixing (ΔGM) of a given solid solution and the free energy of mixing of an 

equivalent ideal solid solution. ΔGM is the difference between the free energy of the 

solid solution (GSS) and the free energy of a mechanical mixture of the pure end-

members (GMM). 

 ∆𝐺𝐸 = 𝑋𝐵𝐴𝑋𝐶𝐴[𝑎𝑜 + 𝑎1(𝑋𝐵𝐴 − 𝑋𝐶𝐴) + 𝑎2(𝑋𝐵𝐴 − 𝑋𝐶𝐴)² + … ]𝑅𝑇 (6) 

where R is the gas constant and T the absolute temperature in [K]. The dimension-

less a0 can also be converted into the interaction parameter WH [J/mol] which is also 

often used:  

 𝑊𝐻 = 𝑎0𝑅𝑇 (7) 

The formation of a solid solution has a fundamental effect which is that the incorpo-

ration of a minor ion (C+) into a suitable host phase (BA) can significantly reduce the 

aqueous concentration of C+. The concentration required for the thermodynamic 

possibility of immobilization at equilibrium conditions is then lower than its concen-

tration at equilibrium with the endmember, the CA solid.  
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2.4.2 The Lippmann theory 

For the complete description of a solid solution-aqueous solution system at thermo-

dynamic equilibrium, both equations (1) and (2) need to be fulfilled simultaneously. 

Lippmann (1980) defined the concept of the total solubility product  П, where П is 

defined as (Equation (8):  

 ∑ ∏ =  {𝐴−}({𝐵+} + {𝐶+}) (8) 

In addition, he proposed two equilibrium conditions to be fulfilled simultaneously:  

First, the solidus 

 ∑ ∏
𝑒𝑞

=  𝐾𝐵𝐴𝛾𝐵𝐴𝑋𝐵𝐴 + 𝐾𝐶𝐴𝛾𝐶𝐴𝑋𝐶𝐴 (9) 

and second, the solutus:  

 ∑ ∏
𝑒𝑞

=  
1

𝑋𝐵,𝑎𝑞

𝐾𝐵𝐴𝛾𝐵𝐴
+

𝑋𝐶,𝑎𝑞

𝐾𝐶𝐴𝛾𝐶𝐴

 (10) 

Using one mole fraction of the endmember phase, one mole fraction of an aqueous 

species and the total solubility product, Lippmann constructed a new type of diagram 

for describing equilibrium conditions in solid solution-aqueous solution system by a 

graphical representation of equation (9) and (10). This diagram works on a similar 

basis as regular phase diagrams and therefore it can be easily interpreted by geo-

chemists.  

To construct a Lippmann diagram, the solidus and solutus must be presented on the 

ordinate against a superimposed scale on the abscissa. Similar to conventional 

phase diagrams, horizontal tie lines between the solidus and solutus curve can give 

pairs of Xc,aq and XCA at which equilibrium conditions are fulfilled. The Lippmann dia-

gram of the BaxRa1-xSO4 solid solution calculated using the values obtained in the 

study of Vinograd et al. (2013) is presented in Fig. 4. 

This Lippmann diagram is based on the calculations of Vinograd et al. (2013) which 

determined the standard entropy of RaSO4 and the regular interaction parameter of 

the BaxRa1-xSO4 solid solution by first principles. By using this approach, the interac-

tion parameter was determined to be a0 = 1.0 ± 0.4. This value is in very good 

agreement with experimental data from recrystallization experiments (Vinograd et 

al., 2013; Brandt et al., 2015; Klinkenberg et al., 2014). Regarding the Lippmann 

diagram, this value suggests an alyotropic point close to the barite end-member of 

the solid solution (Vinograd et al., 2013). Alyotropic points are points in the Lipp-

mann diagram, were solidus and solutus touch as indicated in Fig. 4.  
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Fig. 4 Lippmann diagram for the BaxRa1-xSO4 solid solution at 25 °C. 𝑲𝑹𝒂𝑺𝑶𝟒
 = -10.26 

and a0 = 1 were used by Vinograd et al. (2013).  

 

2.4.3 Experimental work on the BaxRa1-xSO4 solid solution 

In previous studies, two different approaches with regard to the supersaturation 

state were used to investigate the solid solution experimentally. Co-precipitation of 

226Ra2+ with Ba2+ and SO4
2− from a supersaturated solution was performed as well as 

the interaction of 226Ra2+ with pre-existing barite in an equilibrated aqueous solution 

was observed.  

 

Co-precipitation of Ra2+ with Ba2+ and SO4
2- 

In the 1920’s and 1950’s, ground-breaking studies on the co-precipitation of Ra with 

barite precipitates have been conducted (Doerner and Hoskins, 1925; Gordon & 

Rowley, 1957; Jucker, 1954; Jucker and Treadwell, 1954). The general scheme of 

co-precipitation experiments is presented in Fig. 5. In the studies of Doerner & 

Hoskins (1925), Gordon & Rowley (1957), Jucker (1954) and Jucker & Treadwell 

(1954), sulfuric acid was added to a solution of RaCl2 and BaCl2.  
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Fig. 5 Scheme of co-precipitation of BaxRa1-xSO4 crystals.  

 

A correlation between a decreasing concentration of Ra in an aqueous solution and 

an increasing amount of precipitated barite crystals was observed. Based on these 

observations, Doerner & Hoskins (1925) established the following logarithmic law 

(Eq. 11):  

 𝑙𝑛
{𝑅𝑎}𝑠𝑢𝑟𝑓𝑎𝑐𝑒

{𝐵𝑎}𝑠𝑢𝑟𝑓𝑎𝑐𝑒

= 𝜆×𝑙𝑛
[𝑅𝑎]𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

[𝐵𝑎]𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

 (11) 

{Ra}surface and {Ba}surface are the element fractions on the solid surface, [Ra]solution and 

[Ba]solution are the total Ra2+ and Ba2+ concentrations in the solution. λ is a propor-

tionality constant, which is also called the heterogeneous partition coefficient. This 

relation is also known as the Doerner-Hoskins distribution law and is limited to 

closed system, in which no further Ra is added to the solution.  

In many natural and experimental systems this law is used for the description of el-

ement partitioning between aqueous and solid phases during precipitation from an 

aqueous solution (Lorens, 1981; Lorens, 1978; Zhong & Mucci, 1995; Roden et al., 

2002).  

The Doerner-Hoskins partition coefficients may vary as a function of the metal com-

plexation or the ionic strength because they are defined by total element concentra-

tions. Curti (1999) classified such partition coefficients as phenomenological parti-

tion coefficients in contrast to those based on free ion activities which he defines as 

thermodynamic partition coefficients. Based on this distinction, Curti (1999) sug-

gests a new equation for the calculation of the thermodynamic partition coefficient  λ0 

(Eq. 12): 
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 𝜆0 =  
𝑎𝑅𝑎𝑆𝑂4

(𝐵𝑎2+)

𝑎𝐵𝑎𝑆𝑂4
(𝑅𝑎2+)

=
𝐾𝐵𝑎𝑆𝑂4

0

𝐾𝑅𝑎𝑆𝑜4

0  (12) 

with aRaSO4 and aBaSO4 are the activities of the Ra and Ba in the solid RaSO4 and Ba-

SO4 phase respectively. (Ba2+) and (Ra2+) are the activities of the free Ba2+ and Ra2+ 

cations in the solution and KBaSO4 and KRaSO4 are the thermodynamic solubility prod-

ucts. It is possible to compute a thermodynamic partition coefficient of a divalent 

metal ion into a mineral phase whenever the solubility products at zero ionic 

strength of the pure end-members are known. 

Most published partition coefficients are phenomenological, with only a few excep-

tions (e.g. Tesoriero & Pankow, 1996; Davis et al., 1987). The interpretation is fur-

ther complicated by the fact that many authors do not distinguish between phenom-

enological and thermodynamic distribution coefficients. It has to be noted, that ther-

modynamic and phenomenological partition coefficients may differ greatly in case of 

non-ideality of either the aqueous solution (ionic strength and complexation effects) 

or the solid solution (Curti, 1999). Additionally, terminologies as partition coefficient, 

exchange coefficient, distribution coefficient and fractionation coefficient are used 

indiscriminately for different expressions and depending on the publication; the 

meaning of the coefficient varies (Prieto et al., 2010).  

Studies on the partition coefficients observed that a recrystallization of the precipi-

tated solid occurred already during the co-precipitation process and therefore the 

Doerner-Hoskins coefficient was not accurate in this case (Morse & Bender, 1990). 

Zhu (2004) published calculated interaction parameters describing  the ideality of the 

BaxRa1-xSO4 solid solution based on the experimental data of Doerner & Hoskins 

(1925) and Langmuir & Riese (1985). In these studies, the distribution coefficients 

were obtained from experiments far from the thermodynamic equilibrium. The further 

use of these coefficients which are only valid in restricted cases for the calculation 

of thermodynamic constants can be considered problematic because kinetic influ-

ences on the system cannot be excluded. Possible kinetic influences were reported 

e.g. for (Sr,Ca)CO3 precipitation experiments of Plummer & Busenberg (1987) at 

25 °C, where a homogeneous solid solution formed that segregated the more solu-

ble CaCO3 component. The problematic use of phenomenological coefficients is ex-

plained in detail by Curti (1999).  

 

Barite recrystallization in the presence of Ra2+ in aqueous solution  

The interaction of a pre-existing barite solid with an aqueous solution that contains 

Ra is another possible scenario in nature. To investigate this interaction, replace-
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ment experiments can be conducted (Fig. 6). Replacement experiments are batch 

mineral recrystallization experiments in the presence of an aqueous solution con-

taining a cation, e.g. a radionuclide. The concentration of the cation in the aqueous 

solution is monitored and the uptake into the solid can be calculated. In contrast to 

previously described co-precipitation experiments, were kinetic effects at high su-

persaturation are used to force a thermodynamically unfavorable phase to precipi-

tate, replacement experiments are conducted at conditions near to the thermody-

namic equilibrium. For this kind of experiments, reference experiments are a prereq-

uisite to enable a reliable and meaningful analysis of the effects during the replace-

ment experiment.  

 

 

Fig. 6 Replacement experiments of barite recrystallization in an aqueous solution 
containing Ra2+. 

 

The first replacement experiments were conducted by Germann (1921) who reported 

the uptake of Ra into barite after he noticed that Ra in a radiumchloride solution was 

“lost” during the addition of barite. The Ra-containing barite solids were character-

ized with the emanation method and he concluded that Ra adsorption onto the barite 

surface took place (Germann, 1921). 

Doerner & Hoskins (1925) did not only conduct co-precipitation experiments but also 

less recognized experiments regarding the uptake of Ra by pre-existing barite. In 

these studies, a RaCl2 solution was added to a barite solid. After a heating of the 

mixture, an interaction of barite with the RaCl2 solution was observed. The initial 

barite concentration, the digestion time and the temperature were varied in order to 

establish a relationship between the observed Ra2+ partition into the solid phase and 

the different experimental parameters. Doerner & Hoskins (1925) concluded that the 

solid phase did not reach equilibrium within five days and that sorption could not be 

the responsible mechanism for the uptake. Experiments without heating of the mix-

ture did not show a perceivable Ra uptake into barite within the time frame of the 

experiments (4 days). The solids from these experiments were analyzed by the em-

anation method and Doerner & Hoskins (1925) concluded that Ra is located “inside” 
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the particles. However, there is no statement in which form Ra is located inside the 

barite, whether it is e.g. a fluid inclusion or a structural uptake with a solid solution 

formation. Based on the utilized methods, no statements about the form in which the 

Ra is present inside the barite could be made and the retention mechanism is not 

explored. A detailed characterization of the solids and their internal microstructure is 

missing. The Ra uptake into barite within a rather short period of five days was also 

observed by Wang et al. (1993). They were able to observe a correlation between 

the decrease in the Ra concentration in the aqueous solution and a larger specific 

surface of the barite particles. However, no attempt was made to analyze the actual 

retention mechanism in more detail.  

In their review, Grandia et al. (2008) pointed out that a mechanistic study on the 

interaction of Ra with pre-existing barites was missing. Such studies were started by 

Bosbach et al. (2010) and Curti et al. (2010) who published investigations on barite 

recrystallization in the presence of Ra on a time scale of up to one year. Here, an 

additional uptake of Ra was observed beyond the amount which could be expected 

purely by adsorption. Klinkenberg et al. (2014) and Brandt et al. (2015) conducted 

long-term studies on the Ra uptake into barite with recrystallization times up to three 

years within the SKIN project. Additionally, a thermodynamic model of the system 

was developed by first-principle calculations (Vinograd et al., 2013). Compared to 

the computational study of Zhu (2004) based on experimental data, the first principle 

calculations by Vinograd et al. (2013) are only premised on electronic configurations 

and then verified by experimental data available at that time. 

Vinograd et al. (2013) proceeded by using the following approach: The phonon den-

sity states of RaSO4 were computed using density functional perturbation theory. 

The regular interaction parameter of the BaxRa1-xSO4 solid solution was interpreted 

as the slope of the enthalpy of mixing in the limit of infinite dilution. The slope was 

calculated from the change in total energy in a 2 x 2 x 2 barite supercell due to the 

insertion of a substitutional defect of Ra (Vinograd et al., 2013).  

For the calculation of the interaction parameters of the BaxRa1-xSO4 solid solution, 

the single defect method (SDM) was used. SDM is based on the idea that WH is equal 

to the ratio of the change of enthalpy of mixing (ΔHmix) and the change in molar fraction in the 

solid (ΔX), ΔHmix/ΔX, where at X = 0 Hmix = X(1-X)WH. The derivative can be approximated as 

ΔHmix/ΔX. The change in enthalpy of mixing is calculated by density functional theory (DFT) 

which was applied to a supercell of BaSO4 with a single substitutional defect of Ra. This 

means, that a 2 x 2 x 2 barite supercell with 32 atoms and a composition of 

Ba31Ra1(SO4)32 was used. The excess energy of this supercell is then calculated 

relatively to the mixture of 31 BaSO4 and 1 RaSO4. The corresponding excess ener-
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gies of BaSO4 and RaSO4 are calculated with DFT and measured per mole of SO4. 

Therefore, the excess energy is in praxis multiplied by 1/32. Therefore, ΔX = 1/32. 

The factor 32 cancels out and the WH is equal to the excel energy of the used supercell. 

In comparison to the previous calculations of Zhu (2004), the study of Vinograd et 

al. (2016) used electronic configurations which do not contain any empirical values 

and the uncertainty is reduced (Winkler, 1999; Milman & Winkler, 1999; Dove, 

2003).  

Klinkenberg et al. (2014) provided the first detailed microscopic characterization of 

both Ra-free reference barite particles as well as Ra-containing barites after Ra up-

take. Particle size distribution (PSD) analysis via SEM and a chemical analysis by 

ToF-SIMS were conducted. ToF-SIMS analysis showed the uptake of Ra into the 

crystal volume. The PSD analysis prior to and after the Ra uptake proposed that the 

grain size does not significantly change during the uptake. The consistent morphol-

ogy of the barite particles prior to and after Ra uptake indicated that an internal, in-

tragranular process controls the Ra uptake and solid solution formation. Already in 

this study, it was evident that Ra-free reference experiments are crucial for inter-

preting the observations made by Ra uptake experiments.  

Böttcher & Dietzel (2010) remarked independently from the SKIN project that further 

studies were needed to understand the complex dissolution behavior of solid solu-

tions at low temperatures to understand pathways and rates of natural processes in 

solid solution-aqueous solution systems. Torapova et al. (2014) conducted barite 

recrystallization experiments in the presence of 223Ra and 133Ba with a very low Ra-

concentration (e.g. <10-13 mol/L 223Ra). At these low concentrations Ra was retained 

by barite as well.  

Brandt et al. (2015) applied thermodynamic calculations for the interpretation of the 

temporal evolution of the Ra concentration in batch experiments of the same type as 

conducted by Klinkenberg et al. (2014) and in this doctoral thesis. Different stages 

of Ra uptake into the solid were postulated based on these calculations (Brandt et 

al., 2015). The direct observation of these postulations within the solids could be 

made by the application of high resolution microscopy methods for the analysis of 

the Ra-free reference barites and the Ra-barites. 

A schematic representation of the three stages described in Brandt et al. (2015) is 

given in Fig. 7. In stage 1, a rapid drop in the aqueous Ra concentration was ob-

served. Then, a further drop of the aqueous Ra concentration below the calculated 

thermodynamic equilibrium concentration defines the beginning of stage 2. Brandt et 

al. (2015) suggested the nucleation of Ra-barite as a reason for the rapid drop in the 

aqueous Ra concentration. The further drop below the thermodynamic equilibrium 
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concentration was explained by kinetic effects as e.g. entrapment (Brandt et al., 

2015; Thien et al., 2014). Finally at stage 3, the aqueous Ra concentration ap-

proaches a plateau which is in good agreement with the calculated thermodynamic 

equilibrium concentration of Vinograd et al. (2013). In combination with the 

ToF-SIMS characterization showing the presence of Ra within the barite crystal vol-

ume (Klinkenberg et al., 2014), true solid solution formation with a structural incor-

poration of the Ra into the barite lattice is most likely at stage 3.  

 

 

Fig. 7 Schematic evolution of the Ra concentration in the aqueous solution in the 
experiments of Klinkenberg et al. (2014) and Brandt et al. (2015).  

 

Based on these new observations, new questions arose. The combination of ex-

changing Ra with the solution into the barite particles at room temperature with no 

changes in the particle shape and PSD makes an internal process most likely.  

Based on the previous results, a detailed characterization of the solids from different 

points of the experiments could deliver the necessary information to gain a deep 

understanding of the Ra uptake process. The long-term analysis of the solution indi-

cated which solids would be most interesting to characterize.  

By analyzing solid samples of all stages, it would be possible to understand the role 

of the internal microstructure during the Ra uptake. Furthermore, a detailed chemi-

cal characterization could provide the evolution of the Ra distribution. This could 

possibly give further indications why more Ra than thermodynamically favorable was 

taken up by the barite during stage 2. Also, a description of the internal changes 
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within the barite solids due to the Ra uptake could help to say whether the dissolu-

tion-reprecipitation process takes place as postulated of  Brandt et al. (2015).  

 

2.5 Replacement by water-mediated dissolution-reprecipitation 

A complete uptake of Ra into barite was observed in the batch recrystallization ex-

periments of 1200 days duration at ambient conditions (Brandt et al., 2015). Based 

on the characteristic diffusion coefficient in minerals (Zhang et al., 2010), a com-

plete exchange of barite via solid state diffusion is not possible within this period of 

time.  

Another possible mechanism for the replacement of mineral phases is a water-

mediated dissolution-reprecipitation mechanism (Ruiz-Agudo et al., 2014). At ambi-

ent conditions, this replacement can take place within shorter time scales than solid 

state diffusion. The original mineral phase is then called parent phase. During the 

exchange, the morphology and the dimensions of the parent phase are typically 

maintained. This preservation of the external shape may explain the existence of 

mineral pseudomorphs which are often observed in nature (Schneiderhöhn, 1949; 

David et al., 1905; Workman & Cowperthawaite, 1963). The main prerequisite for 

this mechanism to take place is the presence of water. The presence of water, how-

ever, has been reported for nearly every environment on earth, even the mantle 

(Bell & Rossmann, 1992).  

Several steps by which replacements take place have been postulated based on 

available experimental studies. The less stable phase dissolves during the exchange 

process and a more stable phase precipitates within a thin layer, the interfacial 

boundary layer. This starts an autocatalytic reaction where dissolution and reprecipi-

tation are linked together (Fig. 8). During this process, the crystallographic infor-

mation is transferred from the parent to the newly formed mineral phase which then  

possibly forms a pseudomorph by slow layer-by-layer dissolution and reprecipitation.  

The replacement reaction can only proceed if the contact between the interfacial 

boundary layer and the fluid is kept. In the reviews available on water-mediated re-

placement, the occurrence of connected porosity within the newly precipitated phase 

is mandatory to maintain this connectivity.  
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Fig. 8 Schematic overview of the water-mediated replacement by a dissolution and 
reprecipitation mechanism (modified after Ruiz-Agudo et al., 2015). 

 

 

Different factors control the kinetics of a dissolution-reprecipitation reaction. A 

flowchart illustrating the relationship between the individual factors is presented in 

Fig. 9 based on the scheme in Jonas et al. (2013). The original scheme was modi-

fied and completed to properly address the important factors for the exchange of 

barite by a BaxRa1-xSO4 solid solution.  

The bases of the replacement reaction are the conditions of the starting material and 

the solution. To develop a process understanding of the replacement of barite by a 

BaxRa1-xSO4 solid solution, the starting material has to be known in detail. The fluid 

pathways which are located inside the starting material influence the kinetics as well 

as their availability and geometry. Large availability and a good connectivity of the 

fluid pathways might reduce the time needed for the exchange and vice-versa. Fur-

thermore, the internal microstructure of the starting material changes during the re-

placement process. Therefore, the characteristics of this new replacement product, 

e.g. newly generated porosity or how much of the original material is replaced 

change the kinetics of the reaction mechanism as well  (Jonas et al., 2013).  
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Fig. 9 Flowchart of the different factors that influence the reaction mechanism of the 
replacement reaction (modified after Jonas et al., 2013).  

 

In general, porosity is considered to be an important transient feature during a wa-

ter-mediated replacement via dissolution-reprecipitation (Putnis et al., 2005; 

Raufaste et al., 2011). At the end of a replacement process, a fluid-induced textural 

equilibration may take place (Ruiz-Agudo et al., 2014). This textural equilibration is 

a form of Ostwald ripening. The process is driven by the large interfacial energy 

generated by the porous structure. Ostwald ripening results in pore coarsening and 

in a possible loss of interconnectivity with following reduced permeability (Ruiz -

Agudo et al., 2014).  

 

2.5.1 Previous experimental work on replacement processes 

The first studies on dissolution-reprecipitation were historical works on hydrothermal 

replacements which were not experimental but field studies. Goldsmith & Laves 

(1954) proposed the replacement mechanism by stating that hydrothermal feldspar-

feldspar transformations may occur by the dissolution of the parent mineral and a 

subsequent precipitation of the new phase. In addition, Wyart & Sabatier (1958) 

demonstrated that a dissolution/reprecipitation process could possibly explain the 

weathering of labradorite with consecutive formation of orthoclase and anorthite. 

Furthermore, Merigoux (1968) demonstrated in his studies on the hydrothermal 
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weathering of K-feldspars that the kinetics of the incorporation of 18O into secondary 

Na-feldspar could be more easily explained by a replacement mechanism rather 

than solid state diffusion. O’Neil & Tylor (1967) proposed a new mechanism as pos-

sible alternative to the classic solid-state interdiffusion model. They suggest the ex-

istence of a thin fluid film between the interface of original and product phase. Par-

son (1978) stated that the replacement of orthoclase by microcline in plutonic rocks 

may happen by dissolution and reprecipitation. 

The experimental studies of Putnis,C.V. et al. (2005), Putnis, A. (2002, 2009) and 

Putnis, A. & Putnis, C.V. (2007) on mineral replacement in the system KBr-KCl-H2O 

then led to further experimental studies. In these studies, optically clear KBr crystals 

were put in contact with a saturated KCl solution. Subsequently, the replacement by 

KBr crystals by the propagation of a porous KCl layer towards the center of the KBr 

crystal was observed until complete replacement. This model system exhibits a fast 

recrystallization due to the difference in solubility between the two endmembers and 

due to the high level of supersaturation utilized in the experiments.  

During the last ten years, numerous experimental studies on the replacement by 

coupled interfacial dissolution-reprecipitation were conducted. All of these studies 

are short-term studies with experimental durations of up to 49 days (Perdikouri et 

al., 2013). Many of the experiments were performed at elevated temperature up to 

200 °C (e.g. Ruiz-Agudo et al., 2014; Pedrosa et al., 2016 a+b; Dunkel & Putnis, 

2014) in order to enhance the kinetics of the replacement reaction. In some, not only 

the temperatures but also the pressure was elevated (Niedermeier et al., 2009; 

Hövelmann et al., 2010, Labotka et al., 2004; Majumdar et al., 2014). The condi-

tions, under which the experiments were performed, make the transfer of the ob-

tained conclusions to replacement processes in nature difficult. Furthermore, in most 

of these studies, millimeter size, optically clear crystals were used as starting mate-

rials (Ruiz-Agudo et al., 2015; Pedrosa et al., 2016; Pollock et al., 2011; Niedermei-

er et al. 2009; Hövelmann et al., 2010; Perdikouri et al., 2013; Putnis et al., 2013; 

Borg et al., 2014). In general, naturally occurring minerals include different impuri-

ties and defects, e.g. porosity. In addition, it has to be taken into account that natu-

ral minerals always contain impurities of other cations. In the case of barite, these 

could be Sr-impurities as BaSO4-SrSO4 also forms a solid solution (Hanor, 2000). 

The effect of such impurities on the dissolution-reprecipitation mechanism is to 

some extent unpredictable. 

The studies of Klinkenberg et al. (2014) and Brandt et al. (2015) were designed to 

answer a scientific questions arising from the long-term safety assessment of the 

Swedish SKB. The experimental conditions were controlled very accurately in order 
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to ensure that the system can be modeled. The observations made in prior studies 

may be explained best by a dissolution/reprecipitation mechanism. For this thesis, 

the previous studies of Klinkenberg et al. (2014) and Brandt et al. (2015) deliver all 

necessary information about the solution in detail as well as microscopic information 

about the solid. This offers the unique possibility to study the solids from well-

characterized replacement experiments.  

 

2.5.2 Volume changes and porosity evolution during dissolution-

reprecipitation processes 

The replacement of a parent mineral phase by a product phase is accompanied by 

changes in the porosity. Two main factors are influencing this change in porosity. 

The first factor is the difference in the molar volume between the parent and the 

product phase. In addition, the second factor influencing the change in porosity is 

the solubility of the two phases (Putnis & Austrheim, 2013; Ruiz-Agudo et al., 2014). 

Depending on the solubility, the change in porosity can either be an increase or a 

decrease. The solubility is determined by the grain size, fluid composition, tempera-

ture and pressure among other factors and will change during the replacement pro-

cess. Large difference in solubility between parent (more soluble) and product (less 

soluble) phase might result in parent material loss during the reaction leading to an 

increased pore space in the product phase. Also an increase in molar volume can 

still result in a higher porosity. This was observed e.g. for the replacement of leucite 

by analcime (Putnis et al., 2007) or magnetite by pyrite (Qian et al., 2010). Further-

more, the strain which is related to high volume change reactions can induce fractur-

ing which provides new pathways for fluid infiltration.  

The change in porosity was defined by Pollock et al. (2011) not only regarding the 

molar volume but also the relative solubilities (Eq. (13):  

 

 

𝑉 = 100× (
𝑛𝑝𝑉𝑚,𝑝 − 𝑛𝑑𝑉𝑚,𝑑

𝑛𝑑𝑉𝑚,𝑑

) 

 

(13) 

where nd and np are the number of moles of the parent dissolved and the product 

precipitated and Vm,d and Vm,p are the molar volumes of the dissolving and precipitat-

ing phase respectively. An extensive review on textural changes during mineral re-

placement by dissolution and reprecipitation is provided by Altree-Williams et al. 

(2015). 

The change in molar volume for the exchange of barite by a BaxRa1-xSO4 solid solu-

tion can be estimated considering the change in molar volume by a complete re-
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placement of barite by pure RaSO4. Using the equation (14), the change in molar 

volume can be calculated using the molar volumes given in chapter 2.2 and 2.3. The 

precipitated and dissolved moles are set to one assuming complete replacement.  

 𝛥𝑉 = (
1𝑥55.87 − 1𝑥47.95

1𝑥55.87
) = 14.17 % (14) 

Accordingly, the change in molar volume for the complete replacement of barite by 

pure RaSO4 would be 14.07 %. Only limited amounts of Ra compared to the amount 

of RaSO4 were available in the experiments and therefore, the complete exchange 

of barite by pure RaSO4 was not possible during the experiment. Therefore, it can 

be concluded that the real value of change in molar volume by a replacement by a 

solid solution is between the number calculated for a complete exchange and zero 

exchange, which is the accordingly value for no change in molar volume. As re-

marked before, the solubilities at the interface have to be taken into account. There-

fore, the calculated value can only be interpreted qualitatively.  

 

2.5.3 Micro- and nanoscopic evidences for a dissolution-reprecipitation 

process 

Several characteristics may indicate that a water-mediated replacement by dissolu-

tion-reprecipitation took place and therefore are useful for the identification of a re-

placement process:  

(1) Preservation of the original morphology while changing the chemical com-

position or even the mineral phase (Ruiz-Agudo et al., 2014). 

(2) A sharp, chemical interface between the parent and the new mineral 

phase (Ruiz-Agudo et al., 2014). 

(3) Changes in the porosity: Depending on the difference in the molar volume 

between the two phases either generation of porosity or formation of 

cracks (Ruiz-Agudo et al., 2014). 

In the previously conducted studies of Klinkenberg et al. (2014) and Brandt et al. 

(2015) some of these indication were observed. A detailed characterization of the 

morphology of the barite particles prior to and after the Ra uptake by Klinkenberg et 

al. (2014) showed no changes in the morphology and therefore demonstrates criteri-

on (1). Furthermore, the ToF-SIMS depth profiles of the cited study indicated Ra 

uptake into the barite particle volume which excludes surface phenomena as mech-

anism for the Ra uptake. The criteria (2) and (3) have not been demonstrated so far. 

Furthermore, the available solid samples from long-term experiments also enable 
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the observation of kinetic effects in the system. Therefore, the identification of the 

uptake process is a main topic to be investigated within this work.  

2.6 High Resolution Methods  

After the replacement of one mineral phase by another, three different microstruc-

tural characteristics indicate that the replacement took place via a dissolution-

reprecipitation mechanism. Typical for this type of transformation are the preserva-

tion of the original morphology while changing the chemical composition, a sharp 

chemical interface between the old and the new mineral phase and changes in po-

rosity (Ruiz-Agudo et al., 2014). All of these observations can only be made by mi-

croscopic methods. Furthermore, the internal microstructure in 3D of the samples 

enables a clear identification of the replacement process. This requires the use of 

either tomographic methods or special sample preparation prior microscop ical char-

acterization.  

An overview of different microscopy methods, their resolution as well as chemical 

sensitivity is presented in Fig. 10. TEM methods offer the highest resolution to ob-

serve structural features. APT in contrast provides the highest chemical sensitivity  

at a very high spatial resolution. ToF-SIMS has a high resolution for flat samples, 

which is reduced for samples with an irregular morphology, e.g. powders. The rela-

tively small barite particle size of 20 µm reduced the ToF-SIMS resolution down to 

the resolution presented in Klinkenberg et al. (2014).  

 

Fig. 10 Typical spatial resolution and detection range for some common microscopy 
techniques: (S)TEM ((Scanning) Transmission Electron Microscopy), EELS 
(Electron Energy Loss Spectroscopy), EDX (Energy Dispersive X-ray Spec-
troscopy), APT (Atom Probe Tomography), SEM (Scanning Electron Microsco-
py), SIMS (Secondary Ion Mass Spectrometry) and ToF-SIMS (Time-of-Flight 
SIMS). (Modified after Gault et al., 2012).  

 



 
30 

2.6.1 Transmission Electron Microscopy (TEM)  

In detail, the local microstructural characterization of an electron transparent sample 

is possible by transmission electron microscopy. Electron microscopy can be used to 

identify different phases, defects in the structure or chemical variations.  

Imaging modes in electron microscopy – During TEM measurements, a thin sam-

ple is transmitted by a high energy electron beam of 80 – 200 kV that allows micro-

structural characterization. Two fundamentally different measurement modes are 

possible, transmission electron microscopy (TEM) and scanning transmission elec-

tron microscopy (STEM) (Fig. 11). In TEM mode (Fig. 11 a + b), the sample is illu-

minated by a parallel electron wave field. After transmitting the sample, electromag-

netic lenses are used to obtain an enlarged image of this electron wave field. In 

STEM mode, the sample is scanned with a convergent and focused beam, a so-

called probe (Fig. 11 c + d). For each position of the probe, the integration of the 

scattered electrons is registered on the detector below the sample region. A flexible 

detector setup allows the selection of different contrast or scattering modes for im-

aging. Switching between measurement modes is possible by changing the currents 

of the magnetic lenses used to focus the electron beam. (Williams & Carter, 2009). 

 

 

Fig. 11 Possible instrument configurations in TEM and STEM mode. a) TEM bright 
field. b) TEM dark field. c) STEM bright field. d) STEM HAADF dark field (modi-
fied after William & Carter, 2009).  

Bright field and dark field imaging - In both TEM and STEM mode, bright field 

(BF) and dark field (DF) imaging can be used (Fig. 11). In TEM BF imaging, the non-
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diffracted signal is used to generate an image by placing the contrast aperture cen-

tral into the optical axis. For the TEM dark field imaging, the contrast aperture is 

used to select certain areas of the diffracted beam for the image generation. For the 

analysis of crystalline materials, this will provide additional information on e.g. the 

crystal orientations of a multi-crystalline material. In STEM imaging, a BF detector 

uses the less diffracted parts of the electron beam for imaging. In high angle annular 

dark field (HAADF) mode, a ring detector is used to collect the incoherently scat-

tered electrons.  

Contrast in TEM imaging - In general, contrast is generated by the interaction of 

the atomic nuclei of the specimen with the electrons of the electron beam. Electron 

microscopy is different from light microscopy, where the interactions of the samples 

atoms cause a weakening of the light wave’s amplitude. The adsorption in TEM de-

pends on the energy loss and is negligible due to the high electron energy and the 

thin sample. Even though the beam electrons interact with the atoms of the sample, 

the atom core position does not change. This is called elastic interaction.  

Mass thickness contrast - The different scattering ability of the atoms can be trans-

ferred to an image contrast by removing the strongly scattered electrons from the 

beam path using an aperture. The flight path of weakly scattered electrons will be 

almost parallel to the optical axis and therefore pass the aperture. Strongly scat-

tered electrons will hit the aperture plate and are therefore removed from the beam 

path. Accordingly, strongly scattered sample areas are dark in the resulting image. 

There are two different contributions to this contrast which are the scattering of the 

electrons within the specimen and the absorption of scattered electrons at the con-

trast aperture. 

Diffraction contrast - In crystalline samples, different scattering of the electrons 

can also be caused by diffraction. In the case of a polycrystalline material with dif-

ferently oriented grains, the different crystal lattices would confine different angles 

with the incident electrons. Whenever Bragg’s law is fulfilled by the angle between 

lattice planes and the electron incident direction, diffraction maxima of high intensity 

are produced. Accordingly, these scattered electrons will be removed by the aper-

ture from the beam path and the corresponding grains will appear dark. This con-

trast is used to distinguish crystal lites of different orientations or crystal structure in 

electron microscopic images.  

High resolution imaging using phase contrast – The phase contrast can be utilized to 

obtain contrast from a sample where neither a mass thickness contrast exists nor 

the orientation is different within the observed area. This contrast occurs because 

the plane electron wave which traverses the crystal will be phase-modulated by the 
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periodicity of the crystal. The difference between two diffracted waves is recorded 

and provides the phase contrast which can be used for an image generation. It is 

therefore possible to distinguish between positions of atom columns and areas be-

tween atom columns. Further explanation about high resolution TEM imaging can be 

found in Williams & Carter (2009) and Thomas & Gemming (2013).  

Electron diffraction - In addition to the images in real space, the observation of the 

corresponding focal plane in reciprocal space is possible in both TEM and STEM 

mode. This direct correlation of images in real and reciprocal space is a remarkable 

capability of TEM analyses. The elastic scattering of the electrons from the incident 

electron beam by a crystalline material is concentrated in sharp peaks, the Bragg 

peaks.  

In order to be able to observe sharp peaks, the Bragg conditions have to be fulfilled, 

which are: 

 𝑛×𝜆 = 2×𝑑 sin
𝜃

2
 (15) 

Where n is an integer, λ the wavelength of the incident electron beam, d the dis-

tance between two lattice planes and θ the angle between the incident wave and the 

lattice plane. For electron microscopy, the angle θ is very small and can therefore 

sin θ/2 equals θ/2: 

 𝑛×𝜆 = 2×𝑑
𝜃

2
 (16) 

(Williams & Carter, 2009; Thomas & Benning, 2014; Egerton, 2016) 

Analytical possibilities in TEM - The previously described imaging and contrast 

modes are mainly based on the elastic interaction between the atoms of the sample 

with the electron of the electron beam except for HAADF contrast imaging. Elastic 

interactions are interactions without energy loss. Inelastic interactions with energy 

loss are often element specific. This means that the resulting energy loss will vary 

depending on the element the electron is interacting with. This allows a chemical 

analysis with a nano-meter resolution which is possible in HAADF STEM contrast. 

Further use of these inelastic interactions is taken by energy-dispersive X-ray spec-

troscopy (EDX) and electron energy loss spectroscopy (EELS). Furthermore, the 

acquisition of energy filtered TEM images is possible. EDX uses the characteristic 

energy that is released during the interaction of a source of X-ray excitation, i.e. the 

electron beam and the sample. For EELS, the energy loss of the electrons undergo-

ing inelastic scattering is used for elemental mapping. In contrast to EDX characteri-

zation in SEM, TEM/STEM-EDX characterization offers a higher spatial resolution of 

the analyzed area. In SEM, bulk samples are analyzed, which therefore leads to 
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large interaction volume within the sample. In TEM, the sample is in the shape of a 

very thin lamella and therefore the interaction volume is much smaller.  

Transmission electron microscopy of minerals - Previously, electron microscopy 

has been used to study defects and microstructure of both undeformed and de-

formed minerals. TEM characterization studies of minerals are available on quartz, 

wollastonite, plagioclase feldspars, carbonates, olivine, pyroxenes and perovskites 

(McLaren, 2005). Moreover, some studies about TEM characterization of radionu-

clide containing material such as spent nuclear fuel are available (Van den Berghe 

et al., 2008; Ray et al., 1992). However, no studies on the characterization of radio-

active sulfate minerals with electron microscopy were performed so far. Most TEM 

characterization studies on barite are focused on the precipitation mechanism of 

barite or the inhibition of this precipitation (Ruiz-Agudo et al., 2015; Bahl et al., 

2014; Freeman et al., 2006; Gonzalez-Munoz, 2003).  

 

2.6.2 Atom Probe Tomography (APT) 

The local electrode atom probe (LEAP), is a combination of a field ion microscope 

and a mass spectrometer. The main components are the local counter electrode, the 

multi-channel plate and a position sensitive detector (Fig. 12) Field ion microscopy 

is based on the principle of field evaporation. Field evaporation occurs when a suffi-

ciently high electric field is present to overcome the bonding of the surface atoms, 

so that they can be evaporated. In APT, the atoms are removed successively from 

the apex of a needle-shaped (<100 nm radius) specimen in a controlled way. An 

electric field of > 10 V/nm is required so that the field evaporation causes the ioniza-

tion of the surface atoms in the sample. The electric field at a surface can be esti-

mated based on the following equation:  

 𝐹 =
𝑉

𝑘𝑓×𝑅
 (17) 

Where F is the electric field induced at the apex of the tip. The tip has a radius of 

curvature; R. kf is the field factor. It is a constant based on the attributions of the tip 

shape and its electrostatic environment (Gomer, 1961).  The setup of a local elec-

trode atom probe is presented in Fig. 12. The complete system works under high-

vacuum conditions. The specimen is cooled to a temperature of ~50 – 100 K, reduc-

ing the movement of the atoms in the tip and also minimizing the diffusion of atoms 

on the tip during the measurement. A standing (DC) electrostatic field is applied to 

the tip and pulses are used to trigger the field evaporation. These short pulses 

(<1 ns) can either be voltage or laser pulses. 
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Fig. 12 Schematic overview of a local electrode atom probe (LEAP) microscope.  

 

The barrier of field evaporation can be passed by either of them according to the  

following equation expressing the evaporation rate Φevap, which can be written as an 

Arrhenius law (18):  

 𝛷𝑒𝑣𝑎𝑝 ∝ 𝜈𝑜exp (−
𝑄(𝐹)

𝑘𝐵 𝑇
) (18) 

Where Q(F) is the field-dependent height of the barrier, kB is the Boltzmann constant 

and T is the absolute temperature [K]. The vibration of the atoms on the surface 

caused by thermal agitation is attributed by ν0. The electric pulses lead to a higher 

field which increases the field evaporation rate whereas the laser pulse increases 

the temperature causing a higher field evaporation rate.  

After the atoms are evaporated of the surface, they are ionized and fly onto a delay 

line detector. The flight time of the ions is measured. Additionally, the positions of 

the atoms are detected by a position-sensitive detector which provides a ~106 fold 

magnification. Accordingly, the resolution of APT is in the sub nanometer regime. 

Four different type of information are necessary to enable a 3D reconstruction of the 

specimen: the x, y and z coordinate of the detected ion and its chemical identity. 

The hit position of the incoming ion is detected and its position in the specimen is 

calculated by a back projection onto the specimen surface by an algorithm. This 

gives the x and y coordinates. The time-of-flight provides the mass to charge (m/n) 

ratio. Based on the m/n, the chemical identity can be determined. The evaporation 
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sequence in combination with the ionic volume based on the m/n provided by ToF 

determines the z coordinate. The 3D reconstruction of the elemental distribution 

then is available for further analysis (Gault et al., 2012).  

 

Sample preparation for APT characterization – For the APT analysis, a sample in 

the shape of a very sharp needle with an apex diameter of 50 – 100 nm is needed in 

order to enable the field evaporation of the atoms (Kelly & Larson, 2012).  Nowa-

days, focused ion beam preparation can be considered the standard preparation 

approach. A wedge in the shape of an elongated prism is extracted from the bulk 

sample by ion beam milling and then attached to a micromanipulator. Subsequently, 

the wedge is transferred and mounted to a support holder, e.g. Si microchip coupon 

as commercially available by Cameca (Fig. 13 a), and then fixed by ion beam metal 

deposition of precursors. This sample part is then transformed by annular ion beam 

milling into a sharp needle (Fig. 13 b). Two properties of the APT tips are important 

for the sample preparation and the 3D reconstruction, (1) the radius of curvature, R, 

and (2) the shank angle, α (Fig. 13 c) (Gault et al., 2012) .  

 

Fig. 13 APT sample geometry. The microchip coupon (a) contains several Si mi-
crotips (b) on which the samples are attached. The tip apex geometry (c) 

comprises the radius of curvature, R and the shank angle (α). 

 

APT characterization of minerals - A brief summary of mineral characterization 

studies with APT will be presented here sorted by Mohs hardness. The characteriza-

tion of rather hard minerals, e.g. zircon, is reported more frequently compared to 

analysis of soft minerals. Several studies on rather hard minerals as zircon (hard-

ness on the Mohs scale: 7.5) (Valley et al., 2014; Valley et al., 2015; Piazolo et al., 

2016; Cairney et al., 2015) were published. Furthermore, oxide-containing ceramics 
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were analyzed by APT as well (Chen et al., 2009; Diercks et al., 2014). Recently, a 

study on arsenopyrite (hardness on the Mohs scale: 6 to 6.5) was conducted finding 

nano-clusters of gold (Fougerouse et al., 2016). Several studies were as well pub-

lished on chiton teeth and mammal teeth consisting of apatite which has a hardness 

of 5 (Gordon & Joester, 2011; Gordon et al., 2012).  Recently, APT characterization 

of human dental enamel revealed Mg-rich amorphous calcium phosphate regions (La 

Fontaine et al., 2016). In a study of Perea et al. (2016) the location of aluminum in 

zeolite was determined whereas Schmidt et al. (2016) analyzed different carbon iso-

topes within zeolites. Depending on the composition, the hardness of zeolites is be-

tween 5.5 and 3.The only APT characterization of a mineral with a similar hardness 

as barite was carried out on calcite (Mohs hardness: 3) (Perez-Huerta et al., 2016). 

The publication of the APT characterization of carbonate mainly concentrated on the 

feasibility of the measurement itself. In addition to these few studies, a study on 

uranium-oxidation analyzed by APT was recently published (Martin et a l., 2016).  

In the available literature, there are no previous studies on the characterization of 

barite with APT. The characterization of insulating materials as minerals is a rela-

tively new application of APT. Therefore, every new mineral measured with APT re-

quires the adaption of measurement parameters.  

 

2.6.3 Correlated microscopy: Combination of APT and TEM  

APT offers a chemical analysis at a very high resolution which is equally sensitive 

for all elements. Complementary, TEM provides structural information with highest 

resolution. Chemical analysis in TEM is also possible, but the commonly used tech-

niques EELS and EDX do not provide a similar resolution as APT. Furthermore, both 

methods are not equally sensitive towards all elements. 

Therefore, the combination of the complementary methods APT and TEM is the best 

option providing access to the chemical composition as well as the crystal structure. 

Performing both APT and TEM analyses on the same APT specimen enables a di-

rect coupling of the structural and chemical information. Furthermore, the TEM im-

ages of the tip shape can provide substantial information for the adjustment of the 

3D reconstruction of the APT data.  

In the past, several approaches have been used for this correlated microscopy. 

Gorman et al. (2008) designed a specific jig to fix samples which is not commercially 

available. In 2012, Felfer et al. developed a special holder  based on a TEM sample 

retainer that can be used for moving the grid with the attached tips between FIB, 

TEM and APT. This holder can be used for wire and disk-shaped samples, but it on-

ly fits into certain Jeol TEM holders which limit the analytical capabilities in the TEM. 
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Another approach was used by Hartshorne et al. (2014), who developed a method 

for the analysis of meso-scale features of several micrometers. They transferred the 

sample into the TEM prior to the shaping of a tip, and then moved it back into the 

FIB-SEM instrument for the final sharpening.  

Recently, the holder developed by Felfer et al. (2012) was modified by Herbig et al. 

(2015) providing easier sample transfer and a lower probability of specimen break-

age during the transfer between the instruments. In conclusion, no solution for an 

inexpensive approach in correlative microscopy with a double-tilt holder existed. 

Therefore, an inexpensive approach for correlative microscopy was developed in 

this work.  

 

2.6.4 FIB Tomography 

During a FIB tomography, serial slices of a material are first cut by a Ga + ion beam 

and are then either imaged by the electron or the ion beam. This technique allows 

the distinction between different phases or bulk defects within the sample volume. 

Different phases within the sample can be distinguished based on the contrast of the 

SEM image. In a segmentation step, they are assigned to a certain phase. The im-

ages are then combined and for the segmented parts, a 3D volume image can be 

generated. This not only allows the identification but also the visualization of the 

three-dimensional distribution of the internal features of a sample. The typica l reso-

lution of FIB tomography is between several tens to five nm. Therefore, this resolu-

tion is higher than that obtained by X-ray tomography. TEM tomography methods 

and also APT provide an even higher resolution but these techniques can only be 

used to analyze a very small sample volume (Holzer & Cantoni, 2011).  

The larger sample volume typically analyzed by FIB tomography can be useful for 

the characterization of geological samples, and was utilized e.g. for the investigation 

of the porosity of forsterite (De Winter et al., 2009), defects in ceramics (BaTiO3) 

(Holzer et al., 2004), pores within hydrated bentonite (Holzer et al., 2010), pores in 

boom clay, (Hemes et al., 2015), or porosity of compacted clay (Garboreau et al., 

2016). A recent study on the distribution of porosity in 10 µm size calcite crystals 

has proved that the application is possible as well to fine grained mineral powders 

(Chang et al., 2015). No other studies on mineral particle characterization are avail-

able. 

The FIB tomography offers the possibility to identify the three-dimensional distribu-

tion of phases and microstructural features, e.g. defects, within a larger sample vol-

ume e.g. within a complete barite particle of 20 µm size. In addition, the morphology 

and connectivity between pores can be tested.   
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3 Aim of this work 

This work focuses on the mechanism of Ra uptake from aqueous solution into pre-

existing barite at near-to-equilibrium conditions. Three main questions arise from 

previously available studies: 

 What is the uptake mechanism of Ra uptake into barite?  

 What is the role of the barite microstructure during the uptake?  

 Is the Ra distribution within the solid homogeneous at equilibrium?  

 

Mechanism of Ra uptake - Previous experimental studies suggested the uptake of 

Ra and recrystallization of barite by an internal process, e.g. dissolution and repre-

cipitation. A recent review on stable mineral recrystallization recommends high reso-

lution methods to gain insights into this molecular scale mechanism. Therefore, a 

state-of-the-art high resolution microscopic approach is used to gain a mechanistic 

understanding at the molecular level.  

Role of the barite microstructure - A sophisticated understanding of the Ra uptake 

mechanism requires the knowledge about the temporal evolution of both solution 

and solids. Previous studies investigated the evolution of the solution in detail and 

provided information about the solid only at equilibrium state. Microscopic observa-

tions of this combined recrystallization and uptake process is needed to be distin-

guished from the general recrystallization behavior of barite at close-to-equilibrium 

conditions. Solid samples from different points of the Ra uptake and Ra-free refer-

ence recrystallization experiments are therefore characterized by using a variety of 

TEM methods for a description of the mechanism.  

Ra distribution within the solid at equilibrium – In previous studies, the uptake of 

Ra into the solid was observed at equilibrium state. The spatial resolution of this 

characterization allowed no statement about the homogeneity of the Ra distribution. 

The observation of a homogeneous distribution at equilibrium would further support 

the consideration of the BaxRa1-xSO4 in the long-term safety assessment. A sophisti-

cated STEM-EDX instrument equipped with four EDX detectors provides higher spa-

tial resolution compared to prior studies for the analysis of the Ra distribution.  
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4 Materials and methods 

The focus of this thesis is the solid characterization from batch barite recrystalliza-

tion experiments in the presence of Ra. One of the Ra experiments and all Ra-free 

reference experiments were conducted by Klinkenberg et al. (2014) and Brandt et al. 

(2015). An additional Ra uptake experiment was conducted by the author prior to 

her PhD work to obtain solid samples from all stages of the experiment. Solids from 

different stage of Ra uptake into barite were characterized by a combination of SEM, 

TEM, FIB tomography and APT. Parts of these methods description were already 

published in Weber et al. (2016) and will not be referenced separately.  

4.1 Batch experiments 

The experimental setup of the batch barite recrystallization experiments which were 

conducted prior this thesis work followed exactly the setup of Klinkenberg et al. 

(2014) and Brandt et al. (2015) and are summarized in the following. 

 

4.1.1 Barite preparation and characterization  

Two different types of barite powders were used in the experiments, Sachtleben bar-

ite (SL) and Aldrich barite (AL). The commercially available SL barite is a syntheti-

cally precipitated, high purity barite (XR-HR-10 blanc fixe) from Sachtleben Chemie 

GmbH (Sachtleben, 2015). AL is a commercially available barite from Sigma-Aldrich 

of very high purity (99.998 %).  

A well-defined particle size distribution and morphology was desired for all experi-

ments. SL barite mainly consisted of grains > 10 µm. During the SEM observations 

particles, a significant < 10 µm, were also observed. These smaller grains were re-

moved and only the coarse fraction of the SL barite was used. In mostly fine grained 

AL barite, larger particles > 30 µm were present. These particles were removed. A 

grain size separation was performed based on sedimentation in the Atterberg cylin-

der on both samples (Hirner, 2000).  

After this preparation, the SL barite sample was characterized by a mean particle 

size of approximately 18 µm whereas the AL barite consisted of grains with a mean 

particle size of 0.5 µm (Fig. 14) (Klinkenberg et al., 2014). Prior to the experiments, 

the barites were pre-equilibrated in deionized water for six weeks.  
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Fig. 14 Barite solid used recrystallization experiments. (a) and (b) show Sachtleben 
barite. (c) and (d) display Aldrich barite. Reprinted with permission from Else-
vier from Brandt et al., 2015, see p. 101 of this thesis for details.  

 

4.1.2 Experimental setup of the batch experiments 

Batch recrystallization experiments of barite particles in the presence of 226Ra2+ 

were conducted at ambient conditions (23 ± 2 °C). 10 mg of parent barite samples 

(Fig. 14) (SL or AL) were first equilibrated in 10 mL of 0.2 M NaCl for four weeks. 

Then, 10 mL of RaBr2 stock solution with a 226Ra concentration of 8.8 x 10-4 mol/L 

were added, resulting in a total solution volume of 20 mL with an initial 226Ra con-

centration of 5 x 10-6 mol/L. This is equal to a solid to liquid ratio of 0.5 g/L. The ion-

ic strength of the experiments was chosen to be close to 0.1 mol/L in order to re-

semble the repository conditions that are expected at Forsmark, Sweden (SKB, 

2011). The experiments were placed on a tilt-roll mixer providing continuous moving 

of the suspension. A detailed overview of the experiments from which solids where 

available for this study is summarized in Tab. 2.  
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Tab. 2 Overview of the available experiments. Selected experiments marked with a 
diamond (♦) were carried out and discussed in Klinkenberg et al. (2014 ) and 
Brandt et al. (2015). 

 

 

Sampling procedure - The sampling procedure for aqueous and solid samples was 

taken from Klinkenberg et al. (2014) (Fig. 15). In regular time intervals of several 

days, 0.5 mL of the aqueous solution were sampled from the experiment after a set-

tling time of 1 h. In order to ensure complete solid separation, the aqueous sample 

was subsequently filtered through an ultrafilter (MWCO = 10,000 Da; Advantec, Tai-

pei, Taiwan).  

 

Fig. 15 Experimental setup and sampling procedure for the batch barite recrystalliza-
tion experiments in the presence of Ra.  

 

γ-Spectrometry - The Ra concentration in the solution was determined by gamma-

spectrometry using a N2-cooled high purity Ge-detector (Canberra, USA). The inten-

sity of the Ra peak at 186 keV was determined using the “Gamma-W” software for 

Name
Barite 

type

Initial Ra 

concentration 

[10-6 mol/L]

Total duration of 

experiment

[d]

Reference SL  ♦ SL 0 1192

SL 1 SL 5 1345

SL 2  ♦ SL 5 898

Reference AL ♦ AL 0 1345

AL  ♦ AL 5 883



 
42 

Windows (Version 2.55, Interaktive Spektrum Analyse, Dr. Westmeier, Gesellschaft 

für Kernspektrometrie mbH) and converted into concentration units (mol/L). 

ICP-MS analysis - For the determination of the Ba concentration in solution an ICP-

MS ELAN 6100 DRC (PerkinElmer SCIEX, Waltham, USA) instrument was used. 

The samples were diluted with a factor 1:100 and acidified with 0.1 M HNO3.  

 

4.1.3 SEM sample preparation and selection of solids for characterization  

Solids were collected as a 10 µL suspension (Fig. 15). Then, the solids were 

washed in two steps with isopropanol to prevent the precipitation of NaCl, BaSO4 

and RaSO4 artifacts. The suspensions were dried on a Si-wafer. Prior to FIB prepa-

ration, the samples were covered with a carbon coating of approximately 20 nm 

thickness using a Quorum Q150T E sputter coater (Quorum Technologies Ltd., U.K.)  

to minimize the charging of the samples during SEM analysis. 

The SL barite samples were analyzed prior to the AL barite as the higher average 

grain size facilitates the FIB preparation. An overview of analyzed solid samples of 

SL 1 and SL 2 and the according Ra concentrations in solution is presented in Tab. 

7 of the appendix. Solids taken from the Ra-free reference experiments were ana-

lyzed after 1 day, 126 days, 505 days and 898 days of recrystallization to be able to 

distinguish between effects of Ra uptake from pure barite recrystallization.  

 

4.1.4 Image analysis of FIB cross-sections  

The evolution of macropores within the barite samples was evaluated by image 

analysis. SEM images of FIB-cross sections were manually converted into binary 

images of the internal features (Fig. 16). Then, the same SEM image of the particle 

was manually converted into a binary image of the particle area.  

 

Fig. 16 Image analysis of FIB cross-sections. In the SEM image (a), first the particle 
are is marked and converted into a binary image (b). Second, the pores are 
highlighted and a binary image is constructed as well (c).  

The particle size analysis of ImageJ was used to determine the areas covered in 

both images and obtain values for the areas of the particles and the internal fea-
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tures. The ratio of the internal features area to complete particle area was calculat-

ed. 

4.2 Characterization methods  

In the following paragraph, the measurement parameters for APT, TEM, correlated 

APT and TEM and for FIB tomography are presented. 

 

4.3.1 Atom Probe Tomography (APT) 

Prior to this work, no publications about APT characterization of sulfates in general 

or barite in particular were available. Therefore, the APT operating conditions had to 

be adjusted to barite. Barite is an electric insulator and has a low thermal conduc-

tivity (Horai, 1971), which requires the use of the laser mode in APT analysis.  

The APT measurements were performed using a LEAP 4000X HR instrument 

equipped with a laser of 355 nm wavelength (Kelly & Larson, 2012). The mass re-

solving power of this instrument is more than 1000 full width half maximum (FWHM) 

at mass-to-charge (m/n) = 27 for a 100 nm wide field-of-view. The specimens were 

cooled during the measurement to a base temperature of 50 K. For each measure-

ment, several instrumental parameters had to be modified in order to maintain the 

maximum specimen yield while keeping the background low. The base voltage was 

maintained in order to achieve evaporation of 0.002 to 0.005 atoms per pulse. The 

laser energy was adjusted to 55 pJ. A low pulse frequency of either 100 or 150 kHz 

was chosen to allow the heavy Ba-atoms to reach the detector within the designated 

timeframe prior to the next pulse. The Cameca IVAS software version 3.6.8 was ap-

plied for the data analysis. To reconstruct the sample volume in a tomographic dis-

tribution of the elements from the available time-of-flight data, either the radius of 

curvature or the threshold for the initiation of electric field evaporation needs to be 

known (Kelly & Larson, 2012). The threshold for field evaporation can be calculated 

based on the shank angle. In all measurements, the shank angle was estimated 

from SEM observations of the respective APT tips for the 3D reconstruction.  

60 % of all measured tips fractured during the measurement which was probably due 

to the presence of macropores inside the tips. However, reasonably large datasets 

of > 30 Mio. ions were collected.  
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4.3.1 Transmission Electron microscopy  

Basic characterizations as preliminary TEM-BF imaging and SAED were conducted 

using a Phillips CM 20 microscopy operated at 200 kV. Then, a FEI Tecnai G2 elec-

tron microscope operated at an accelerating voltage of 200 kV was applied to record 

SAED pattern, TEM and STEM images (ER-C et al., 2016a). For the acquisition of 

the STEM images a high-angle annular dark-field (HAADF) detector setup was used. 

The HAADF contrast intensity is proportional to the atomic numbers accumulated in 

the sample volume traversed by the electron beam for thin samples. Therefore, it 

provides to a certain degree information about local variations of the chemical com-

position, the sample thickness and the density (Williams & Carter, 2009).  

Most images were collected in HAADF STEM contrast. Diffraction pattern were col-

lected in TEM mode. The information from SAED diffraction pattern obtained in this 

mode is more straight-forward than from diffraction pattern from STEM due to high 

complexity of STEM diffraction pattern. Therefore, electron diffraction in TEM mode 

is more commonly used in general to analyze the crystal structures and was also 

utilized in this doctoral study. 

High resolution analysis of the barite microstructure was performed using a FEI Ti-

tan T instrument at 200 kV accelerating voltage (ER-C et al., 2016b). Element distri-

bution maps were obtained by EDX with an FEI Titan G2 80-200 electron microscope 

equipped with an EDX system in the ChemiSTEMTM design (FEI Company, The 

Netherlands). This design comprises four large-area, windowless SDD detectors in 

an annular orientation called Super-XTM geometry around the sample area (ER-C et 

al., 2016c). The electron microscope was operated at 80 kV accelerating voltage 

with a 500 pA probe current. The TEM investigations were particularly challenging 

because barite exhibited a relatively low stability under the high-energy electron ir-

radiation. It disintegrated within seconds under exposure to the high current densi-

ties needed for high-resolution imaging. By adjusting the STEM setup to reduced 

probe currents of less than 500 pA and applying 80 keV primary electron energy, a 

longer acquisition of EDX maps up to several minutes was possible.  

 

 

4.3.1 Correlated microscopy: Electron microscopy and APT 

The small diameter of APT tips of 50 – 100 nm makes the APT tip electron transpar-

ent in the TEM at 200 kV. Therefore, the correlation of electron microscopy and APT 

can be used to identify both structural and chemical features at the same tip. The 

barite sample was prepared as a sharp needle on a modified Omniprobe TEM-grid 
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(Oxford instruments, U.K.) (Fig. 17) for the correlation of electron microscopy and 

APT. The middle port of the Omniprobe grid was pre-sharpened by ion beam milling 

(30 kV/21 nA) using a FEI Helios NanoLab 460F1 FIB-SEM (FEI Company, The 

Netherlands) (Fig. 17 d). After a standard lift-out procedure, a part of the wedge was 

fixed with conductive Pt to the port of the TEM grid (Fig. 17 e). Subsequently, the 

barite chunk was shaped into a sharp needle by applying an annular milling pattern 

with successively reduced currents (30 kV/0.23 nA to 30 kV/20 pA). A final low kV 

polishing step (5 kV/4 pA) removed possible amorphization and damage by the Ga+ 

beam.  

The correlated microscopy was conducted in two steps. First, the tip was character-

ized with electron microscopy using the FEI Tecnai G2 electron microscope (FEI, 

The Netherlands) at 200 kV. HAADF STEM images were collected to improve the 

reconstruction parameters after the measurement of the tip.  

After the STEM characterization, the Omniprobe grid was transferred into a modified 

TEM grid holder (Zeiss Microscopy, Germany). The TEM-grid holder was modified 

by trimming the SEM stub pin to a thickness of 2 mm instead of the original 3.2 mm. 

This modification allowed the insertion of the TEM grid holder into the standard de-

vice for sample transfer within the LEAP 4000X HR APT instrument, the puck. Sub-

sequently, the sample was examined using the LEAP 4000X HR (Cameca, Madison, 

USA) at 50 K base temperature, 55 pA laser power, 0.05% detection rate and 

100 khZ pulse energy. The 3D reconstruction based on the HAADF STEM image 

was performed with IVAS 3.6.9.  
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Fig. 17 FIB preparation of barite tips for the characterization by correlated APT and 
electron microscopy. The particle chosen for the preparation (a) is covered 
with a protective Pt layer and a cross-section is cut (b). A wedge is lifted out 
of the barite (c). The Omniprobe grid was prepared prior to the (d) for the at-
tachment of the barite wedge (e). The final tip shape after the annular milling 
is presented in (f).  

 

4.3.1 FIB Tomography  

The three-dimensional distribution of macropores within barite particles was ad-

dressed by FIB tomography using a FEI Helios NanoLab 460F1 FIB-SEM (FEI, The 

Netherlands) instrument. Slices of barite were cut parallel to the longest axis of the 
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particle and investigated using secondary electron (SE) images (ER-C et al., 2016d). 

A Pt-layer of (approximately 10 µm x 20 µm) was deposited using first the electron 

beam (~200 nm thickness) and second the ion beam (~1 µm) to protect the area of 

interest of the bulk barite sample during this slice-and-view procedure.  

A 30 kV/ 2.5 nA current was set to cut two trenches on both sides of the particle. 

Subsequently, a third trench from the front of the area of interest was milled to ex-

pose the first segment of the slice-and-view section. In total, 734 slices of approxi-

mately 20 nm were prepared by ion beam milling using a current of 2.5 nA. Each 

cross-section was imaged with the mirror detection (MD) mode and by a through-

the-lens back-scattered (TLD-BS) detector using a 2 kV/ 0.4 nA electron beam with 

a pixel size of 7.68 nm.  

One challenge in analyzing insulating samples with FIB-SEM tomography is the 

charging of the sample. Due to the charging, distortion in the image occurs. Some-

times, the impregnation of a sample can reduce the charging and help to analyze 

the porosity in case of connected pores (Holzer et al., 2004). For the barite parti-

cles, this was not possible due to their small size. Furthermore, heating during the 

impregnation could possibly have causes changes in the internal microstructure. 

After the completed measurement, the segmentation of the pore space was per-

formed manually. 

The SEM images were combined as a stack into a single three-dimensional volume 

by the tools available in the AVIZO 9.0.0 software package. Subsequently, the pore 

space was segmented using the same software package for the TLD-BS images.  
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5 Results and discussion 

In the following, the adopted FIB preparation procedures are explained in detail. 

Subsequently, reference samples taken from the initial barites as well as from Ra-

free experiments are compared to determine possible pathways for Ra into the bar-

ite crystal volume, to determine the role of the internal barite microstructure during 

Ra uptake and to explain the evolution of the Ra concentration with time observed in 

the Ra uptake experiments. Parts of the internal microstructure characterization of 

the initial barite were already published in Weber et al. (2016). These results will be 

explained here in more detail without referencing each paragraph of Weber et al. 

(2016) to it.  

 

5.1 Adaption of FIB preparation to barite samples 

The experiments were conducted within a controlled area which also comprises a 

SEM-FIB instrument. SEM characterization of FIB cross-sections could be easily 

used as a first step of the internal microstructure characterization. The sample prep-

aration possibilities offered by the FIB instrument enabled further characterization 

methods. The size reduction due to the preparation also reduced the activity of the 

prepared sample which made the transport in other facilities on the campus easier.  

In total, three different FIB preparation procedures were adapted for the characteri-

zation of barite with electron microscopy and APT:  

 

(1) Conventional cross-section lamellae preparation  

(2) Plan-view lamella  

(3) Needle shaped specimen called APT tips for APT analysis  

 

TEM lamellae were prepared in two different orientations in order to receive three-

dimensional microstructural information of the barite. For TEM characterizations, the 

sample must have a thickness in the nm-scale. The actual required thickness actual-

ly required depends on the applied accelerating voltage, the chemical composition of 

the sample and which features to be analyzed (Williams & Carter, 2009). The barite 

exhibited a high sensitivity towards the Ga+ beam. Therefore, special care was used 

to fulfill the thickness requirements during the FIB preparation. The milling condi-

tions of the different working steps adopted in this study are summarized in Tab. 3.  
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Different types of FIB instruments were utilized depending on the availability and on 

the suitability of the equipment for the desired preparation procedure. For the radio-

active BaxRa1-xSO4 solids, a Zeiss NVision SII N40 FIB instrument located in a con-

trolled area was used. In the separate sections on each preparation procedure, the 

applied FIB instrument is specified. Where crucial, details on the properties of the 

FIB instruments are given in the descriptions of the preparation procedure.  

 

Tab. 3 Adapted milling currents for the FIB preparation of barite TEM lamellae.  
 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 

thesis for details). 

 

 

5.1.1 Preparation of cross-section lamellae  

After drying of the suspension on the Si wafer, the barite particles were mostly lay-

ing on the (001) face. The cross-section lamellae were extracted from these parti-

cles perpendicular to the surface. Well-established procedures were applied for this 

preparation (Gianuzzi & Stevie, 1999; Mayer et al., 2007) using a SEM-FIB instru-

ment. To obtain cross-sections of maximum area, the cross-sections were cut with 

an orientation parallel to the longest particle axis. A protective layer of either carbon 

(C) or platinum (Pt) was deposited with a thickness of approximately 3  µm on the 

surface to protect the area of interest from Ga+ beam damage. Then, a 1.5 µm thick 

slice was cut out of the bulk material and attached to the middle post of an Om-

niprobe TEM-grid (Oxford instruments, U.K.) (Fig. 18 a). Depending on the sample 

Working step Milling conditions Sample tilt

Cut out of the lamella < 1.5 µm

Trapezia 30 kV, 300 pA

Rectangle 30 kV, 300 pA 1.0°

Thinning of the lamella < 100 nm

Step 1 30 kV, 80 pA 1.0°

Step 2 30 kV, 40 pA 0.8°

Step 3 30 kV, 60 pA 0.6°

Low kV polishing 2 kV, 25 pA 2.0°

Cut out of the wedge 30kV, 6.5 nA

Thinning of the lamella < 100 nm

Step 1 30 kV, 460 pA 1.5°

Step 2 30 kV, 280 pA 1.2°

Step 3 30 kV, 93 pA 0.8

Low kV polishing 5 kV, 47 pA 2.0 

Cross-section TEM lamellae

Plan-view TEM lamellae
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properties, two different attachment positions were used (Fig. 18 b + c).The attach-

ment at the side of the lamella was utilized for stable samples whereas the attach-

ment on top of the middle post was used for unstable, weaker samples. 

 

 

Fig. 18 Scheme demonstrating two ways of fixing the lamella to the Cu omniprobe 
grid (a): attachment to the side (b), attachment on top of the middle post (c).  

 

After the fixation on the grid, the lamella was thinned. Three different steps with re-

duced inclination angle and beam current were applied to reach a thickness of 

< 100 nm (Tab. 3). Then, the preparation was finalized with a low kV polishing to 

remove amorphization and Ga implantation at the sample surface. Finally, the 

thinned cross-section lamella had a size of 15 ± 5 µm x 7 ± 5 µm. It was electron 

transparent in most areas. 

 

5.1.2 Preparation of plan-view TEM lamella 

A second lamella orientation was prepared to find out whether the features observed 

in cross-section lamellae are distributed within the barite particle volume. The orien-

tation parallel to the crystal surface was chosen, which is called plan-view lamella. 

This preparation procedure requires a FIB with a flip-stage. Therefore, a FEI Helios 

Nanolab 400S (FEI Company, The Netherlands) dual beam instrument equipped with 

the necessary flip-staged was applied (ER-C et al., 2016e). In general, the prepara-

tion procedure was based on Stevie et al. (1998).  

In contrast to the cross-section preparation, in the plan-view preparation procedure 

a thick wedge is removed from the particle. For this, a protective Pt layer with a 

thickness of 1 µm was deposited on a selected rectangular surface area of the parti-

cle (Fig. 19 a). The selected area of 4 µm x 20 µm defined the target size of the final 

lamella. Then, a wedge of the barite was cut out by milling rectangular regions on 
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three sides of the previously deposited area (Fig. 19 b). Subsequently, the wedge is 

connected with Pt to an in situ Omniprobe nanomanipulator (Oxford Instruments, 

U.K.). The stage, on which the Cu Omniprobe grid was attached, was flipped by 90° 

and the barite wedge was connected to the grid with Pt (Fig. 19 c + d). Then, two 

new Pt layers were deposited on a selected area of the wedge in order to prevent 

the target volume from beam damage and Ga implantation during the final milling 

steps (Fig. 19 d + e). To shape the sample into a lamella of ~20 nm thickness, the 

upper and lower parts of the wedge were milled in several steps (Tab. 3). Finally, a 

low kV polishing step was performed to reduce the damages by the Ga beam like 

amorphization and Ga implementation.  
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Fig. 19 Plan-view preparation. First, a protective Pt layer (a) is deposited on the bar-
ite particle as shown in top view. Trenches are cut out (b) near the barite par-
ticle. (d) displays the wedge attached to the grid in side view and the top view 
is presented in (e). Two patterns are milled as presented by (e) and (f). The 
thick lamella prior to the final thinning is displayed in (g). The final lamella is 
presented in (h).  

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 

 

5.1.3 Preparation of APT tips 

APT tips were prepared using a FEI Helios 600 dual beam instrument. The basic 

procedures of Miller et al. (2005 & 2007), Miller & Russel (2007) and Thompson et 

al. (2007) were adopted. In this preparation procedure, the barite particles had to be 

fixed to the substrate with Pt, similar to the previous TEM lamellae preparation. This 
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was followed by depositing a protective Pt layer of 180-220 nm thickness 

(5 kV/120 pA) on a rectangular region of interest sized 2 µm x 20 µm. Below this 

region of interest, a barite wedge was cut out on three sides (20 kV/0.79 nA).  

After attaching the wedge with Pt to an in situ nano-manipulator (Omniprobe, Oxford 

Instruments, U.K.), the final connection was removed (Fig. 20a). Subsequently, the 

wedge was attached to one of the Si post of a 22-array coupon (Cameca Scientific 

Instruments, USA) with Pt and 1 – 2 µm thick segments were cut off as displayed in 

Fig. 20 b. This procedure was repeated until the complete wedge was cut into differ-

ent parts and distributed over different posts. Then, each wedge was shaped into a 

tip and sharpened using an annular milling pattern. The inner and outer diameter 

was stepwise reduced as well as the beam current (30 kV/0.23 nA to 30 kV/20 pA). 

A variety of beam currents had to be used to shape the sample segments into sharp 

needles as the segments exhibited different reactions towards the ion beam milling. 

This behavior already indicated inhomogeneous properties of the barite. The ob-

tained tips had an apex radius of 25 – 40 nm as presented in Fig. 20 c.  

 

 

 

Fig. 20 Stages of the APT tip preparation. a) Milling of trenches and attachment of 
nano-manipulator to the sample b) sample chunk attached to the sample 
holder c) sample ready for measurement in APT, final radius is ~70 nm.  

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details).  
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5.2 Internal microstructure of the initial barite  

The internal microstructure of the SL barite was extensively characterized because it 

is the reference to all of the later samples recrystallized in the presence of Ra and 

without Ra. The internal microstructure of the AL barite was characterized as we ll to 

identify whether the observed microstructure of the SL barite is typical for barite in 

general.  

 

5.2.1 SEM observations of the internal barite microstructure  

Eleven cross-sections were successfully prepared from representative SL barite par-

ticles (Fig. 21) and SEM images were recorded. In these SEM images, the most 

prominent feature is a crystallographic oriented system of contrast variations indicat-

ing the presence of a layered structure. The nearly euhedral part icles exhibited 

these layers in a systematic arrangement parallel to the outer particle surfaces (Fig. 

21). In principle, these contrast variations could result from chemical variations, 

crystal defects leading to orientation variations or density variations. Density varia-

tions such as nano-scale porosity have been described in the literature, e.g. for 

feldspars (Ruiz-Agudo et al., 2014). Within the error of the measurement, SEM-EDX 

mapping of the cross-sections indicated no compositional zoning within the error of 

the measurement. In previous studies on natural barite, a layered structure in com-

bination with a homogeneous barium sulfate composition within the error of the 

measurement were reported as well (Frondel, 1935; Luedeking & Wheeler, 1891; 

Parr & Chang, 1935). Another report regarding layered structures inside barite was 

provided by Jamieson et al. (2016). In their study, the layered structure was identi-

fied by optical microscopy to consist of micrometre scale aqueous fluid inclusions 

(Jamieson et al., 2016).  
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Fig. 21 FIB cross-sections of the SL barite particles. The particle shape is either (a) 
nearly euhedral or (b) blocky. A solid line marks the outer crystal faces in (a). 
In both images, the layered structure is indicated by a dashed line. The parti-
cle in (a) does not contain any macropores whereas a variety of them are pre-
sent in (b). Some are elongated (1) tracing the layered structure and others 
are (2) larger and randomly oriented.  

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 

 

In addition to the layered structure, macropores of irregular shape and a few mi-

crometers in diameter were present in most (64 %) FIB cross-sections. About 36 % 

of the characterized cross-sections did not reveal any macropores. It is possible that 

the existing macropores were not visualized in the cross-section as a cross-section 

only represents a 2D image of a 3D particle. Untypically, the macropores were ob-

served in an elongated shape, located along the track of the layered structure (Fig. 

21 b). It remains unclear whether they initially contained gaseous or fluid inclusions 

due to opening of the macropores under high-vacuum during FIB milling. No precipi-

tates were detected in the opened macropores in SEM images or by EDX mappings.  

In nature, barite minerals have been reported to contain micrometer -scale fluid in-

clusions (Bodnar, 2014; Böhlke & Irwin, 1992; Rajabzadeh, 2007; Wilkinson, 2001; 

Jamieson et al., 2016). These fluid inclusions could potentially correspond to the 

macropores observed in the SL barite. Correlating natural barite and the synthetic 

SL barite seems reasonable as both the SL barite and most of the natural barites, 
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are likely to have formed by precipitation from an aqueous solution under similar 

conditions. The precipitation of natural barite is often induced by mixing of fluids 

originating from the alteration of silicate, carbonate, and sulphate minerals in sedi-

mentary, metamorphic and igneous rocks (Hanor, 2000). The micrometre-size fluid 

inclusions in natural barites are often lens-shaped and contain no daughter minerals 

(Bodnar, 2014; Böhlke & Irwin, 1992; Rajabzadeh, 2007; Wilkinson, 2001). In addi-

tion, Rajabzadeh (2007) reported fluid inclusions matching the cleavage planes of 

the barite. This feature could possibly correspond to the elongated pores observed 

here (Fig. 21 b). In summary, these observations may present additional indications 

that the macropores observed in the cross-sections may indeed have contained a 

fluid prior the FIB-milling.  

 

5.2.2 Selected Area Electron Diffraction of the initial barite 

Electron diffraction patterns were acquired from a very thin TEM lamella in order to 

determine whether the layered structure observed in SEM could be caused by varia-

tions of the crystal orientations. The area containing several layers (Fig. 22 a) exhib-

its an electron diffraction pattern of BaSO4 in the orientation of the [001] zone axis 

(Fig. 22 b). The absence of any additional reflexes observed in this pattern suggests 

a single crystalline, coherent structure without twins, grain boundaries, or other 

large scale defects. Minor variations of the crystal orientation between the different 

layers could still have been hidden in the average, large-scale diffraction pattern of 

Fig. 22 b. 

Additional diffraction patterns were obtained from small selected areas of the crys-

tals, ideally just originating from one type of layer. A sufficiently small area selecting 

aperture selected and SAED pattern were recorded across the layered structure. 

The sequence of the recorded SAED pattern is displayed in Fig. 23. The circles in 

Fig. 23 a mark the positions at which the diffraction patterns were recorded. The 

corresponding diffraction patterns registered at the respective positions are dis-

played in Fig. 23 b1 - b8. These patterns show crystalline BaSO4 in [001] orientation 

as well. Through the sequence of these eight patterns, no significant variation of 

beam excitations and beam positions was detected. Therefore, it can be concluded 

that the contrast variation in the SEM and TEM images cannot be attributed to varia-

tions of the crystal orientation. 
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Fig. 22 Electron diffraction analysis. (a) HAADF STEM image of the initial SL barite 
showing several dark and bright layers. (b) Electron diffraction pattern rec-
orded from a large area of a thin barite lamella.  
 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 

 

 

Fig. 23 Selected Area Electron Diffraction experiment. (a) HAADF STEM image of the 
layered structure with circles marking the positions of a sequence of SAED 
experiments. Blue circles mark homogeneous brighter layers, whereas red 
circles mark areas of layers containing a high density of dark spots. 
(b1) - (b8) electron diffraction patterns recorded from the respective areas 
marked in (a). 

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 

 

5.2.3 Scanning Transmission Electron Microscopy of the initial barite 

A HAADF STEM image of a complete cross-section lamella prepared from a blocky 

particle oriented with the [001] crystal zone axis along the viewing direction is de-
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picted in Fig. 24. The cross-section lamella contains a macropore in its centre. The 

presence of a macropore in the centre of a barite solid was observed also in other 

FIB cross-sections. The aforementioned layered structure appears as crystallo-

graphically oriented layers of lower and higher intensity. A density of 2  - 3 dark 

zones per micrometre with irregular thickness and distance can be observed for the 

strongest contrast variations.  

The signal variations were not observed in elemental maps of the same area which 

were simultaneously recorded. This finding is in agreement with the preceding SEM 

observations. All TEM lamellae of the initial SL barite exhibited this layered structure 

in HAADF STEM images independent from the sample thickness. The three-

dimensional nature of the layered structure was confirmed by analyzing lamellae 

prepared in different directions: plan-view and cross-section. Both lamellae showed 

the layered structure.  

HAADF STEM images taken at higher magnification (Fig. 25) indicate the existence 

of structural differences between the alternating layers on the nanometer scale. 

Nearly circular regions of low HAADF intensity are visible in different sizes and 

numbers. They can be interpreted as pores or inclusions of low-Z material in the 

barite matrix. The bright zones contain larger pores of 10 - 70 nm diameters in a low 

density, whereas the dark zones comprise a very high density of smaller, few na-

nometers pores.  

 

 

Fig. 24 HAADF STEM image of the SL barite. A layered structure of alternanting low 
and high intensity is clearly visible. The black region in the center is a 
macropore. The round features on the right of this pore are due to damage by 
the electron beam. Inhomogeneous ion beam thinning caused horizontal 
global thickness variations as well as the curtaining effect on the left side of 
the macropore.  

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 
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Fig. 25 HAADF STEM images of the initial SL barite. a) The lamella shows an upside 
down V-shaped layered structure. Thickness variations in the lamella cause 
the intensity variation from the left to the right side of the image. b) Interface 
between a dark zone (left) and a bright zone (right) of the layered structure  in 
a barite plan-view lamella. In both images, the bright layer contains larger 
pores in a lower density, while the dark layer shows a very high density of 
smaller pores.  

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 

 

As there was neither a secondary phase nor variations of compositions and orienta-

tion detected by EDX and electron diffraction, the lower HAADF intensity indicates 

the presence of nano-scale porosity. These pores are distributed across the com-

plete crystal volume. In conclusion, the crystallographic layers of dark and bright 

intensity apparent in SEM and STEM images are due to variations of the pores’ den-

sity and size. The electron microscopy data alone cannot deliver enough information 

to determine whether these pores are empty or contain material of low scattering 

power.  

 

5.2.4 Atom Probe Tomography of the initial barite 

APT characterization of the initial SL barite was conducted to identify the filling of 

the observed nano-scale pores. Due to the superior chemical resolution even chem-

ical inhomogeneities which are not observable with EDX were detected. The meas-

ured mass-to-charge ratio spectra of the SL barite are dominated by a peak at 

m/n = 69 (Fig. 26). Theoretically, this peak can correspond to two ionic species, 

138Ba2+ and 69Ga+. 69Ga+ could originate from the FIB preparation procedure. There-

fore, the first thousands ions of the characterization were omitted dur ing the data 

analysis and reconstruction process. Accordingly, the peak was assigned only to 
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138Ba2+ because the other Ba2+ peak intensities were also detected in the expected 

natural ratios of the Ba isotopes. As the 138Ba2+ peak at m/n = 69 constitutes 

81 - 95 % of the total detected Ba amount in the sample, it was used for the display 

of the 3D reconstructions in Fig. 27. Furthermore, the mass-to-charge ratio spectra 

exhibited clear signals of species containing sulfur and oxygen. The presence of 

H2O, Na and Cl in minor amounts was also suggested by additional peaks.  

 

 

Fig. 26 APT mass-to-charge ratio spectrum of barite.  The typical APT mass-to-charge 
ratio spectrum (a) of the analyzed barite is dominated by the Ba2+ peak at 
m/n = 69. Other strong peaks are marked, such as those of H 2O+ and Na+ ions. 
The lower region of the mass-to-charge ratio spectrum (b) displays two insets 
showing the variants of ionic water species and the region from m/n = 32 to 
35, containing signals of sulfur and chlorine ions.  
 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 
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All observed peaks and their assignments to specific ions for both measurements 

presented here are displayed in Tab. 9 of the appendix. The mass range in both 

measurements is different due to the application of different pulse rates. The pres-

ence of many Ba-containing species, e.g. BaO+, BaSO+ and BaSO4
+, was observed. 

The formation of molecules during the measurement of complex materials  by APT 

has been previously reported for other materials as semi-conductors or dielectrics, 

e.g. in APT characterization of different apatites (Gordon et al., 2012). 

The assignment of some peaks to specific ionic species is ambiguous. In the lower 

region of the spectrum three strong and sharp peaks around m/n = 18 where identi-

fied which stem from water species as highlighted by the left inset of Fig. 26 b. The 

existence of these peaks is interpreted as signals of water being present in the 

sample. The interpretation that BaSO4 is not the source of oxygen in the water spe-

cies is based on the anti-correlation of the 3D distribution of these signals with the 

Ba signal (Fig. 27). This excludes the alternative explanation of a hydride formation 

of oxygen stemming from BaSO4. In the current APT literature, such hydride for-

mation is discussed as an artifact. This occurs predominantly in the first stages of 

the APT measurement due to outgassing of the stainless steel vacuum chamber 

(Gault et al., 2012; Miller & Forbes, 2014). In contrast, in the data evaluated in this 

study, a very strong peak of hydrogen and water species was observed consistently 

during the complete course of the measurement. This observation is in a good 

agreement with other studies where the specimen contained oxygen and hydrogen 

components (Gordon et al., 2012).  

A minor Sr2+ peak at m/n = 43 and 44 with a peak height of about 0.5 % compared to 

the strongest Ba2+ peak is also present in the spectrum. This suggests the presence 

of a low amount of Sr in some of the samples. As BaSO4 and SrSO4 form a solid 

solution and have a large affinity for each other, this impurity can be observed in 

synthetic and natural barite crystals (Hanor, 2000).  

A severe ambiguity exists for the two major components O and S because the re-

spective two main ionic species S+ and O2
+ have the same mass-to-charge ratio of 

m/n = 32. A second sulfur peak at m/n = 34 with 5 % intensity of the main sulfur sig-

nal is expected based on the natural ratios of stable isotopes. Only a small peak 

was observed at m/n = 34 (Fig. 26). This indicated that the peak at m/n = 32 is main-

ly due to O2
+. Another oxygen peak would be expected at m/n = 16 for single 

charged O+. This peak may be missing in all of our measurements, probably be-

cause of the instrument parameters chosen for this analysis. The sulfur content of 

the barite is therefore mainly measured as a component of SO x
n+ and BaSOx

n+ ionic 

molecules (Fig. 26). The presence of water complicates the solution of these ambi-
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guities by using natural isotopic ratios in this particular material. Water adds addi-

tional interferences with the pure elemental signal and a diversity of hydrides may 

form.  

At first glance, the assignment of an ionic species to the peak at  m/n = 70 is also 

ambiguous. Candidates with this mass-to-charge ratio are H2Ba2+, HGa+ and Cl2+. 

For the assignment of this peak to chlorine, peaks with a significant intensity at 

m/n = 72 and 74 would be anticipated due to the expected contribution of 25 % of 

the 37Cl isotope according to its natural abundance. As these two peaks are not pre-

sent in the spectra, chlorine was excluded to be the origin of the peak at m/n = 70. 

The assignment of the peak to HGa+ is not reasonable, as this component would be 

expected to be preferentially located close to the surface of the tip sample. No loca-

tion preference was observed in the 3D reconstruction for the ions at m/n  = 70. In 

conclusion, only H2Ba+ remains as a possible explanation. The assignment of this 

peak to H2Ba+ is further supported by the weak peak at m/n = 69.5, which could cor-

respond to HBa2+.  

Previously undetected inhomogeneities in the element distribution of Ba, Na and 

H2O were observed in the 3D reconstruction of the APT data for the SL barite  sam-

ples, which are clearly visible in the reconstructions displayed in Fig. 27 a + c. Inte-

grated concentration profiles calculated in the direction of the arrow of the cylindrical 

sub-volume perpendicular to the layers are presented in Fig. 27 c + d. They exhibit a 

prominent sequence of alternating layers of anti-correlated Ba and H2O intensity. 

The H2O signal is very low in these profiles, in the order of 1 % of the BaSO4 signal. 

The partial correlation of the H2O and Na intensities indicated different concentra-

tions of Na in the individual inclusions. An association of Cl in fluid inclusions with 

Na is possible, although the Cl signal observed here was too week to produce a sig-

nificant correlation. The remarkably low Cl yield is likely a result of the very low 

probability of Cl forming a positively charged ion. The size of the layers of alternat-

ing chemical composition observed in the profiles is between 20 and 200 nm, which 

are coherent with the size of layers of alternating HAADF intensity observed in 

STEM images (Fig. 25). 
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Fig. 27 3D elemental composition reconstructions of two APT measurements of the 
SL barite. A layered structure due to chemical variation is displayed: (a) and 
(c) reconstructions with selected Ba and H2O ions, (b) and (d) integrated in-
tensity profiles calculated with a perpendicular orientation to the layered 
structure along the axis of a cylinder sub-volume. The profiles indicate an an-
ti-correlation of the Ba and H2O concentration across the layered structure. 
The Na signal is at least partially correlated to the H 2O signal in (d).  

 Reprinted with permission from Elsevier from Weber et al., 2016 (see p. 101 of this 
thesis for details). 

 

The observed clusters of higher local H2O concentration in the 3D reconstruction, 

which match the nano-scale pores observed previously in HAADF STEM images, 

had a diameter of less than 10 nm. The exact determination of the size is difficult as 

the change in material and density causes local magnification effects (Vurpillot et 

al., 2000) which have also been reported, e.g. for gold nanoparticles in arsenopyrite 

(Fougerouse et al., 2016).  

Thus, based on the H2O concentration variations, it can be concluded that the nano-

scale pores are filled with water. In addition to these nano-scale pores, the HAADF 

image also showed larger pores, which cannot be observed in the reconstructed 3D 
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distribution of elements. The APT analysis of these samples may not have been 

successful due to the tendency of larger pores to cause the samples to break during 

the APT analysis. The layered structure detected in HAADF STEM images and the 

layers observed in APT reconstruction are consistent with the presence of low Z-

elements, like Na, Cl and H and O, which would produce a lower HAADF signal in 

comparison to the BaSO4 matrix. Therefore, regions showing a reduced HAADF in-

tensity in STEM images (Fig. 25) would correspond to regions of higher H2O as well 

as to the lower Ba concentration in the 3D reconstruction and in the profiles (Fig. 

27). In conclusion, the findings of the STEM and APT measurements are consistent. 

It is evident that the barite particles contain not only macropores, but also nano-

scale pores filled with water and NaCl.  

 

5.2.5 FIB tomography of the initial barite  

The connectivity of the observed macropores inside the barite particles was deter-

mined via FIB tomography (Fig. 21). So far, the use of FIB tomography is not an es-

tablished characterization tool for particle characterization as reflected by the low 

number of publications (e.g. Chang et al., 2015; Winter et al., 2016). For that rea-

son, the optimal measurement conditions were identified first to provide a reliable 

sample milling and the highest contrast between pores and barite matrix. For these 

test measurements a random sample of the same material and similar shape can be 

used. In this study, a barite particle sampled after 127 days of Ra-free recrystalliza-

tion was used for the test measurements. After the optimal settings were successful-

ly identified, a complete particle of the initial barite was characterized by FIB tomog-

raphy.  

Pores within the test barite surface were observed in SEM images (Fig. 28) indicat-

ing the presence of internal pores or defects within the barite crysta l volume. Inside 

the barite, a network of pores was detected in the test FIB tomography. The pores 

are partially connected and crystallographically oriented similar to what was ob-

served in 2D FIB cross-sections (Fig. 21). Three macropores were also visible on 

another barite surface depicted in SEM images (Fig. 29 a) which appeared similar to 

those observed in the test measurement. The observation of these pores may have 

been related to the presence of an inner macroporosity with a connection to the out-

side of the particle. The FIB tomography presented in Fig. 29 b (top view of the re-

constructed barite particle) and in Fig. 29 c (the side view) pointed to the existence 

of a network of macropores. The majority of the macropores inside the particle 

formed a large macropore. Some parts of this large macropores but also some of the 

other macropores were oriented parallel to the outer crystal surfaces, similar to 
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those observed in the test barite sample. Due to this crystallographic orientation, the 

walls of the pore space may have exhibited different reactivities, similar to the dif-

ferent reactivities of outer crystal surfaces (Lasaga & Lüttge, 2001; Fischer et al., 

2014).  

Based on the image analysis of the 2D FIB cross-sections, an average area-based 

porosity of 2 – 4 % was estimated. After the segmentation of the pore space it is 

evident that in this particle, the proportion of macroporosity was higher in compari-

son to the average area-based porosity. Therefore, the particle has a high internal 

surface which is contact with the bulk solution. This network of macropores may be 

interpreted as a pathway for Ra into the barite via diffusion in the aqueous solution. 

The fact that not all macropores are connected to the bulk fluid proposes that the Ra 

uptake into the barite might not be homogeneous in specific barite particles and 

might also vary from particle to particle.  

 

 

Fig. 28 SEM image of the barite particle used for the test FIB tomography (a). Pores 
in the barite surface (1) and (2) are visible. The reconstructed pore volume of 
the particle shows that the pores are oriented parallel to crystallographic ori-
entations (b).  
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Fig. 29 FIB tomography of an entire SL barite particle. Three pores are visible in the 
top view SEM image of the SL barite particle (a) which indicates the presence 
of internal porosity. The reconstructed particle (b) based on the segmentation 
of the barite material shows the same shape. In (c), a FIB cross-section is 
presented. The selected barite material is highlighted in blue and the pore 
space in orange. The orange circles mark open macropores which connect the 
internal porosity with the bulk fluid. The segmented pore volume is given in 
(d); connected pores have the same color.  

 

About one third of the SL barite cross-sections did not contain any macroporosity. 

The results of the FIB tomography may not be valid for all SL barite particles. There-

fore, the difference in the internal microstructure might be a reason for varying kinet-

ics of the experiments in Brandt et al. (2015).  
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5.2.6 Correlated microscopy of the initial barite by STEM and APT  

The correlation of transmission electron microscopy and APT provides high resolu-

tion structural information in combination with high spatial resolution chemical infor-

mation. The correct 3D reconstruction in APT is based on a detailed knowledge of  

either the sample shape or the electrical field required for field evaporation of the 

analyzed material. In this doctoral study, the electrical field needed for field evapo-

ration of barite was not known. Therefore, the reconstruction relied on a detailed 

knowledge of the sample shape prior the destructive APT analysis. In order to verify 

that the FIB reconstructions in Fig. 27 are correct, a barite tip was characterized 

with STEM imaging followed by an APT characterization. The correlated microscopy 

characterization (Fig. 30) reveals the same layered structure as previously observed 

during APT characterization of SL barite (Fig. 27).  

 

 

Fig. 30 Correlated microscopy of SL barite. The HAADF image (a) presents the tip 
shape. In the 3D element reconstruction (b), the layered structure which was 
observed in the prior APT characterizations of the initial SL reference barite 
is visible as well. The overlay of the HAADF image and the APT reconstruction 
is presented in (c). A concentration profile in the direction of the arrow (d) is 
given in (e) showing an anti-correlation of Ba and H2O content. The Na-
concentration does not correlate to any other components.  
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5.2.7 High resolution transmission electron microscopy of the initial barite  

Stacking faults and point defects can enhance the migration speed of a cation into a 

solid (e.g. Takamizawa et al., 2016). Therefore, defects in the barite structure could 

possibly enhance the Ra uptake. To check whether any stacking faults or point de-

fects were present within the initial barite; high resolution bright field (BF) TEM im-

ages were obtained using an aberration-corrected TEM instrument. Due to the high 

sensitivity of the barite towards the electron beam, the barite sample was easily 

damaged by the electron beam. The disintegration of the barite sample under the 

electron beam was too fast to perform any aberration correction leading to a re-

duced resolution of the obtained HR-TEM images compared to the instrument capa-

bilities. 

For HR TEM imaging, the TEM lamella has to be very thin. The barite samples were 

challenging to prepare by FIB, therefore only very few locations on the lamella were 

thin enough for HR imaging. The regions were located near the edges of the lamella 

or around the pores. The edges of the particle and the pores are also the areas 

where the presence of defects is more likely.  

The expected atomic order in the orientation of the lamella was calculated (Fig. 

31 a) and compared to the observed order in the high resolution BF TEM images 

(Fig. 31 b). The presence or accumulation of defects in some regions could cause 

the contrast changes, which might look similar to the layered structure observed in 

the reference barite. No defects in the crystal lattice were detected.  
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Fig. 31 High resolution TEM BF imaging of barite. (a) shows the expected order of 
atoms in the lamella orientation [102] based on the structural data of 
Jacobson et al. (1998) calculated with the Single Crystal -Diffraction extension 
of CrystalMaker. In (b), the TEM BF contrast image presents the order of 
atoms with an overlay of calculated order.  

 

5.2.8 Possible origins of the fluid inclusions in the initial barite  

The observed fluid filled nano-scale pores and macropores could either stem from 

the synthesis procedure of the barite or may have formed inside during the equilibra-

tion treatment prior the use in the uptake experiments. To distinguish between these 

two possibilities, barite samples were characterized prior the equilibration by SEM 

analysis of FIB cross-sections and STEM characterization. The analysis of these 

barites showed a similar internal microstructure as the initial barite after equilibra-

tion (figures are presented in the appendix, p. 137). Therefore, it was concluded that 

the porosity inside the barite samples results from the synthesis procedure. Accord-

ing to the manufacturer, the barite particles were synthesized by a precipitation rou-

tine (Sachtleben, 2015).  

Different explanations for the existence of the internal porosity are discussed in the 

available literature. Recently, nano-scale porosity in barite crystals has been ob-

served by in-situ time-resolved TEM investigations on barite crystal growth (Judat & 

Kind, 2004; Ruiz-Agudo et al., 2015). Based on non-classical nucleation path theory, 

these studies concluded that the small pores remain from a proceeding growth 

mechanism including the combination of molecular growth and oriented self -

assembly of nano-crystals from a supersaturated aqueous solution. Subsequently, a 

final internal recrystallization process leaves nanometer size pores, which can be 

filled by a residual liquid. According to the studies, the size and density of the pores 

depend on the initial level of supersaturation. In the work presented here, barite 
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crystals of 20 µm size were characterized, whereas Ruiz-Agudo et al. (2015) report-

ed nano-porosity in in particles of a few µm. 

Regardless of these non-classical nucleation theories, the defects could also result 

from a synthesis at a high supersaturation. A synthesis under these conditions is 

therefore very likely. The homogeneous nucleation of barite, i.e. the direct precipita-

tion from solution, requires very high supersaturation (Kashichiev & van Rosmalen, 

2003; Poonoosamy et al., 2016). Furthermore, precipitation from high supersatura-

tion also reduces the synthesis time, which is more cost-efficient. The spontaneous 

formation of unfilled cores of nm to µm size during crystal growth was previously 

reported, e.g. in potassium dihydrogen phosphate crystals (Zaitseva & Carman, 

2001; De Yoreo et al., 2002). Also, the entrapment of solution during crystal growth 

has been known as a possible origin of the nano-scale fluid inclusions inside miner-

als (Mullin, 2001). A sketch of this fluid entrapment process is presented in Fig. 

32 a. It takes place by hopper crystal growth which is common during rapid crystal 

growth (Minkoff & Lux, 1974; Jamveit & Andersen, 1992) (Fig. 32 b).  

 

 

 

Fig. 32 Literature model of the formation of fluid inclusions during mineral growth. 
The possible incorporation of fluid inclusions during mineral growth (Modi-
fied after Mullin, 2001).  

 

It could also be possible that sodium chloride interacts with the step edge during 

crystal growth and becomes incorporated as impurity. The incorporation could lead 

to a defect formation in the form of unfilled cores or nano-scaled pores. The initial 

NaCl concentration has a strong effect on the step velocities and morphologies. Re-

cently, the study of Godinho & Stack (2015) strengthened this theory further by 

demonstrating that the overall crystal morphology and growth rate are affected by 

the NaCl concentration.  

 

5.2.9 Identified pathways for Ra uptake into barite  

Different potential pathways for Ra into the barite crystal volume were identified by 

the application of a variety of high resolution microscopy methods. The barite parti-

cles contain macropores of several µm in size, some of which are in contact with the 
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bulk fluid. They are partially interconnected and therefore provide a possible path-

way for Ra to enter the barite particles by diffusion within the aqueous solution. 

Subsequently, Ra could then be taken up into the barite by a dissolution-

reprecipitation process from the inside of the barite particle.  

In addition, the barite particles contain a layered structure of nano-scale fluid filled 

pores. Due to the open macropores and the nano-scale fluid filled pores, the barite 

particles have a relatively high internal pore surface area, which may increase parti-

cle reactivity and capability for the uptake of cations. These nano-scale pores inside 

the barite particles might be ideal nucleation sites for a BaxRa1-xSO4 solid solution. 

Several observations from earlier experimental studies suggest that nano-scale 

pores might behave differently compared to larger particles, but similar to what has 

been observed for nano particles (Reviews on this from Stack, 2015; Anovitz & Cole, 

2015).  

The detailed characterization of the internal microstructure of the barites after re-

crystallization and a comparison to the internal barites microstructure after Ra up-

take is needed in order to identify the details of a dissolution-reprecipitation process 

(p. 28).  

 

5.2.10 Internal microstructure of AL reference barite  

The AL barite was characterized using SEM imaging of FIB cross-sections and TEM. 

To prepare TEM lamellae from the particles, they were covered with a thick protec-

tive Pt layer. This layer did not only prevent Ga+ ion beam damage but also acted as 

glue holding the individual particles together. In comparison to the TEM lamellae 

preparation for the SL barite samples, the AL barite TEM lamellae preparation was 

complicated due to the small particle size (Fig. 33). Already in the SEM images of 

the FIB cross-sections (Fig. 33 b), pores inside barite particles were observed. 

These pores further complicated the FIB preparation as they lead to the curtaining 

effects (Fig. 33 c). The small particle size and high porosity cause a high instability 

of the TEM lamella. Therefore, the FIB preparation of the APT tips from the AL bar-

ite was not feasible.  
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Fig. 33 FIB preparation of AL barite particles. The AL barite particles were covered 
with a protective Pt layer (a), which did not only percent ion beam damage but 
also connected the individual particles (b). To obtain higher stability, the Si 
substrate was also extracted from the bulk sample and attached to the TEM 
grid. The electron transparent lamella is presented in (c).  

 

The HAADF STEM contrast images of the AL barite sample show dark areas within 

the particles (Fig. 34). EDX spectra show a homogeneous BaSO4 composition indi-

cating that no secondary phase is present within the barite particles . Therefore, the 

AL barite can be assumed to contain nano-scale pores similar to the SL barite. In-

side AL barite, the pores have a size of several 100 nm and are not oriented in any 

crystallographic direction. The pores inside AL barite are larger than in the SL barite 

relatively to the particle size. Therefore, it is less likely that they result from the pre-

cipitation process. In contrast to SL barite, particles grown together were present in 

the AL barite samples already at the beginning of the recrystallization experiment. 
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Here, pores were found along the grain boundaries. This could be due to inclusion of 

the pores during intergrowth of the particles. 

 

 

Fig. 34  HAADF STEM characterization of the AL barite. The AL barite contains many 
internal pores (a), of which some are concentrated along grain boundaries. 
Some of the pores inside the AL barite are filled with precipitates as pointed 
onto by the arrow (b).  

 

Clear grain boundaries are visible between the different barite particles. Grain 

boundaries can act as pathway for fluids to enter a crystal (Jonas et al., 2013; 

Etschmann et al., 2014); therefore in the AL barite the grain boundaries decorated 

with nano-scale pores may be the pathway for the Ra to enter the barite .  

 

5.2.11 Changes of the internal microstructure due to barite recrystallization  

The effect of different recrystallization times on the internal barite microstructure of 

SL and AL barites was investigated. SL barite samples were characterized after 

127 days, 505 days and 898 days of recrystallization using SEM, STEM and TEM. In 

addition, APT characterization of the SL barite after 898 days was obtained. The AL 

barite samples recrystallized for 405 days were analyzed using SEM, STEM and 

TEM.  

SEM observations of changes in the SL barite microstructure - The barite sur-

face roughness was qualitatively observed by SEM imaging. The initial barite exhib-

ited a rough surface with many pores (Fig. 26a,d). Two directions of growth lamellae 

were observed, which were perpendicular to each other on the {100} and {210} 

planes. After 127 days of recrystallization, the barite surface began to smoothen 

(Fig. 26b,e). Less surface pores were present and the different growth lamellae 

thickened. After 898 days of recrystallization, the barite surface was even smoother 

(Fig. 26f,c). Less pores and irregularities in the surface were revealed and also the 
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growth lamellas were not as clearly defined as at the beginning of equilibration  of 

898 days.  

 

 

Fig. 35 Smoothing of the barite surface over a recrystallization time of 898 days. At 
day 1, the SL barite particle surface (a) shows many pores, at higher magnifi-
cation (d), growth lamellas are visible. After 127 days of recrystallization, the 
barite surface starts to smoothen (b) and thicker growth lamellas were ob-
served (e). After 898 days of recrystallization (c), the barite surface is partially 
smooth (f).  

 

The smoothing of the surface can be considered as a free energy driven process of 

Ostwald ripening.  

Similarly to the recrystallization experiments of barite presented here, Heberling et 

al. (2016) conducted calcite recrystallization experiments in the presence of 45Ca. 

They concluded that the reduction of the free energy caused a change in surface 

roughness by recrystallization and Ostwald ripening. In the studies of Curti et al. 

(2010) and Bosbach et al. (2010), barite recrystallization experiments were per-

formed in presence of a radioactive tracer 133Ba, which offers the opportunity to ob-

serve the barite’s recrystallization dynamics. In these experiments performed with 

the same SL type barite, the complete barite particles recrystallized within 100 days 

was observed. The barite crystals characterized in the present work recrystallized 

completely about eight to nine times during the 898 days of duration of the experi-

ment when in contact with 133Ba tracer. Surface smoothening is expected in this con-

text. 
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Scanning electron microscopy of SL barite FIB cross-sections - No significant 

changes with time at day 127, 505 and 898 were observed in SEM images of the 

cross-sections performed on the reference barite samples (Fig. 36 a-c). Macropores 

were visible inside the barite particles. Some of them were crystallographically ori-

ented (Fig. 36 a + b). The layered structure was still clearly visible in all cross-

sections after 898 days. Therefore, it is most likely that the nano-scale porosity is 

present inside the majority of the barite particles after equilibration.  The SEM imag-

es of the FIB cross-section obtained from barite particles recrystallized for 898 days 

showed that the barite particles grew together (Fig. 36 c). 

 

 

Fig. 36 Cross-section of Ra-free reference SL barite particles after different recrystal-
lization times. The layered structure inside the SL barite is still well visible (a) 
after 127 days. After 505 days of recrystallization (b), the layered structure is 
still present as well as internal macropores. The SL barite particles grow to-
gether after 898 days (c) while enclosing fluid which forms a new pore.  

 

SEM image analysis of SL barite FIB cross-sections - The evolution of the 

macroporosity was analyzed in detail by image analysis of FIB cross-sections to 

identify whether the macroporosity inside the barite changes during recrystallization. 

By a semi-quantitative analysis of the proportion of area-based porosity of the com-

plete particle area in a cross-section was determined. By this approach, the conver-

sion of the qualitatively easily with the human eye observed change in porosity into 

numbers was intended. Images obtained from FIB cross-sections from day 1, 127, 

505 and 898 were analyzed. The area-based porosity is given in Tab. 4. No error is 

specified here as the determination is only semi-quantitative and aims at identifying 

a possible trend and not a quantification of the pore space. No significant changes 

in the area-based porosity were observed. The average number of pores which was 

counted remained stable over the 898 days of recrystallization. The maximum area-

based porosity which was determined among the analyzed cross-sections indicated 

the bandwidth of porosity. The minimum area-based porosity is zero porosity for all 

recrystallization times.  

 



 
76 

Tab. 4 Evolution of macroporosity inside Ra-free reference barite particles based on 
image analysis.  

 

 

Scanning Transmission Electron Microscopy of the SL barite - STEM character-

ization was performed on barite samples after different recrystallization times 

(127 days, 505 days and 898 days) in order to identify changes within the internal 

microstructure at the nano-scale. The layered structure was still clearly visible in 

most of HAADF STEM images (Fig. 37 a, b, c). No change in thickness of the layers 

was observed.  

 

Fig. 37 HAADF STEM images showing the preservation of the internal microstructure 
during barite recrystallization after 127 days (a), 505 days (b) and 898 days (c) 
of recrystallization. Horizontal features which are visible in (c) stem from var-
ying thinning strength of the ion beam during preparation.  

 

The lamella of day 898 was prepared from the cross-section in Fig. 36 c. It consists 

of several particles. In all of these particles, the layered structure was visible. Only 

in one of the particles the layered structure was not present. During the intergrowth 

of the particles, a pore of several nm size was formed. A mismatch between the ori-

entations of the particles is visible (Fig. 36 c). 

 

Atom Probe Tomography of the SL barite after recrystallization- An APT charac-

terization of the SL barite reference sample after 898 days of recrystallization was 

performed to find out if the nano-scale pores are still filled with NaCl and H2O after 

recrystallization. During the APT characterization, 34.4 Mio. ions were detected. The 

Day Number of 

analyzed cross-

sections

Area-based 

porosity [%]

Number of 

pores per 

particle

Maximum area-

based porosity 

[%] 

1 11 1.50 5.9 6.8

127 11 1.70 10.0 5.0

505 5 2.30 6.0 7.2

898 11 2.00 9.8 7.4
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mass-to-charge ratio spectrum of the reference SL barite sample recrystallized for 

898 days is presented in Fig. 38 a. Similar to the mass spectra of the initial refer-

ence barite (Fig. 26), the mass spectrum is dominated by a peak at m/n = 69. This 

peak can either be attributed to Ga+ or Ba2+ based on the expected natural isotopic 

abundances. Also in this measurement, the other Ba2+ isotope peaks were observed 

in their expected natural abundances. Therefore this peak at m/n = 69 was fully as-

signed to Ba2+. The further peak assignment was done based on the consideration 

explained in the previous measurement. A table of all detected peaks is included in 

the appendix (Tab. 10). Clear signals of species containing sulfur and oxygen were 

detected as well. The presence of H2O and Na was also confirmed by the spectrum. 

Minor amounts of Sr2+ were observed similar to the two previous measurements. In 

contrast to the initial sample, no peak for chlorine (m/n = 35 for 35Cl+) was detected 

in this spectrum (Fig. 38 b).  

 
 
Fig. 38 Mass-to-charge ratio of the Ra-free reference barite after 898 days of recrys-

tallization. The dominant peak is Ba2+ at m/n = 69 (a). Other strong peaks are 
marked. Lower region of the mass-to-charge-spectrum and the magnified in-
set (b) show water species. 

 

An inhomogeneous distribution of Ba, Na and H2O was observed within the 3D re-

construction of the APT characterization (Fig. 39 a). An integrated concentration 
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profile of the cylindrical sub-volume in the direction of the arrow is presented in Fig. 

39 a. The inhomogeneities, similar to the observations in the reference barite, were 

also detected. The intensity of the Na and H2O signal is anti-correlated with the Ba 

intensity. In this measurement, no layered structure was observed, but two regions 

with different thickness can be distinguished. Each of these regions is about 50  nm 

thick. Based on the available APT data it cannot be concluded, whether the thicker 

regions inside the barite are due to choosing a barite sample with thick layers inside 

or by thickening of the layers with recrystallization time. However, the TEM data in-

dicates that in average the thickness of the layers stayed the same.  

 

 

Fig. 39 APT characterization of a Ra-free barite reference sample after 898 days of 
recrystallization. The 3D reconstruction of the sample volume (a) show s an 
inhomogeneous Ba distribution and a H2O-rich layer. The concentration pro-
file of the cylinder volume in (a) is given in the direction of the arrow in (b) 
showing clearly a layer with a higher Na and H2O concentration.  

 

Scanning Transmission Electron Microscopy of the AL barite – STEM HAADF 

contrast images were collected of AL barite particles recrystallized for 405  days in a 

Ra-free solution (Fig. 40). No significant changes of the internal microstructure were 

observed. The particles formed aggregates similar to the aggregates observed at 

the AL barite of day 1. Pores of nm-scale size are contained within the complete 

particles. No pores at the grain-boundaries were observed. Overall the number of 

pores seemed to be smaller. To support this impression, the analysis of further AL 

barite particles would be necessary as well as an image analysis similar to the one 

performed on the SL barite.  
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Fig. 40 HAADF STEM images of the Ra-free reference AL barite after 405 days recrys-
tallization. Several particles are grown together (a). Pores are visible within 
the complete particles. In the upper particle the pores (a) are crystallograph-
ically oriented. Other AL barite particles (b) show pores which are not crystal-
lography oriented.  

 

Internal microstructural changes with recrystallization time – Based on the re-

sults obtained by SEM, STEM and APT, it is evident, that  the layered structure con-

sisting of nano-scale pores is still present within the SL barite samples after 

898 days of recrystallization in aqueous solution. Despite the fact that several com-

plete recrystallizations can be assumed based on the 133Ba exchange data of 

Bosbach et al. (2010) and Curti et al. (2010), the observations made in this doctoral 

study indicate that the internal microstructure remains the same.  

Therefore, it could be either that the 133Ba provides a driving force which triggers the 

barite recrystallization or that the fluid inclusions remain stable despite several 

complete recrystallizations. This could be due to a slow recrystallization at close-to-

equilibrium conditions, which proceeds layer by layer. A similar process occurs dur-

ing a pseudomorphic replacement, when the crystallographical information is trans-

ferred from one phase to another by this layer-by-layer recrystallization (Ruiz-Agudo 

et al., 2013 a+b, 2016; Pinto et al., 2009, 2010; Alvarez-Lloret et al., 2010; Morales 

et al., 2013). Also the AL barite exhibits an unchanged internal microstructure after 

405 days of recrystallization which is comparable to the one observed at day 1.  

In the literature, several studies report that the barite crystals in the marine envi-

ronment can be treated as closed systems (Jamieson et al., 2016; Paytan et al., 

1996; Zielinski et al., 2001; Widanagamage et al. 2014, 2015). A closed system is by 

definition a system which has no matter transfer between the inside and the outside 

of the system but energy transfer. The barite investigated by Curti et al. (2010), 

Bosbach et al. (2010), Klinkenberg et al. (2014) and Brandt et al. (2015) would be 

not defined as a closed system as the incorporation of 133Ba and 226Ra was ob-
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served in these previous studies (Curti et al., 2010; Bosbach et al., 2010; Klinken-

berg et al., 2014; Brandt et al., 2015).  

In their study, Paytan et al. (1996) analyzed barites from equatorial Pacific sediment 

cores and reported no Ra exchange with porewater after the burial of the sed iment. 

Therefore, it was concluded that barite behaves as a closed system in the pelagic 

layer of the ocean. Prior to the study of Paytan et al. (1996), Church & Bernat (1972) 

and Borole & Somayajulu (1977) reported Ra, Th, U and Pb contents in barite sam-

ples and concluded the rapid exchange between pore water and barite. Authors 

have also estimated the remobilization rates for these elements after burial. The 

previous results of Church & Bernat (1972) and Borole & Samayajulu (1977) were 

attributed by Paytan et al. (1996) to the use of a mild leaching procedure which left 

an oxyhydroxide coating on the marine barites and therefore may have led to false 

exchange rates. More detailed studies on dating barite precipitates with Ra isotopes 

also assumed barite is a closed system (Naehr et al., 2000; Noguchi et al., 2004; 

Zielinski et al., 2001; Griffith & Paytan, 2012).  

A recent review on stable mineral recrystallization in aqueous media discussed the 

missing thermodynamic driving force during mineral recrystalli zation (Gorski & Fan-

tle, 2016). Furthermore, the authors suggested the detailed characterization of the 

solids by high resolution methods to identify subtle changes within the recrystallized 

mineral phases. 

5.3 Changes in the internal microstructure due to Ra uptake  

Solid samples from previous experiments on Ra uptake into barite conducted by 

Klinkenberg et al. (2014) and Brandt et al. (2015) were available for detailed micro-

scopic characterization. An additional Ra uptake experiment was started in 2012 by 

the author in preparation of this PhD study. This experiment is called SL 1 and the 

experiment by Brandt et al. (2015) and Klinkenberg et al. (2014) is called SL 2.  

A typical evolution of the Ra concentration in solution was recognized (Fig. 41). 

Three stages were assigned to the Ra uptake processes based on the uptake kinet-

ics (Brandt et al., 2015). These uptake stages depend on the Ra concentration in 

solution and not directly on the duration of the experiment. Klinkenberg et al. (2014) 

concluded that the replacement takes place by an internal exchange. This is further 

elaborated by Brandt et al. (2015), where a dissolution-reprecipitation mechanism 

was proposed. The most reliable way to identify an internal mechanism is by analy-

sis of the internal microstructure.  
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Fig. 41 Different stages of Ra uptake for SL 1 and SL 2. (a) shows the analyzed sam-
ples from experiment SL 1. The black diamonds mark the available samples; 
red stars indicate the analyzed samples. (1) is sampled on day 1, (2) at 
day 126, (3) at day 779, (4) at day 1192 and (5) at day 1345. Note that only SEM 
characterization of FIB cross-section was performed on the samples of (5).  (b) 
presents the analyzed samples of SL 2. The empty diamonds highlight the 
available samples, the red star specifies the analyzed sample (day 602).  

 

Barite solids samples from each stage were characterized by SEM imaging of FIB 

cross-sections, TEM, STEM, SAED and STEM-EDX. For each sampling day, at least 

two TEM lamellae were prepared and analyzed. Depending on the experiment; the 

assigned stages of Ra uptake have different durations. This was interpreted to be 

related to kinetic effects, e.g. the induction time for nucleation (Brandt et al.,  2015). 

Three stages in uptake kinetics can be distinguished in the evolution of the aqueous 

Ra concentration with time as depicted in the Fig. 41 a + b. In the first stage a drop 

in the Ra concentration is observed. In some point Ra concentration in the solution 

becomes lower than the thermodynamically defined equilibrium concentration 

(stage 2). By the end of the stage 2 the Ra concentration in solution reaches ther-

modynamic equilibrium again and remains constant over the rest experimental t ime 

(stage 3). An overview of all analyzed samples, corresponding Ra-concentration and 

analysis methods is presented in Tab. 5.  
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Tab. 5 Overview of all analyzed samples from Ra uptake experiments.  

 

 

5.3.1 Scanning electron microscopy observations of changes in the barite 

microstructure due to Ra uptake 

The surface of Ra-barite solids from the different stages was characterized by SEM 

imaging (Fig. 42). Different effects on the barite microstructure from recrystallization 

and Ra uptake were observed. No rapid changes within the internal microstructure 

were detected during the first two days by SEM imaging of FIB cross-sections (see 

Appendix, Fig. 56). At the middle of stage 1 (day 126), the surface of the barite par-

ticle shows many pores and is very irregular. The particles remained well separated. 

This result is similar to the Ra-free reference barites recrystallized for 127 days. 

At stage 2, the particles started growing together and form chains (Fig. 32b). Mostly 

they were attached to each other either on the {210} surfaces or at the {100} surfac-

es. During the Ra uptake and barite recrystallization until stage 3, the barite surface 

is smoothened. Less pores than before are visible. When equilibrium is approached 

in stage 3, long chains of particles have formed, which produce a complex three-

dimensional structure. Furthermore, the reattachment of small particles is visible 

(Fig. 42 c). This feature was not observed during the recrystallization of the Ra-free 

reference barite. In addition, the particles ’ shape is closer to a euhedral shape than 

Sample Day

Ra 

concentration in 

solution [mol/L]

Stage Analysis method

SL1 1 4.90E-06 1

SEM images of FIB cross-

sections, TEM characterization, 

STEM-EDX mapping

SL1 2 4.91E-06 1

SEM images of FIB cross-

sections

SL1 126 4.03E-06 1

SEM images of FIB cross-

sections, TEM characterization, 

TEM-EDX 

SL1 779 2.82E-08 2

SEM images of FIB cross-

sections, TEM characterization, 

STEM-EDX mapping

SL1 1192 5.20E-08 3

SEM images of FIB cross-

sections, TEM characterization, 

STEM-EDX mapping

SL1 1345 5.20E-08 3

SEM images of FIB cross-

sections

SL2 602 5.03E-08 3

SEM images of FIB cross-

sections, TEM characterization, 

STEM-EDX mapping
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at the beginning of equilibration. In Fig. 42 c the particle marked with an arrow high-

lights a hollow barite particle.  

 

 

Fig. 42  SEM images showing the effects of recrystallization of barite SL 1 in the pres-
ence of Ra. At the end of stage 1 (a), the crystal surfaces are very rough and 
many pores are visible. The Ra-barites start growing together and show 
smoothing of the crystal surfaces at the stage 2 (b). The particle shape 
evolves more towards euhedral barite shape. The hull of an empty particle is 
visible. At the stage 3 (c), the Ra-barite particles are grown together. Crystal 
surfaces are smoother with new precipitates on them; the arrow indicates a 
hole. 

 

 

The observed effects of the recrystallization of barite in the presence of Ra are (1) 

smoothening of the particle surface and (2) transformation towards a more euhedral 

habitus. Both effects minimize the free energy of the overall system. Heberling et al. 

(2016) observed the same effects during for calcite recrystallization and attr ibuted 

them entirely to Ostwald ripening.  

SEM images of the Ra-barite particles at stage 3 (Fig. 42 c) demonstrates that the 

particles form chains, which are several 100 µm long. These particles mostly attach 

at the {210} crystal face. The particles form three-dimensional arrangements. Chain 

formation of particles in colloidal size, usually nm or µm range, was already ob-

served for gold particles (Thiele et al., 1962) or in Ludox® colloidal silica (Deželić et 

al., 1959) and has been extensively studied during the past decades. It was demon-

strated, that the geometry of these particle aggregates can be predicted, namely by 

methods based on fractal geometry (Sutherland, 1970; Meakin, 1992). Klinkenberg 

et al. (2014) reported that such growing together in an oriented way of the particles 

was only observed in the Ra-barites and not in the reference Ra-free barite. It has to 

be taken into account that the observations of Klinkenberg et al. (2014) were made 

on SL barite samples recrystallized for 443 day. Therefore, it is possible, that the 

chain formation was not evident yet at that time in the reference experiment. In 

some of the reference experiments, Ra-free barite particles were observed to grow 

together after a recrystallization time of 898 days (Fig. 36). 
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5.3.2 SEM observations of the FIB cross-sections  

FIB cross-sections of Ra-barite from all three stages of recrystallization were pre-

pared by FIB and then depicted with SEM (Fig. 43). At the beginning of stage 1, the 

morphology of the both Ra-free reference SL barite and the Ra-barite still appeared 

to be very similar. The layered structure consisting of nano-scale fluid filled pores 

occurred in both samples (Fig. 43 a + b). In addition, some particles contained 

macropores. At the middle of stage 1, the layered structure began to disappear and 

many macropores were observed (Fig. 43 c + d). This may be interpreted that the 

nano-scale pores coalesced, forming new macropores. Some of the macropores had 

a hexagonal cross-section shape. At stage 2, the macropores were elongated and 

oriented parallel to the outer particle surfaces.  

 

 

Fig. 43 Cross-sections of Ra-barites from different stages. In stage 1, particles with 
macropores (a) are present as well as particles with a layered structure (b). 
This layered structure starts to disappear in the middle of stage 1 (c) and 
more elongated pores can be observed (d). At stage 2, hollow barite cores are 
observed (e) as well as particles growing together (f). At stage 3, the 
macropores grow together (g) as well as particles marked by an orange dotted 
line are completely grown together to new particles (h).  
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The semi-quantitative image analysis of the macroporosity exhibits a trend for the 

Ra uptake experiments (Tab. 6). In general, the average area-based porosity is 

higher compared to the Ra-free recrystallization experiments. Also the number of 

pores is in average higher than for the analyzed solids from the Ra-free reference 

experiments. The maximum area-based porosity for the solids from the Ra uptake 

experiments is higher as well. Here, the maximum area-based porosity at the begin-

ning of stage 1 is of particular interest as it is already high at this point compared to 

the reference SL barite. Already for the Ra-free reference SL barite it was observed 

that the porosity determined from 2D cross-section analysis is to some degree not 

providing completely reliable information about the amount of pores determined in 

3D cross-sections.  

 

Tab. 6 Evolution of area-based macroporosity during Ra uptake based on semi-
quantitative image analysis.  

 

 

5.3.3 Scanning Transmission Electron Microscopy  

HAADF STEM images were collected from the Ra-barite samples taken at the end of 

stage 1, stage 2 and stage 3 (Fig. 44). The Ra-barite at the middle of stage 1 still 

showed some remains of the layered structure (Fig. 44 a + b). At higher magnifica-

tion, the nano-scale pores appear to accumulate in thicker layers and coalesce (Fig. 

44 c). At stage 2, the layered structure cannot be recognized anymore. Contrast dif-

ferences are visible but they cannot be attributed to a layered structure (Fig. 44 d –

 f). Furthermore, the macroporosity increased. In Fig. 44 f, an area of bright contrast 

is connecting two of the macropores. As the HAADF STEM contrast is related to the 

mass and density of the analyzed material, this area might contain heavier elements 

than Ba, e.g. Ra. Many chains in Ra-barite particles grown together were observed 

at stage 3 (Fig. 43 c + g). Both particles in Fig. 44 g consist of a massive rim and a 

core having nano-scale pores. The left particle is magnified in the inset of Fig. 44 g. 

This insets shows that a massive rim and a porous interior . In addition to the nano-

scale pores without any orientation, some elongated nano-scale pores are oriented 

Stage

Number of 

analyzed cross-

sections

Area-based 

porosity

[%]

Number of 

pores per 

particle

Maximum area-

based porosity 

[%] 

Start of 1 9 3.5 3.4 18.6

Middle of 1 12 6.6 7.0 22.3

2 4 3.7 15.0 7.3

3 25 2.3 10.4 19
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parallel to the outer particle surfaces, similar to what was visible in FIB 

cross-sections (Fig. 43 c). 

 

 

Fig. 44 HAADF STEM images of the Ra-barite sampled at different stages of recrystal-
lization. The Ra-barites from the middle of the stage 1 clearly displays a lay-
ered structure (a) and (b). At higher magnification (c), it is visible that the lay-
ers consist of larger nano-scale pores similar as observed in the beginning of 
stage 1. At stage 2, no layered structure can be observed anymore (d)  – (e). 
Contrast changes are visible but not due to nano-scale porosity. At the 
stage 3 (g), a massive outer rim is visible. The area (1) is magnified in (h) 
showing this massive rim. The particles contain newly formed nano-scale po-
rosity in the area (2) which is magnified in (i). 

 

Several particles which are grown together are presented in HAADF STEM contrast 

in Fig. 45. As the particles exhibit different contrast, it can be concluded that these 

particles have different crystal orientations. The upper particle shows three 

macropores and several smaller pores. The inset which is enlarged in Fig. 44 b 

shows the inclusion of pores during the intergrowth of particles. In these particles, 

no layered structure is visible anymore. In contrast to the particles in Fig. 44 g and 

h, no rim is visible.  
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Fig. 45 HAADF STEM images of Ra-barites (SL1) of stage 3 presenting intergrowth of 
particles (a) and inclusion of pores (b). The different HAADF contrast of the 
two grains indicates that the particles have different orientations.  

 

 

5.3.4 Transmission Electron Microscopy  

In addition to the HAADF STEM contrast images (Fig. 46 b + c) of a Ra-barite at the 

middle of stage 1, images in TEM BF contrast of the same lamella were acquired 

(Fig. 46). The lamella consists of two barite particles, which seems to be grown to-

gether. At higher magnification, the intergrowth of two particles can be confirmed 

(Fig. 46 b).  

 

 

Fig. 46 TEM BF contrast images the SL 1 Ra-barite from the middle of stage 1. The 
TEM lamella (a) consists of two different particles. Pores inside the material 
may be distinguished as bright areas within the material. The interface be-
tween the two particles (b) shows an intergrowth at higher resolution.  
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5.3.5 Single Area Electron Diffraction  

SAED patterns from the barite solids sampled at the different stages of Ra uptake 

were recorded (Fig. 47). SAED patterns from the solids sampled at the end of 

stage 1 and at stage 3 did not exhibit any additional reflexes or any defects (Fig. 

47 a + c). In contrast, the pattern acquired from the solids at the stage 2 showed 

additional reflexes (Fig. 47 b). The lamella of this sample was prepared from a parti-

cle obtained by intergrowth of several particles which explains the occurrence of 

several reflexes. The main orientation of the lamella was determined.  

 

 

Fig. 47 SAED pattern from Ra-barite at different stages of recrystallization. The SAED 
pattern (a) from the solid sampled from the middle of stage 1 shows no addi-
tional reflexes compared to the Ra-free reference barite. In the SAED pattern 
of the Ra-barite from stage 2 (b) several additional reflexes are present due to 
intergrowth of several particles. SAED pattern (c) from a Ra-barite from 
stage 3 exhibited no additional reflexes.  

 

5.4 Changes in the Ra distribution  

The temporal evolution of the Ra distribution within the SL barite was examined in 

order to gain a deeper understanding of the uptake mechanism. Probably due to the 

increase in macroporosity, APT characterization was not possible. Several attempts 

of characterizing the Ra-containing samples of stage 2 and 3 with APT were done. 

The APT tips broke very fast and therefore, STEM-EDX characterization was con-

ducted using a FEI Titan G2 ChemiSTEMTM instrument with Super-EDXTM geometry. 

The EDX signal is increased by the higher number of EDX detectors of four which 

are annular oriented around the sample.  
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5.4.1 STEM-EDX Mappings 

First, samples from the middle of stage 1 (day 126) were characterized. At this point 

in time of the experiment, already 19 % of the Ra in solution was taken up into the 

barite. This amount of Ra was not detectable in STEM-EDX measurements. Either 

the local Ra concentration was below the detection limit of the STEM-EDX or the Ra 

is still inside the fluid f illed pores of the barite. These pores would possibly have 

been opened during the FIB milling.  

At stage 2, Ra was inhomogeneously distributed. In Fig. 48 a HAADF STEM image 

of a Ra-barite from stage 2 is presented. Areas of different contrast were visible in 

HAADF contrast (Fig. 48 a + b). Differences in HAADF contrast can result from dif-

ferent masses or densities of the analyzed material or thickness variations within the 

lamella. The lamella (Fig. 48) has thick bars at the edge of the lamella due to the 

FIB preparation used for porous samples. This thick edge is represented in Fig. 48 a 

as a very bright area in the upper part of the image.  

 

 

Fig. 48 Inhomogeneous Ra distribution within barites sampled at stage  2. The first 
HAADF image (a) gives an overview of the barite sample. The mapping area is 
highlighted as well as the enlarged region presented in (b). Three different 
spectra of the regions indicated by colored squares in (c) are shown in (d).  

 

The other contrast variations, which can be found in the lower part of Fig. 48 a, are 

probably not originating from variations in the sample thickness. The magnified re-

gion highlighted by the dashed box marked with b in Fig. 48 a is displayed in Fig. 
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48 b. Areas of different contrast are present. In addition to this enlarged region, the 

area of the STEM-EDX mapping is highlighted by a box in Fig. 48 a as well. Regions 

of higher Ra concentration are visible in the STEM-EDX mapping (Fig. 48 c). They 

are located next to a macropore. Therefore, the macropores may be a reactive site 

by which Ra is taken up into the barite volume. Furthermore, it is evident that the 

brighter areas of the HAADF image match the regions of higher Ra-concentration. 

An inhomogeneous Ra distribution within the barite sample SL 1 at stage 2 was also 

observed in a second lamella (Fig. 49). The HAADF STEM image also indicated by 

differences in contrast that there might be some inhomogeneities present similar to 

the sample presented in Fig. 48. The bright area in this sample is located between 

two pores. The EDX mapping demonstrates that the Ra distribution is not only inho-

mogeneous but that its distribution also matches the HAADF contrast differences. 

The spectra of two areas are given in Fig. 49 c. The spectra of the Ra-rich area 

clearly contained a Ra peak whereas the area without Ra did not show any peak.  

 

 

Fig. 49 HAADF STEM contrast indicating inhomogeneities in the Ra distribution. The 
brighter areas in the HAADF STEM images (a) are Ra-rich regions as visible in 
the STEM-EDX mapping (b) of the orange marked area in (a). The spectra over 
the two areas marked in (b) are presented in (c) showing a clear peak for Ra 
for the area 1 but no peak for area 2.  

 

Ra distributed around macropores was observed (Fig. 50 a). Here, the Ra was dis-

tributed in a circular shape around one of the macropores (right upper corner), simi-

lar to a rim. In addition to this rim around one of the macropores, the other 

macropore shows Ra-rich areas next to it. These areas have circular shape. As the 

images of a TEM lamella only present a two-dimensional image, the areas marked 

with 1 and 2 in Fig. 50 could also be part of a rim around a macropore which is in 

the three-dimensional space above the plane of the TEM lamella.  

The rim structure might be explained by a dissolution-reprecipitation process. Al-

ready Perdikouri et al. (2013) observed that a fluid which is enclosed inside a crystal 

continues to react. This might be what can be observed here as well. The round dis-
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tribution of the Ra around the macropores might be explained in this way: at the be-

ginning, the macropores was connected to the bulk fluid which was Ra-rich. Subse-

quently, a Ra-rich phase precipitated. Then, the following fluid did not contain as 

much Ra as before. Therefore, barite with less Ra-content precipitated. 
 

 

Fig. 50 Ra distribution within the barite at stage 2 and stage 3. Inhomogeneities are 
evident in the Ra-distribution (yellow) at stage 2 (a). The spectra for the three 
different regions in (a) are displayed in (b). The spectra 1 and 2 clearly show a 
peak for Ra, whereas the spectrum 3 does not show any Ra peak.  The STEM-
EDX mapping (c) for Ba (blue) at stage 3 displays no inhomogeneities. Also in 
the EDX spectrum (d) over the complete area, no Ra peak is detected.  

 

Eventually, the macropores may have been disconnected from the bulk solution and 

the macropores remained. Chemical inhomogeneities in Ra-barite were also ob-

served in nature (Randa et al., 2010). Another possibility of inhomogeneous incorpo-

ration could be entrapment of Ra-rich phases during rapid barite growth (Thien et 

al., 2014). In contrast to this theory based on rapid growth, inhomogeneous gold 

distribution within arsenopyrite was explained by Fougerouse et al. (2016) with slow 

growth.  

At stage 3, no Ra was detected by STEM-EDX. Based on the Ra concentration in 

solution, the expected Ra concentration at a homogeneous distribution was deter-
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mined to be 60 ppm. This concentration is below the detection level of EDX. There-

fore, its distribution can be interpreted to be homogeneous within the sensitivity of 

this method. NaCl precipitates inside the barite sample were observed in STEM-EDX 

mappings. The HAADF contrast image of stage 3 (Fig. 50 c) demonstrates that sev-

eral small pores are located along a fracture inside the barite. It cannot be deter-

mined whether these pores caused the fracture or whether have accumulated along 

the fracture. 

The results of this study are in good agreement with the study of Herberling et al. 

(2016) on 45Ca uptake into calcite. They assign the driving forces of the recrystalli-

zation to the Ostwald ripening process which reduces the free energy in the system. 

Three different ways of minimization of the free energy are possible: the decrease in 

particle roughness, the transformation towards a more stable crystal habitus and the 

increase in particle size. In this study on Ra uptake into barite the changes in the 

internal microstructure were identified. These observations further strengthen the 

role of the Ra incorporation in providing an additional driving force for recrystalliza-

tion despite its small concentration. 

The radioactive characteristics of 226Ra could be one possible reason for its role as 

additional driving force. The Ra-rich regions observed in stage 2 exhibited a Ra-

concentration of 5 ± 2 at% Ra and therefore the alpha decay of Ra would probably 

cause damages in the crystal lattice. Weigl & Trinkl (1968) reported in their study a 

rapid reduction of the crystallinity of RaCl2 within days during their experiments.  

In addition, radionuclides which undergo an alpha-decay can cause an alpha-recoil. 

In the process of alpha-recoil, a radioactive daughter is mobilized from its position 

by the energy of an alpha-decay (Sun & Semkow, 1998). The atomic nucleus emits 

an alpha particle during this alpha-decay while releasing an ionizing energy of 

4-6 MeV. Due to the law of momentum conversation, the emitted alpha particle and 

the recoiling nucleus will have a defined energy after the decay. Most of the kinetic 

energy is transferred into the alpha particle due to its smaller mass. Accordingly, the 

recoiling nucleus will have a kinetic energy in the order of 100 keV (Sun & Semkow, 

1998). This energy transfer is to the decay product is high enough to shift atoms 

located close to the surface out of the mineral, either into pore space or the aqueous 

solution (Fig. 51).  
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Fig. 51 Alpha-recoil of 226Ra in Ra-barite (Modified after Eggeling et al., 2013).  

 

Eggeling et al. (2013) analyzed fluids of two geothermal sites within the upper Rhine 

Graben which showed disequilibrium of the radioactive elements dominated by Ra. 

They proposed the alpha-recoil of Ra originating from Th as a possible reason 

(Eggeling et al., 2013).  
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6 Conclusion  

Deeper insights into the mechanism of Ra uptake into pre-existing barite were 

gained by characterizing barite and Ra-barite samples with a state-of-the-art high 

resolution microscopic approach. Three questions were addressed regarding the Ra 

uptake process: (1) The internal microstructure of the initial barite, (2) the role of the 

internal microstructure and (3) the evolution of the Ra distribution within the barite 

during the Ra uptake.  

 

Internal microstructure of the initial barite 

Two different barite types (AL and SL barite) were examined using a combination of 

SEM, FIB, TEM and APT methods. Substantial method development was required 

for the material characterization because barite and Ra-containing barite were ex-

amined by this approach for the first time. First, the internal microstructure was ac-

cessed by cutting cross-sections into the barite with a FIB instrument. Subsequently, 

SEM images were recorded of the cross-sections. The distribution of macropores 

within the barite particle volume was examined by FIB-tomography. Then, the solids 

were characterized by a combination of various TEM techniques and APT. Both 

characterization methods required a highly sophisticated FIB sample preparation. 

Therefore, the sample preparation procedure was tailored for the barite and the Ra-

containing barites. 

The SL barite particles were single crystals as ident ified by electron diffraction. No 

further defects were observed in the SL barite structure by high resolution BF TEM 

imaging. HAADF STEM images exhibited a crystallographically oriented layered 

structure inside the SL barite particles. The layered structure consisted of nano-

scale fluid inclusions. These enlarged the available internal surface. Therefore, a 

possible dissolution-reprecipitation process may be enhanced. In addition, open 

macropores of several micrometer size were present within the SL barite  samples. 

These macropores were distributed within the complete barite crystal volume. In ad-

dition, they were partially connected. Therefore, they provided a direct pathway for 

Ra to enter the barite particles by diffusing within the aqueous phase. The AL barite 

sample also contained pores of a round shape. Some of these pores were located 

along the grain boundaries. Due to the small particle size, no further investigations 

could be performed on the connectivity or filling of the pores within the AL barite.  

The entrapment of fluid inclusions during mineral precipitation was observed previ-

ously for various minerals. Therefore, both nano-scale fluid filled inclusions as well 

as macropores may be entrapped during the barite precipitation and particle growth. 
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In addition, studies available in literature report a similar microstructure for natural 

barite as observed in this doctoral study. In conclusion, the SL and AL barite used in 

the experiments of Curti et al. (2010), Klinkenberg et al. (2014) and Brandt et al . 

(2015) may be considered representative for other barites as well.  

 

Role of the barite microstructure during the Ra uptake  

The internal microstructure of Ra-free barite samples recrystallized for different pe-

riods of time was characterized. No changes were identified in the internal barite 

microstructure of both, the AL and SL barite samples, for recrystallization times of 

up to 898 days. With increasing recrystallization time, the surfaces of the particles 

became smoother, reducing the free energy in the total system. This free energy 

reduction is part of an Ostwald ripening process. Studies by Curti et al. (2010) and 

Bosbach et al. (2010) using a 133Ba tracer postulated the complete exchange of SL 

barite particles within ~100 days. Either 133Ba provided in these experiments a sub-

stantial driving force for recrystallization or the fluid inclusions inside the barite were 

stable despite complete barite recrystallization.  

The complete Ra uptake experiment duration was divided into three stages based 

on the evolution of the Ra concentration in the aqueous phase. SEM and TEM char-

acterization of SL barites from all stages was carried out. In the presence of Ra, the 

surface of the SL barite crystals became smoother, similar to the SL barite samples 

of the Ra-free recrystallization experiments. The overall porosity of the barite crys-

tals changed in several steps. At the beginning, the nano-scale fluid inclusions dis-

appeared, probably due to coalescing to new macropores. This is also part of an 

Ostwald ripening process driven by the minimization of the free energy in the sys-

tem. Later, the Ra-barite particles contained a banked rim with no porosity and an 

inner core of nano-scale porosity. In addition, the amount of macroporosity in-

creased temporarily and was then reduced again.  

 

Changes in the Ra distribution 

In all three stages of Ra uptake, chemical analyses by STEM-EDX were conducted. 

A characteristic evolution of the Ra distribution within the solids with time was ob-

served. During stage 1, no Ra was noted in the solid at the detection limit of STEM-

EDX despite a significant reduction of the aqueous Ra concentration. Ra may have 

migrated within the aqueous phase into the barite samples and may be still con-

tained within the macropores. During stage 2, Ra was distributed inhomogeneously 

within the barite crystals. It was concentrated in a rim shape around some 

macropores. Several macropores were not surrounded by a Ra-rich rim, probably 
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because they were not connected to the surrounding aqueous solution. During 

stage 3, the Ra concentration was below the detection limit of STEM-EDX. Accord-

ingly, the Ra distribution can be interpreted to be homogeneous at this scale. Ther-

modynamic equilibrium was reached at stage 3 as proposed by the homogeneous 

Ra distribution in the solid and the stable aqueous Ra concentration.  

 

Mechanism of Ra uptake into barite 

The recrystallization of barite in the presence of Ra was noted to be completely dif-

ferent compared to pure barite recrystallization. The uptake of Ra caused fundamen-

tal changes within the Ra microstructure. Despite its low concentration, Ra was a 

thermodynamic driving force which triggered the complete barite to recrystallize. 

This significant difference may be explained by the radioactive properties of 226Ra. 

The radiation damage possibly caused by the alpha-decay of 226Ra enhances the 

microstructural changes.  

Based on the available results, the Ra uptake into barite is proposed to be con-

trolled by two different mechanisms operating at the same time. The first one is 

Ostwald ripening of the porosity inside the barite, the barite particles surface and 

the barite particles themselves which is driven by the free energy minimization. The 

second one is an autocatalytic dissolution-reprecipitation process caused by the 

chemical imbalance between the solid and the aqueous phase.  

Different stages of the Ra uptake were observed (Fig. 52). During the first stage, Ra 

migrated within the aqueous phase into the open macropores and reached the inside 

of the barite crystals. At the same time, the barite crystals started to recrystallize in 

order to minimize their free energy. The alpha-recoil of the Ra may have enhanced 

this process. When Ra reached the inside of the barite crystal, an autocatalyt ic dis-

solution-reprecipitation process may have started. The dissolution-reprecipitation 

process led to an uptake of Ra into barite in larger quantities than estimated from 

the calculated thermodynamic equilibrium concentration. This might take place by 

entrapment (Thien et al., 2014). The barite samples appeared to continuously re-

crystallize during this complete process. In the third stage, the dissolution and re-

precipitation process continued and the Ra distribution within the barite SL sample 

homogenized by continuous recrystallization.  
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Fig. 52 Description of Ra uptake process in three stages. The evolution of internal 
microstructure in the presence of Ra is presented in the microscopic scale at 
the top and the nano-scale at the bottom. 

 

The replacement proceeded from a partial replacement inside of the SL barite parti-

cle to a complete replacement of the barite particle volume. In contrast, the water -

mediated replacement process as described in literature takes place from the out-

side of the parent phase to the inside (Fig. 53 a). At first sight, this seems contradic-

tory. The surface of the SL barite is enlarged when taking the open macroporosity 

inside the SL barite into account. Internal parts of the SL barite are accessible to the 

surrounding aqueous Ra-containing phase (Fig. 53 b). 

 

Fig. 53 Different models of water-mediated replacement. The literature model of dis-
solution-reprecipitation (modified after Ruiz-Agudo et al., 2014) assumes the 
replacement from the outside to the inside of the crystal  (a). The model of re-
placement from the inside takes the internal microstructure of the starting 
material into account (b). 

 

In previous studies on replacement processes macroscopically inclusion free miner-

als were used. In this doctoral thesis, the complex internal microstructure of the ini-
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tial reference SL barite was identified. This internal microstructure enables the Ra 

uptake from the inside of the SL barite particle by a dissolution-reprecipitation pro-

cess resulting in a homogeneous BaxRa1-xSO4 solid solution. 
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7 Outlook  

The characterization methods developed in this doctoral thesis are useful tools for 

the analysis of a variety of mineral samples with highest spatial resolution. The 

characterization of sulfates and other soft minerals on the molecular scale  becomes 

possible using these methods. The elaboration of completely new questions would 

be feasible with these high resolution methods regarding e.g. recrystallization 

mechanism and the mechanism of dissolution-reprecipitation. Several reviews have 

remarked that high resolution analyses are necessary for the further investigation of 

these research questions (see Reviews of Ruiz-Agudo et al., 2014 and Gorski et al., 

2016).  

Furthermore, the analysis of similar barite samples would be possible from experi-

ment under different conditions, e.g. elevated temperatures or different barite types. 

The mechanism of Ra uptake into barite can be further elaborated by the analysis of 

the solids from Ra uptake experiments using the AL barite. TEM lamellae prepara-

tion methods were established in this doctoral thesis for Ra-free AL barites. These 

methods are available for the preparation of the Ra-containing AL barite samples. 

APT characterization may not be possible due to the small particle size. However, 

the formation of new, large crystals was observed in Klinkenberg et al. (2014). FIB 

preparation on these larger crystals may be successful.  

In nature, Sr is often present in the same system as barite and Ra. The formation of 

the ternary (Ba,Ra,Sr)SO4 solid solution is possible based on thermodynamics. La-

boratory experiments and the microscopic methods developed in this work could 

provide further insights into the effect of Sr onto the Ra uptake.  

The alpha-emission of the 226Ra is most likely to cause radiation damage in the bar-

ite structure which has an influence on the crystallinity and might cause changes in 

the internal microstructure. The TEM characterization performed in this doctoral the-

sis showed no defects in the crystal structure after Ra uptake. It has to be consid-

ered that the FIB lamellae preparation from the Ra-barites was extremely challeng-

ing. No FIB lamellae which were thin enough for HR-TEM analyses were obtained 

from Ra-containing samples. A further development of the preparation procedure 

could possibly lead to thinner samples and enable the application of HR-TEM inves-

tigations.  

An alternative method for the investigation of the radiation damage could be the use 

of bulk analysis methods. Previous studies in literature have shown that it is possi-

ble to analyze the crystallinity of a sample in comparison to a reference sample and 

to identify changes by (Fourier transformed) Raman spectroscopy (e.g. Taylor & Zo-
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grafi, 1998; Nielsen et al., 2002). The radiation damage distance could be calculated 

with stopping and range of ions in material (SRIM) software. The necessary Ed val-

ues for barite could be calculated by atomistic modeling similar to e.g. Ji et al. 

(2016).   
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15 Appendix 

Tab. 7 Overview of the Ra concentrations in solution at different recrystallization 
times of the SL 1 experiment. The highlighted samples were characterized 
within this doctoral thesis.  

 

 

 

 

 

 

 

 

 

 

Recrystallization 

time 

[d]

Ra-

concentration 

[mol/L]

0 5.00E-06

1 4.90E-06

2 4.91E-06

3 4.91E-06

4 4.87E-06

7 4.89E-06

9 4.77E-06

18 4.49E-06

24 4.46E-06

30 4.48E-06

37 4.57E-06

44 4.58E-06

72 4.16E-06

99 4.06E-06

127 4.03E-06

184 2.74E-06

254 3.24E-06

555 4.86E-07

778 2.82E-08

1010 4.23E-08

1193 5.20E-08

1345 5.20E-08
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Tab. 8 Overview of the Ra concentrations in solution at different recrystallization 
times of the SL 2 experiment. Sampling dates when solid samples were taken 
and characterized are highlighted. The sample of day 443 was characterized 
as well by ToF-SIMS (Klinkenberg et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

Recrystallization 

time 

[d]

Ra-

concentration 

[mol/L]

0 5.04E-06

1 4.87E-06

7 4.36E-06

14 4.21E-06

21 4.20E-06

28 3.65E-06

42 3.57E-06

70 2.80E-06

98 1.77E-06

127 4.85E-07

154 3.96E-08

182 2.03E-08

238 1.93E-08

337 2.41E-08

350 2.80E-08

443* 3.48E-08

532 4.34E-08

602 5.03E-08

664 6.84E-08

883 8.20E-08
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Fig. 54 SEM characterization of the barite samples prior equilibration and grain size 
separation via Atterberg sedimentation showing a broad grain size distribu-
tion of (a) SL barite an (b) AL barite. 
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Fig. 55 TEM characterization of SL barite prior equilibration. The layered structure is 
well recognizable in the HAADF-STEM images (a) and (b). The clear diffraction 
spots (c) show that the barite particle is crystalline. Furthermore, the layered 
structure can be observed in TEM-BF imaging (d) as well. 
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Fig. 56 SEM images of FIB cross-sections of day 1 (a) and day 2 (b) of the Ra uptake 
experiments of SL barite. No change within the internal microstructure was 
observed.  
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Tab. 9 Peaks observed in the mass-to-charge ratio spectrum of the APT measure-
ments of the SL barite and identified ionic species.  
 Reprinted with permission from Elsevier, Weber et al., 2016 (see p. 101 within 
this doctoral thesis). 

 

 

 

 

 

Identified Identified Identified Identified

 Species  Species  Species  Species

3 H3
+ 82 SO3

+ 2 H2
+ 69 Ba2+

17 OH+ 154 BaO+ 3 H3
+ 69.5 HBa2+

18 H2O+ 185 BaSO+ 17 OH+ 70 H2Ba2+

19 (H2O)H+ 185.5 BaSO+ 18 H2O+ 76 BaO2+

23 Na+ 186 BaSO+ 19 (H2O)H+ 76.5 BaO2+

32 S+/O2
+ - - 23 Na+ 77 BaO2+

33 HS+/HO2
+ - - 32 S+/O2

+ 77.5 BaO2+

35 Cl+ - - 33 HS+/HO2
+ 78 BaO2+

43 Sr2+ - - 34 S+/H2O2
+ 80 SO3

+

43.5 Sr2+ - - 35 Cl+ 81 SO3
+/HSO3

+

44 Sr2+ - - 36 HCl+ 82 SO3
+

48 SO+ - - 37 Cl+ 98 H2SO4
+

64 SO2+ - - 38 HCl+ 144 S2O5
+

65 Ba2+ - - 39 NaO2+ 151 BaO+

66 Ba2+ - - 43 Sr2+ 152 BaO+

67 Ba2+ - - 44 Sr2+ 153 BaO+

67.5 Ba2+ - - 48 SO+ 154 BaO+

68 Ba2+ - - 49  H2SO+ 185 BaSO2+

69 Ba2+ - - 50  H2SO+ 185.5 BaSO2+

69.5 HBa2+ - - 51  H2SO+ 186 BaSO2+

70 H2Ba2+ - - 52  H2SO+ 187 BaSO2+

76 BaO2+ - - 53  H2SO+ 230 BaSO4
+

76.5 BaO2+ - - 64 SO2+ 231 BaSO4
+

77 BaO2+ - - 65 Ba2+ 232 BaSO4
+

77.5 BaO2+ - - 66 Ba2+ 233 BaSO4
+

78 BaO2+ - - 67 Ba2+ 234 BaSO4
+

80 SO3
+ - - 67.5 Ba2+ 235 BaSO4

+

81 SO3
+/HSO3

+ - - 68 Ba2+ 236 BaSO4
+

Barite 1 Barite 1 Barite 2 Barite 2

m/n m/n m/n m/n
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Tab. 10 Peaks observed in the mass-to-charge ratio of the APT measurement of the SL 
barite after 898 days of recrystallization and identified ionic species. 

Identified Identified

 Species  Species 

2 H2
+ 65 Ba2+

3 H3
+ 66 Ba2+

17 OH+ 67 Ba2+

18 H2O+ 67.5 Ba2+

19 (H2O)H+ 68 Ba2+

23 Na+ 69 Ba2+

32 S+/O2
+ 70 H2Ba2+

43 Sr2+ 77 BaO2+

44 Sr2+ 77.5 BaO2+

48 SO+ 78 BaO2+

49 H2SO+ 80 SO3
+

50 H2SO+ 81 SO3
+/HSO3

+

51 H2SO+ 82 SO3
+

52 H2SO+ 153 BaO+

53 H2SO+ 186 BaSO2+

64 SO2+ 234 BaSO4
+

m/n m/n 
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