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First time characterization of barite with a complementary approach of electron microscopy
and atom probe tomography
o Identification of microstructural reasons for the high reactivity of a special barite type (SL
barite)
e Microstructure of SL barite consists of micrometer sized macropores and nano-scale pores
o High resolution chemical analysis indicates that the nano-scale pores contain water and
sodium chloride
Abstract
For the first time a barite sample was investigated by applying electron microscopy and atom probe
tomography in a complementary approach to characterize its inner microstructure. Pores covering the
size range from a few nanometers to a few micrometers were identified inside particles of a
commercially available high purity barite. The barite matrix appeared to be a single crystal. A
particular feature of the observed porous structure is a system of layers containing a high number of

homogeneously distributed nano-scale pores, alternating with layers containing a limited number of
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larger pores. High-resolution chemical analyses indicate that the pores contain a solution of water and
sodium chloride. The filling of these nano-scale inclusions were interpreted as residua of the initial
supersaturated solution used for particle growth by precipitation. These findings explain the high
reactivity observed in previous Ra uptake studies on the same type of barite and provide further
implications for the interpretation of these results. Our results offer a new analytical approach and
necessary reference data for future investigations on changes of the internal barite structure during
these Ra uptake experiments.
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1. Introduction

Barite (BaSQ,) is the most common barium mineral formed at low temperatures (Deer et al., 2013;
Rasler, 1987) and is characterized by a very low solubility (Hanor, 2000). In nature, barite occurs as a
gangue mineral in hydrothermal veins or as cavity filling in limestones, sandstones, shales and clays. It
is also present as surface deposits and as a residual of limestone weathering (Deer et al., 2013). Solid
solution formation between BaSO, and other sulfates such as SrSO,4 PbSO, and RaSO, or by
exchange of the anion, e.g. by CrO,. has been investigated repeatedly over decades due to the potential
environmental implications (Becker et al. 2006; Bosbach et al., 2010; Bostrom et al. 1967; Burkhard,
1973; Ceccarello et al. 2004,; Grahmann, 1920; Prieto et al., 1997; Prieto et al., 1993; Putnis et al.,
1992; Sabine & Young, 1954; Takano & Watanuki, 1974).

The formation of the (Ba,Ra)SO, solid solution raises problems in a number of industrial processes,
leading to contamination by naturally occurring radioactive material (NORM) (Grundl & Cape, 2006;
Minster et al., 2004; Zielinski & Otton, 1999). On a global scale, NORM created by the (Ba,Ra)SO,
solid solution dominates the radioactivity originating from the production of gas and oil and
geothermal energy (Eggeling et al., 2013; Zielinski et al., 2001). Recently, barite scale formation
during hydraulic fracturing was observed. Here, Ra contamination of the barite scale plays an
important role in a minority of wells (Zhang et al., 2014, 2015; Renock et al., 2016). Beginning with

the early works of Doerner and Hoskins (1925); Gordon & Rowley, (1957) and Marques (1934) up to



57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

recent publications (Curti et al., 2010; Rosenberg et al., 2011; Zhang et al., 2014), the fate of Ra in
contact or during co-precipitation with barite has been studied. A very specific case in this context is
the replacement of a pre-existing barite by a (Ba,Ra)SO, solid solution, which has been recently
investigated with regard to safety assessments for the direct deep geological disposal of spent nuclear
fuel (Bosbach et al., 2010; Brandt et al., 2015; Curti et al., 2010; Klinkenberg et al., 2014). In both
cases, the barium concentration is typically orders of magnitude higher than the Ra concentration.
Therefore the precipitation of a mixed (Ba,Ra)SO, phase lowers the concentration of Ra compared to
the case of pure RaSO, precipitation (Jaremalm et al., 2013; Vinograd et al., 2013).

Starting from a pure barite in contact with a Ra-bearing solution, the formation of homogeneous
(Ba,Ra)S0O, particles in batch experiments has been demonstrated at the resolution of time-of-flight
secondary ion mass spectrometry (Brandt et al., 2015; Klinkenberg et al., 2014). Scanning electron
microscopy (SEM) observations on two different barites have shown that this reaction displays the
typical features of a replacement reaction, i.e. the morphology and grain size of the barite after Ra
uptake remain similar (Klinkenberg et al., 2014). The kinetics of the Ra uptake of the same barite
types as in Klinkenberg et al. (2014) were described in Brandt et al. (2015). The latter study indicated
a higher reactivity of the coarser grained barite compared to the other, fine grained barite with a much
higher specific surface area. Brandt et al. (2015) concluded that normalizing the rate of Ra uptake to
the surface area as determined by the BET method (Brunauer et al., 1938) may not be appropriate for
describing the dissolution-reprecipitation processes controlling the replacement of pure barite by
(Ba,Ra)SO,,

A complete re-arrangement of the internal structure of the original barite particles can be expected for
this process (Ruiz-Agudo et al., 2014). In order to characterize and understand the internal features of
the barites which may contribute to their reactivity during the replacement, the application of true-
nanometer scale resolution techniques is required. Recently, the combination of transmission electron
microscopy (TEM) and atom probe tomography (APT) have provided new data in the case of glass
dissolution. Based on these results the consideration of glass dissolution as a dissolution-
reprecipitation process was further strengthened (Geisler et al., 2015; Gin et al., 2013; Hellmann et al.,

2015; Putnis, 2015).
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Here, we have applied a range of electron microscopy techniques for the detailed investigation of the
internal microstructure of the same type of barite, which was the coarse barite with high reactivity
used for Ra uptake experiments in several earlier studies (Bosbach et al., 2010; Brandt et al., 2015;
Curti et al., 2010; Klinkenberg et al., 2014). Barite is known to contain different degrees of impurities
of anions and cations, which are often associated with fluid inclusions (Bao, 2006). We therefore have
accompanied the electron microscopy characterization in a complementary approach with APT. The
elemental composition information obtained by APT is to a certain degree superior compared to
energy-dispersive X-ray spectroscopy (EDX) as it provides near to atomic chemical and spatial

resolution in particular for elements with low atomic numbers.

2. Materials and Methods

2.1.Barite sample
The material studied in this work is a commercially available high-purity barite
(Blanc Fixe XR-10, Sachtleben GmbH, Germany) synthesized by precipitation according to the
manufacturer information (Sachtleben, 2015). A high purity of the material with >99.9 % BaSQO,
content was verified by X-ray diffraction (XRD) and SEM-EDX. Subsequently, the barite particles
were separated to obtain a grain size fraction of ~6 — 45 um. Finally, the material was equilibrated as
described for the Ra-free reference sample named “reference SL” in Klinkenberg et al. (2014). First,
the barite powder was equilibrated in pure water for 6 weeks. Afterwards, the grain size fractionation
was performed by sedimentation using Atterberg cylinders. In a second equilibration step the barite
powders were equilibrated in a suspension with 10 mL of 0.2 n NaCl solution for 4 weeks. The barite
of the present study will be referred to as SL barite throughout this study and represents the starting

condition of the barite before the uptake of Ra.

2.1.Sample preparation
Barite samples were extracted from an isopropanol suspension, dried on a Si-wafer, and coated with a

carbon layer of approximately 20 nm thickness using a Quorum Q150T E sputter coater (Quorum
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Technologies Ltd., U.K.). For the structural characterizations TEM lamellae and needle-shaped APT
specimen, so-called APT tips, were cut from the barite particles using a focused ®Ga’ ion beam (FIB)
instrument. TEM lamellae were prepared in two different orientations: (i) cross-sections perpendicular
and (ii) plane view lamellae parallel to the particles surface. A thickness < 100 nm is required of the
TEM lamellae in order to achieve electron transparency (Williams & Carter, 2009). Due to the high
sensitivity of the barite towards the Ga* ion beam, the milling conditions had to be adapted to obtain
lamellae fulfilling the thickness requirements of TEM. These adapted milling conditions applied with
each working step are summarized in Table 1. The APT analysis requires a sample in the shape of a
very sharp needle with an apex diameter of 50 — 100 nm in order to enable field evaporation of atoms
(Kelly & Larson, 2012). Different types of FIB instruments were used depending on the availability
and on the suitability of the equipment for the individual desired sample preparation procedure. The
specification of the applied FIB instruments is given in the descriptions of the preparation procedures.
Preparation of cross-section TEM lamellae

Cross-section lamellae were extracted from the barite particles perpendicular to a selected surface. In
general, the cross-section sample preparation was performed according to well-established procedures
(Gianuzzi & Stevie, 1999; Mayer et al., 2007) using a Zeiss NVision 40 Cross Beam workstation (Carl
Zeiss AG, Germany). The instrument is equipped with a GEMINI high-resolution field emission
electron gun and a high performance S Il NT zeta FIB column, thus providing a combination of ion
milling and sample characterization by SEM. Additionally, the instrument comprises an INCA EDX
detector (Oxford Instruments, U.K.). Regions with one cross-section axis parallel to the longest
particle axis were chosen in order to obtain cross-sections of maximum area. A protective layer of
around 3 um thickness of either carbon (C) or platinum (Pt) was deposited on the region of interest.
Afterwards, a ~ 1.5 pum thick slice was cut out of the bulk material and attached to the middle post of
an Omniprobe TEM-grid (Oxford Instruments. U.K.). The lamella was thinned to < 100 nm in three
steps, where the inclination angle and the beam current were reduced with each step. Subsequently, the
lamellae were finalized with a low kV polishing to reduce amorphization and Ga implantation at the
sample surface. Finally, the thinned cross-section lamellae had a size of 15+5 pm x 7 £5 pm and

were electron transparent in most areas.
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Preparation of plan-view TEM lamellae

Plan-view lamellae are thin slices cut out parallel to the crystal surface. The plan-view preparation was
generally performed according to Stevie et al. (1998) with an FEI Helios Nanolab 400S (FEI
Company, The Netherlands) dual beam instrument equipped with the necessary flip-stage for this
preparation procedure. The milling conditions adapted for the barite particles are given in Table 1. In
contrast to the cross-section preparation described in the previous section, where a preliminary lamella
was cut out, a thick wedge is removed from the particle in the plan-view preparation procedure. First,
a protective Pt layer of around 1 um thickness was deposited on a selected rectangular surface area of
the particle (Figure 1 a). The selected area has a size of around 4 um x 20 um, defining the target size
of the final TEM lamella. A wedge of material was cut out by milling rectangular regions on three
sides of the protected area (Figure 1b). Then, the wedge was connected with Pt to an in situ
Omniprobe nano-manipulator (Oxford Instruments, U.K.). The stage with a Cu Omniprobe TEM grid
was flipped by 90° and the sample wedge was attached to the grid with Pt (Figure 1 c+d). In order to
protect the target volume from beam damage and Ga implantation during the final milling steps
towards a thin lamella, two Pt layers were deposited on a selected area of the wedge (Figure 1 d+e).
Subsequently, the upper and lower parts of the wedge were milled in several steps shaping the sample
into a lamella of ~20 nm thickness (Figure 1 f - h). Finally, amorphization and Ga implantation were

reduced on the milled sides by the application of a low-kV polishing step.



169 Tablel Milling conditions for the preparation of cross-section and plan-view TEM
170  lamellae of barite particles.

171
Working step Milling conditions Sample tilt
Cross-section TEM lamellae
Cut out of the lamella < 1.5 um
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°
Plan-view TEM lamellae
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 5KkV, 47 pA 2.0
172
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Figure 1 Plan view lamellae preparation. a) Top view of the barite particle with a protective
layer on top. b) Top view of the barite particle with cut-out trenches. c) Side view of the wedge
attached to the grid. d) Top view of the wedge attached to the grid. ) Top view showing the new
protective layer and the first milling pattern. f) Top view of the second milling pattern. g) Top View of
the lamella shaped sample before the final ion beam thinning steps. h) Side view of the thin lamella.

Preparation of APT tips

The tips for APT were prepared with a FEI Helios 600 dual beam instrument based on the procedures
of Miller et al. (2005 & 2007), Miller & Russel (2007) and Thompson et al. (2007). Similar to the
previously described TEM lamellae preparation procedure, the barite particles were first fixed to the Si
substrate with Pt. Then, a protective layer of Pt with ~200 nm thickness was deposited (5 kV, 120 pA)
on a rectangular region of interest of 2 um x 20 pum size. A wedge of barite was cut out below the

protective layer on three sides (30 kV, 0.79 nA). Before removing the final connection, this wedge was
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attached to an in situ nano-manipulator (Omniprobe, Oxford Instruments, U.K.) using Pt as shown in
Figure 2a. The barite wedge was then moved to the Si posts of a 22-array coupon (Cameca Scientific
Instruments, USA). After attaching the wedge to one of the posts with Pt, 1 -2 um thick segments
were cut off as displayed in Figure 2b. Subsequently, each tip was sharpened by using an annular
milling pattern by stepwise reduction of the inner and outer diameter and reducing the beam currents
(30 kV, 0.23 nA to 30 kV, 20 pA). A variety of beam currents were applied in order to shape the
sample segments into a sharp needle as the segments exhibited different reactions to the ion beam
milling. This behaviour indicates inhomogeneous properties of the barite particles. The obtained tips

had apex diameters of 50 — 80 nm (Figure 2c).

Figure 2 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 ¢) sample ready for
measurement in APT, final radius is ~ 70 nm.

2.2. Transmission electron microscopy

Selected area electron diffraction (SAED) images and scanning transmission electron microscopy
(STEM) images were recorded with an FEI Tecnai G* electron microscope operated at an accelerating
voltage of 200 kV. The STEM images were acquired with a high-angle annular dark-field (HAADF)
detector setup. For thin samples the HAADF image intensity is proportional to the atomic numbers
accumulated in the sample volume traversed by the electron beam, thus providing a certain degree of
information about local variations of chemical composition, density, and sample thickness (Williams
& Carter, 2009).

The elemental distribution was mapped by EDX with an FEI Titan G2 80 — 200 electron microscope

equipped with an EDX system in the ChemiSTEM™ design (FEI Company, The Netherlands) which

9
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was operated at 80 kV accelerating voltage with a 500 pA probe current. The ChemiSTEM™ design
comprises four large-area, windowless SDD detectors which are oriented annular in the Super-X™
geometry around the sample area. A particular challenge of the TEM investigations is the relatively
low stability of barite under high-energy electron irradiation of the electron beam, e.g. the thinned
barite crystal disintegrated within seconds when applying the high current densities required for high-
resolution imaging. A longer acquisition of EDX maps for more than several minutes was possible by
adjusting the STEM setup to reduced probe currents of less than 500 pA and applying 80 keV primary

electron energy.

2.3. Atom probe tomography

Atom probe tomography is a technique capable of providing a 3-dimensional reconstruction of the
elemental composition in a tip-shaped sample at near-to-atomic resolution based on mass spectrometry
data. In a laser APT experiment different ionic species are extracted from the sample surface by
electric field evaporation triggered by a laser pulse. These ions are registered according to their time-
of-flight. The time-of-flight data are transformed into a mass-to-charge ratio (m/n), which is denoted
in relative atomic mass and elementary charge units consistently throughout this study. This approach
leads to a certain degree of ambiguity for the identification of chemical species as different ions or
ionic molecules may have very close or even the same mass-to-charge ratio. In practice, the natural
isotopic ratios of the elements can often help to overcome these ambiguities, thus providing a high
yield of unique chemical information. Based on prior knowledge about the sample geometry and the
resulting electric field, the data of the position-sensitive detector can be reconstructed to the original
3D atom position in the sample (Kelly & Larson, 2012).

Our APT measurements were performed with a LEAP 4000X HR instrument using a laser wavelength
of 355 nm (Kelly & Larson, 2012). The mass resolving power of this instrument is > 1000 FWHM at
m/n =27 for a 100 nm wide field-of-view. During the measurement the specimen was cooled to a
temperature of 50 K and a voltage of 2 - 7 kV was applied to generate the evaporation field. Several

instrument parameters had to be modified individually in each measurement in order to maximize the
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ion detection yield. The laser energy was tuned between 40 and 55 pJ per pulse at 160 to 250 kHz
pulse rates, and the base voltage was adjusted to maintain a detection level of 0.005 atoms per pulse.
The atom probe data was analysed with the Cameca IVAS Software Version 3.6.8. A tomographic
reconstruction of the sample volume from the time-of-flight data requires either knowledge of the
shank angle or of the threshold for the initiation of electric field evaporation (Kelly & Larson, 2012).
In the present study we had to estimate the shank angle from preceding SEM observations because the
electric field required to start field evaporation from a barite surface is unknown.

The failure rate of measurements due to sample breakage was around 60 %, probably occurring due to
the presence of macropores in the APT tips. However, reasonably large datasets were aquired for
several samples consisting of > 30 Mio. detected ions even though barite is neither electrically
conductive nor a very good thermal conductor (Horai, 1976). The datasets presented in this paper
contain between 90 and 93 % single hit registrations, 6 — 9 % multiple hits, and about 1 % partial hits.

Only single hit data has been used for tomographic reconstruction.

3. Results & Discussion

3.1. SEM observations
Nine cross-sections were obtained from representative barite particles which exhibited a blocky or
nearly euhedral morphology as displayed in Figure 3. The most prominent feature of the SEM images
is a crystallographic oriented system of contrast variations, which indicates the presence of a layered
structure. For the nearly euhedral particles, the layers are arranged systematically, parallel to the outer
surfaces, see Figure 3a. Possible reasons for the observed contrast variations can be chemical
variations, crystal defects leading to orientation variations, and density variations, such as nano-scale
porosity which has been described e.g. for feldspars (Ruiz-Agudo et al., 2014). EDX mapping of
cross-sections indicated no compositional zoning within the error of the measurement. This is in good
agreement with the available literature.
Previous studies on natural barite samples (Frondel, 1935; Lendeking & Wheeler, 1891; Parr &
Chang, 1935) showed both the layered structure as well as the homogeneous barium sulphate

composition within the error of the measurement. Therefore, the EDX mappings on the SL barite
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cross-sections and the studies of Frondel (1935), Lendeking & Wheeler (1891) and Parr & Chang
(1935) are consistent.

In addition to the layered structure, macropores of irregular shape and a few micrometer in diameter
were present in most of the FIB cross-sections. In a few cases we observed macropores of elongated
shape, located along the track of the layered structure, e.g. in Figure 3b. Because the macropores were
opened during FIB milling under high-vacuum it remains unclear whether they initially contained
gaseous or fluid inclusions. No precipitates were detected in the opened macropores by EDX.

Barites from natural deposits have been reported to contain micrometre-scale fluid inclusions (Bodnar,
2014; Bohlke & Irwin, 1992; Rajabzadeh, 2007; Wilkinson, 2001), which could potentially correspond
to the macropores observed in the synthetic barite here by SEM. A correlation to natural barites is
reasonable, as both the synthetic SL barite and most of the natural barites are formed by precipitation
from an aqueous solution under similar conditions. For natural barites the precipitation is typically
induced by mixing of fluids resulting from the alteration of silicate, carbonate, and sulfate minerals in
sedimentary, metamorphic, and igneous rocks (Hanor, 2000). Often, fluid inclusions of micrometre
size in natural barites are lens-shaped and contain no daughter minerals (Bodnar, 2014; Boéhlke &
Irwin, 1992; Rajabzadeh, 2007; Wilkinson, 2001). Furthermore, Rajabzadeh (2007) reported fluid
inclusions matching the cleavage planes of the barite crystal, which could correspond to the elongated
pores observed here (Figure 3b). Accordingly, there are several indications that the macropores
observed in the cross-sections may indeed have contained a fluid before they were opened during the

FIB-milling.

12
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Figure 3 Cross-sections of the SL barite particles. The particles exhibited (a) nearly euhedral
shapes and (b) blocky shapes. The outer crystal faces in (a) are marked by a solid line. The layered
structure is visible in both cross-sections as indicated by a dashed line. The particle in (b) contains a
diversity of macropores, such as (1) elongated pores tracing the layered structure and (2) larger,
randomly oriented pores.

3.2. Selected Area Electron Diffraction
In order to determine if the layered structure observed in SEM could be due to variations of the crystal
orientation, electron diffraction patterns were acquired from a thin TEM lamella. The electron
diffraction pattern recorded from an area containing several layers (Figure 4a), corresponds to BaSQO,
in [001] zone axis orientation (Figure 4b). No additional reflexes were observed in this pattern, which
indicates a single crystalline, coherent structure without twins, grain boundaries, or other large scale

defects.
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Figure 4 Electron Diffraction analysis. (a) HAADF STEM image and (b) electron diffraction
pattern recorded from a large area of a thin barite lamella containing several layers of dark and bright
HAADF signal.

Small variations of the crystal axis between the layers could still be hidden in the average, large-area
diffraction pattern of Figure 4b. Therefore, additional diffraction patterns were obtained from small
selected areas of the crystal, ideally only containing the diffraction signal from one type of layer.
Figure 5 displays a sequence of selected area electron diffraction (SAED) images, where a
sufficiently small area selecting aperture was moved across the layered structure. The positions, where
the diffraction patterns were recorded are marked by circles in Figure 5a. The diffraction patterns
registered at the respective positions are displayed in Figure 5b1-b8, showing again the diffraction
pattern of a single crystalline BaSO, in [001] orientation. No significant variation of beam excitations
and beam positions was detected over the sequence of eight patterns. In conclusion, the contrast

variations visible in the TEM images cannot be attributed to variations of the crystal orientation.
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Figure 5 Selected Area Electron Diffraction experiment. (a) HAADF STEM image of the
layered structure with circular regions marking the positions of a sequence of SAED experiments. Red
circles mark areas of layers containing a high density of dark spots, while blue circles mark
homogeneous brighter layers. (bl1) - (b8) Electron diffraction patterns recorded from the respective
areas marked in (a).
3.3.Scanning Transmission Electron Microscopy

Figure 6 displays an HAADF STEM image of a complete cross-section lamella prepared from a
blocky barite particle oriented with the [001] crystal zone axis along the viewing direction. The cross-
section contains a macropore in the centre, and the aforementioned layered structure again appears as
crystallographically well oriented layers of alternating higher and lower intensity. The strongest

contrast variations in Figure 6 appear with a density of about 2 - 3 dark zones per micrometer with

irregular thickness and distance.
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Figure 6 HAADF STEM image of the SL barite. It clearly shows a layered structure of
alternating high and low intensity. The black region in the center is a macropore, while the circular
features to the right of the pore are due to sample damage induced by the electron beam. Horizontal
contrast variations are due to global thickness variations caused by inhomogeneous ion beam thinning.

However, simultaneously recorded elemental maps of the same area do not show respective signal
variations as observed in the HAADF signal. This observation is in agreement with the preceding
SEM observations. In the HAADF images of all the investigated TEM lamellae the layered structure
was clearly visible across the full area independent of the sample thickness. The layered structure was
observed similarly in both, plan-view and cross-section lamellae. This confirms its 3-dimensional
nature.

HAADF STEM images taken at higher magnification as displayed in Figure 7 indicate a structural
difference between the alternating layers on the nanometre scale. Almost circular regions of low
HAADF intensity are apparent in different size and number, which can be interpreted as pores or
inclusions of low-Z material in the barite matrix. While the bright zones contain larger pores with
diameters around 10— 70 nm in a lower density, the dark zones comprise a very high density of

smaller pores of only a few nanometres size.

16



349

350
351
352
353
354

355
356

357
358
359
360
361
362
363
364
365
366

Figure 7 HAADF STEM images of the SL barite. a) Upside down V-shaped layered structure
in a barite cross-section lamella. The intensity variation from the left to the right side of the image is
due to thickness variations in the lamella. b) Inter-face between a bright zone (right) and a dark zone
(left) 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.

Because neither a secondary phase nor variations of composition and orientation were detected by
EDX and electron diffraction, the lower HAADF intensity indicates the presence of nano-scale
porosity. These pores are distributed across the whole crystal volume. It can be concluded that the
crystallographically oriented layers of dark and bright intensity apparent in SEM and STEM images
are due to a variation of the pores’ density and size. Based on the electron microscopy data alone it is
not possible to determine whether these pores are empty or contain material of low scattering power.

In principal, there are two different explanations for our results that are already described in literature.
Nano-scale porosity in barite crystals has already been observed by time-resolved TEM investigations
performed during its crystal growth (Judat & Kind, 2004; Ruiz-Agudo et al., 2015). It has been
concluded there, that the small pores are residuals of a growth mechanism proceeding via a

combination of molecular growth and oriented self-assembly of nano-crystals from a supersaturated
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aqueous solution. A final internal re-crystallization process leaves pores of a few nanometres size,
which are possibly filled with a residual liquid. In the literature, the size and density of the pores was
reported to depend on the initial level of supersaturation. The barite particles of our study have a size
of ~20 um whereas Ruiz-Augo et al. (2015) reported nano-porosity in pm-size crystals.

Despite these non-classical nucleation path theories, the defects could also stem from a synthesis with
a high saturation index which is most likely as it reduces synthesis time and therefore costs.
Sponanteous formation of unfilled cores with nm to um size during crystal growth has been shown
e.g. in potassium dihydrogen phosphate crystals (Zaitseva & Carman, 2001; De Yoreo et al., 2002).
Another possibility for the origin of pores inside barite crystals would be that sodium chloride
interacts with the step edge during crystal growth and then is incorporated as a trace impurity.
Sometimes it could also create a defect which leads to a defect formation such as unfilled cores.
Becker et al. (2002) showed that the NaCl concentration has a strong effect on step velocities and
morphologies. These findings were strengthened by Godinho and Stack (2015) who demonstrated that

the overall crystal morphology and rate are also affected by the NaCl concentration.

3.4. Atom Probe Tomography
APT of the barite samples has been performed in order to answer the question whether the observed
pores are empty or contain material benefitting from the superior chemical resolution of this technique
compared to EDX. The measured mass-to-charge ratio spectra of the barite samples, e.g. as displayed
in Figure 8 are dominated by a peak at m/n = 69, which corresponds to the two ionic species ***Ba**
and ®Ga’. Because other Ba’*-peaks were also detected with intensities reproducing the expected
natural ratios of Ba isotopes, we fully assigned the dominant peak to **®Ba*". Thereby we omit a
probably very small Ga* signal which could originate from a Ga* ion implantation during the FIB
milling. The **®Ba®" peak at m/n = 69 constitutes 81 — 95 % of the total detected amount of Ba in a
sample. Therefore, we have chosen this peak of the mass-to-charge ratio spectrum for the display of
the 3D reconstructions in Figure 9. Clear signals of species containing sulphur and oxygen are present
in the spectrum. Additional peaks are visible indicating the presence of H,O, Na, and ClI in minor

amounts.
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Figure 8 APT mass-to-charge ratio spectrum. a) Typical APT mass-to-charge ratio spectrum of

the analyzed barite. The dominating peak is Ba** at m/n = 69. Other strong peaks are marked, such as
those of H,O" and Na® ions. b) Lower region of the mass-to-charge ratio spectrum. The left inset
displays a magnification of the spectrum with variants of ionic water species. The right inset displays
the region from m/n = 32 to 35, containing signals of sulfur and chlorine ions.

A list of all the observed peaks and their assignments to specific ions for both measurements presented
here are listed in Table 2. Due to the application of different pulse rates, the mass range is different in
both measurements. Many Ba-containing molecules such as BaO*, BaSO*, and BaSO," are present in

the list. The formation of molecules during the measurement of complex materials has been observed

19



406
407

408
409

410

earlier in other materials, e.g. semiconductor or dielectrics. For example Gordon et al. (2012) reported

the formation of various molecules in APT characterization of different apatites.

Table 2 Peaks observed in the APT measurements of the SL barite and identified ionic species.
Barite 1 Barite 1 Barite 2 Barite 2

o oD | Vot | Veed [y et
3 Hs" 82 SO, 2 H," 69 Ba®*
17 OH* 154 BaO* 3 Hs" 69.5 HBa*"
18 H,O" 185  BaSO" 17 OH" 70 H,Ba**
19 (H,0)H* 185.5 BaSO" 18 H,O" 76 BaO?**
23 Na* 186  BaSO" 19 (H,O)H" 76.5 BaO?**
32 S'0," - - 23 Na* 77 BaO?*
33 HS"HO," - - 32 S0, 77.5 BaO?*
35 cl - - 33 HS"HO," 78 BaO?*
43 Sr# - - 34 SYH,0," 80 SO,

43.5 Sr* - - 35 ol 81  SO;'/HSO;"
44 Sr* - - 36 HCI* 82 SO,
48 so* - - 37 ol 98 H,SO,*
64 So* - - 38 HCI* 144 S,0s"
65 Ba®* - - 39 NaO* 151 BaO"
66 Ba®* - - 43 Sr* 152 BaO"
67 Ba®* - - 44 Sr** 153 BaO*

67.5 Ba®* - - 48 SloN 154 BaO*
68 Ba®* - - 49 H,SO" 185 BaSO*
69 Ba®* - - 50 H,SO" 185.5 BaSO*

69.5 HBa* - - 51 H,SO" 186 BaSO*
70 H,Ba** - - 52 H,SO* 187 BaSO*
76 BaO** - - 53 H,SO* 230 BaSO,"

76.5 BaO** - - 64 Slof 231 BaSO,"
77 BaO** - - 65 Ba®* 232 BaSO,"

77.5 BaO** - - 66 Ba®* 233 BaSO,"
78 BaO* - - 67 Ba®* 234 BaSO,"
80 SO;* - - 67.5 Ba?* 235 BaSO,"
81 SO; /HSO;* - - 68 Ba?* 236 BaSO,"
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There are also some peaks present where the identification of the ionic species is ambiguous. In the
following some details of the mass-to-charge spectrum are explained concerning peaks which are
controversially discussed in the current literature, such as impurity peaks, peaks with unsolvable
interferences of ionic species, and peaks where the assignment remains questionable.

The lower region of the spectrum contains three strong and sharp peaks around m/n = 18, resembling
water species as highlighted by the left inset of Figure 8b. We interpret this as the signal of water
present in the barite sample. Our interpretation is based on the finding that the 3D distribution of these
signals is anti-correlated to the Ba signal (Figure 9). This indicates that the source of the oxygen in
these water species is not BaSO,. We would exclude the alternative interpretation, which is that we see
a hydride formation of oxygen stemming from the BaSO,. Such hydride formation is discussed in the
APT literature as an artifact occurring predominantly in the first stages of the measurement due to
outgassing of the stainless steel vacuum chamber (Gault et al., 2012; Miller & Forbes, 2014). Here, we
observed a very strong peak of hydrogen and water species during the whole measurement similar to
other studies where the specimen contains oxygen and hydrogen components (Gordon et al., 2012).

At m/n = 43 and 44 signals of Sr** with a peak height of about 0.5% compared to the strongest Ba**
peak are detected, indicating the presence of a low amount of Sr in some of the samples. Because
BaSO, and SrSO, form a solid solution and have a large affinity for each other, this impurity is often
observed in synthesized and natural barite crystals (Hanor, 2000).

A severe ambiguity exists for the two major components oxygen and sulfur, as the respective two
main ionic species S* and O," have the same mass-to-charge ratio m/n = 32. According to the ratios of
stable natural isotopes, a second sulfur peak is expected at m/n = 34 with 5 % intensity of the main
sulfur signal. Here we only observed a very small peak at m/n = 34, as shown in the right inset of
Figure 8b, indicating that the peak at m/n = 32 is predominantly due to O,". One would then also
expect an O peak at m/n = 16. This is, however, missing in all of our measurements, probably due to
the chosen instrumental parameters. Accordingly, the sulfur content of the sample is measured mainly
as a component of SO,™ and BaSO,™ ionic molecules (Table 2). In general, the solution of

ambiguities by means of natural isotope ratios is complicated in this particular material due to the
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presence of water, which adds additional interferences with the pure elemental signal because a
diversity of hydrides may form.

The assignment of an ionic species to the peak at m/n = 70 is also ambiguous at first glance. Possible
candidates with this mass-to-charge ratio are H,Ba**, HGa", and Cl,". In the case of chlorine,
significant peaks would be expected at m/n = 72 and 74 due to the rather large natural fraction (25%)
of the *'Cl isotope. Because these two peaks do not occur here, we can exclude chlorine at m/n = 70. A
strong HGa" component in this peak would cause a noticeable signal in the 3D reconstruction, as Ga
implantations should be located preferentially close to the surface of the tip sample. However, no
location preference is present for the events detected with this mass-to-charge ratio. Accordingly, only
H,Ba" remains as possible explanation. This assignment is further substantiated by the occurrence of a
weak peak at m/n = 69.5, which would correspond to HBa*".

The reconstruction of the APT data for the analysed barite exhibits a previously undetected
inhomogeneous distribution of Ba, H,O, and Na, which is clearly visible in the projections displayed
in Figure 9 a+c. Integrated concentration profiles calculated along the axis of a cylindrical sub-volume
perpendicular to the layers are displayed in Figure 9c+d and show a prominent sequence of alternating
layers of anti-correlated Ba and H,O intensity. The signal of H,O in these profiles is rather low, on the
order of one per cent of the BaSO, signal. The partial correlation of the H,O and Na signal indicates
that the individual inclusions contain different degrees of Na. Cl could be associated with Na in fluid
inclusions, although the CI signal was too weak to produce a significant correlation. The very low
yield of ClI species could be explained with a very low probability of Cl forming a positively charged
ion. The layers of alternating chemical composition observed in the profiles have irregular sizes
between 20 and 200 nm, similar to the layers of alternating HAADF intensity observed in the STEM

images (Figure 6).
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Figure 9 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 H,0 ions, (b) and (d) integrated intensity profiles calculated with a perpendicular orientation to
the layered structure along the axis of a cylinder sub-volume. The profiles indicate an anti-correlation
of the Ba and H,O concentration across the layered structure. The Na signal is at least partially
correlated to the H,O signal in (d).

Clusters of higher local H,O concentration in the reconstructed 3D data, which resemble the
previously in HAADF images observed nano-scale pores, were smaller than 10 nm. Due to the
variations in the H,O concentration it can be concluded that these nano-scale pores are inclusions of
water. In the HAADF images larger pores were also observed that are not present in the reconstructed
3D distribution of elements. A possible explanation for this is the fact that samples with larger pores
have a higher probability to break during the APT analysis. Nevertheless, the detection of a layered
structure in HAADF STEM images and in the APT reconstruction are consistent as H,O, Na, and ClI

are low-Z elements which would produce a significantly lower HAADF signal compared to the the
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BaSO, matrix. Consequently, regions of reduced HAADF intensity in the STEM images as visible in
Figure 6 and Figure 7 would correspond to the regions of higher H,O and lower Ba concentration in
the projections and profiles of Figure 9. In combination, the findings of our STEM and ATP
measurements give evidence that the barite particles contain nano-scale pores including a fluid

solution of water and NacCl.

4. Conclusions
For the first time, a complementary analytical approach consisting of electron microscopy and atom
probe tomography was applied to unravel the details of the internal microstructure of a reference barite
sample. By the adaption of the beam currents used during the FIB sample preparation, a reliable
procedure was developed to prepare TEM lamellae and APT tips of barite. The APT measurements
were conducted successfully for the first time and reasonably large datasets consisting of more than 30
million detected ions were acquired. Within the barite, macropores with a size of a few micrometres as
well as of layers enriched in nano-scale inclusions filled with water and NaCl were identified. The
layers enriched in nano-scale inclusions are arranged predominantly parallel to the outer barite particle
surfaces. This indicates that the origin of the layered structure is related to the growth of the barite
particle by precipitation from a supersaturated solution. The precipitation most likely follows the
reaction:
BaCl, + Na,SO, = BaSO, + 2 NaCl.
In this case, the identified composition of the nano-scale inclusions is consistent with the residuum of
the assumed mother liquid.
The SL barite reference sample characterized here was also used as the starting material in several
earlier studies regarding the uptake of Ra by pre-existing barite by Curti et al. (2010), Bosbach et al.
(2010), Klinkenberg et al. (2014) and Brandt et al. (2015). The results obtained by the new approach
have implications for the interpretation of data presented in the aforementioned studies. In the two
latter studies the observed reactivity of the SL barite was higher compared to the reactivity of another
barite type. The observed nano-scale inclusions are defects in the crystal structure which represent
possible pathways for the Ra to enter the barite solid. Moreover, the available surface for the assumed

dissolution and re-precipitation mechanism is increased significantly by taking into account the
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additional interfaces between the barite particle and the nano-scale inclusions. This explains the higher
reactivity of the SL barite.

The reviews of Stack (2015) and Anovitz (2015) cover the topic of the relationship between the
reactivity of pores and their size. They propose a different reactivity of nano-scaled pores compared to
bulk rocks. Applying this principle to interpret our results, the observed nano-scaled pores may present
ideal nucleation sites for mixed phases of (Ba,Ra)SO,4 because their reactivity is different from the
other present crystal surfaces.

Furthermore, the present study is a reference study for ongoing research. Further insights into the
evolution of the Ra distribution and the microstructural changes in the barite with time can be
expected by applying the complementary nano-analytical approach developed in the present work in

future studies on Ra-containing barites.
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