
This is a repository copy of Particle-Mediated Nucleation Pathways Are Imprinted in the 
Internal Structure of Calcium Sulfate Single Crystals.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/149115/

Version: Accepted Version

Article:

Stawski, TM, Freeman, HM orcid.org/0000-0001-8242-9561, Van Driessche, AES et al. (4 
more authors) (2019) Particle-Mediated Nucleation Pathways Are Imprinted in the Internal 
Structure of Calcium Sulfate Single Crystals. Crystal Growth & Design, 19 (7). pp. 
3714-3721. ISSN 1528-7483 

https://doi.org/10.1021/acs.cgd.9b00066

© 2019 American Chemical Society. This is an author produced version of a paper 
published in Crystal Growth & Design. Uploaded in accordance with the publisher's 
self-archiving policy.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


 ͳ 

ParticleǦmediated nucleation pathways are imprinted in the internal structure 

of calcium sulfate single crystals 

Tomasz MǤ Stawskiͳȗǡ (elen Freemanͳǡʹǡ Alexander EǤSǤ Van Driessche͵ȗȗǡ Joǅ rn (oǅvelmannͳǡ  Rogier Besselinkͳǡ͵ǡ Richard Wirthͳǡ and Liane GǤ BenningͳǡͶǡͷ 

ͳGerman Research Centre for Geosciencesǡ GFZǡ )nterface Geochemistryǡ Telegrafenbergǡ ͳͶͶ͹͵ǡ Potsdamǡ GermanyǢ  
ʹLeeds Electron Microscopy and Spectroscopy Centreǡ University of Leedsǡ Woodhouse Laneǡ  LSʹ ͻ JTǡ Leedsǡ UKǢ  
͵Universiteƴ  Grenoble Alpesǡ CNRSǡ )STerreǡ ͳ͵ͺͳ Rue de la Piscineǡ ͵ͺ͸ͳͲ Gieư resǡ Grenobleǡ FranceǢ 
ͶGeochemistry Groupǡ Department of Earth Sciencesǡ Free University of Berlinǡ MalteserstrǤ ͹ͶǦͳͲͲ Ȁ Building Aǡ ͳʹʹͶͻ ǡ Berlinǡ GermanyǤ 
ͷSchool of Earth and Environmentǡ University of Leedsǡ Woodhouse Laneǡ  LSʹ ͻ JTǡ Leedsǡ UKǢ  
 

Corresponding authorȋsȌǣ 
ȗ stawski̷gfzǦpotsdamǤdeǢ ȗȗ alexanderǤvanǦdriessche̷univǦgrenobleǦalpesǤfr 

 

Keywordsǣ calcium sulfateǢ gypsumǢ bassaniteǢ anhydriteǢ mesocrystalǢ nonǦclassical 
 

Abstract 



 ʹ 

Calcium sulfate minerals are found under the form of three crystalline phasesǣ gypsum ȋCaSOͶʉʹ(ʹOȌǡ bassanite ȋCaSOͶʉͲǤͷ(ʹOȌǡ and anhydrite ȋCaSOͶȌǤ Due to its relevance in natural and industrial processesǡ the formation pathways of these calcium sulphate phases from aqueous solution has been the subject of intensive researchǤ There is a growing body of evidenceǡ that calcium sulfate forms essentially through a nonǦclassical nanoparticleǦ or clusterǦmediated processǤ At the early stages of precipitation calcium sulfate crystals grow through the reorganization and coalescence of aggregates rather than through classical unit additionǤ (ereǡ we show that this reǦstructuring processes by no means continue until a nearǦperfectly homogeneous single crystal is obtainedǡ and instead the growth process yields a final imperfect mesocrystalǡ composed of smaller domainsǡ yet of the morphology resembling that of a single crystalǤ  (enceǡ our data indicate that organicǦfree mesocrystal grown by a particle mediatedǦpathway may preserve a ǲmemoryǳ or ǲimprintǳ of the nonǦclassical growth process in the final crystal structureǡ something that has been largely overlooked until nowǤ Furthermoreǡ the nanoǦscale misalignment of the structural subǦunits within crystals might propagate through the lengthǦscalesǡ and potentially is expressed macroscopically as misaligned zonesȀdomains in large single crystalsǡ as those observed in some of the giant crystals from the Naicaǡ Chihuahuaǡ MexicoǤ 
 

 

 

 

 

Introduction 
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 Calcium sulfate minerals are abundant in natural and engineered environments under the form of three crystalline phasesǣ gypsum ȋCaSOͶʉʹ(ʹOȌǡ bassanite ȋCaSOͶʉͲǤͷ(ʹOȌǡ and anhydrite ȋCaSOͶȌǤ Due to its relevance in natural and industrial processesǡ the formation pathways of these calcium sulphate phases from aqueous solution has been the subject of intensive research in the last few yearsͳǤ Based on smallǦangle XǦray scattering ȋSAXSȌ dataǡ we recently reported that gypsum crystals form through aggregation of subǦ͵ nm precursor species to severalǦmicronǦlarge morphologiesʹǤ These aggregates transform into gypsum crystals through the growthǡ coalescence and reǦarrangement of the primary speciesǤ (enceǡ the nucleation of gypsum is essentially a nanoparticleǦ or clusterǦmediated processǤ )mportantlyǡ faceted single crystals produced SAXS patternsǡ which at lowǦq were characteristic for internally homogeneous large structuresǡ yet at highǦq these patterns contained scattering features originating from nanosized subǦunitsǤ These scattering patterns were fitted using a ǲbrickǦinǦaǦwallǳ surface fractal modelǡ for which we developed a rigorous mathematical description͵Ǥ  This ǲbrickǦinǦaǦwallǳ model implies that subǦunits constituting the bricks are clearly distinguishable from each otherǡ leading to a single crystal composed of slightly misaligned crystallographic domains and hence expected to exhibit high mosaicityͶ Ǥ )n this regardǡ for nanoparticulate subǦunits this ǲbrickǦinǦaǦwallǳ scattering model is in fact akin to the concept of mesocrystallinityͷȂͳͳǤ 
Mesocrystals are single crystals in terms of their crystallographic properties and external forms but they are internally composed of numerous crystalline nanoparticles or subǦdomains of similar sizes and shapesǤ These are arranged in a highly orderedǡ but spatially separated mannerǡ yet the mesocrystals yield diffraction patterns typical for single crystalsǤ Most commonly mesocrystals are considered as composite assemblies of inorganic particles bound by organic speciesͳͳ ȋsurfactantsǡ macromoleculesǡ small organic molecules etcǤȌǡ but mesostructured crystals can also form without the involvement of organic speciesǤ For exampleǡ through a process where stable preǦsynthesised 
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nanoparticles are ǲdrivenǳ to arrange themselves to form larger crystals through physical fields such as magneticǡ electric or hydration forcesǡ or to minimize their surface areaǡ and thus to lower their free energyͳʹȂͳ͸Ǥ (enceǡ growth proceeds through a nonǦclassical particleǦmediated bottomǦup processǡ which can involve aggregationȀreǦorientationǡ andȀor oriented attachment͸ǡͳ͹ǡͳͺ of the primary particlesǤ )mportantlyǡ such organicǦfree mesocrystals can form as metastable intermediate phases that are necessary precursors to more internally continuous and stable single crystalsǡ eǤgǤ ferrihydrite transformation to goethiteͳ͹ǡͳͻǡ or the formation of rutile from titania nanorodsʹͲǤ  
At present it is not clear what impact the particleǦmediated crystallization pathway͹ has on the internalǡ and externalǡ structure of the final crystalline phaseǤ We hypothesize that organicǦfree mesocrystal grown by a particle mediatedǦpathway may preserve a ǲmemoryǳ or ǲimprintǳ of this growth process in the final crystal structureǡ something that has been largely overlooked until nowǤ To test this hypothesis we built upon our previous work where we have shown that calcium sulphate formation follows such a particleǦmediated routeǡ and in the current study we have characterized in detail the internal structure of the different calcium sulphate phasesǣ synthetic gypsum and bassaniteǡ as well as natural anhydriteǤ We show compelling evidence for the mesostructured character of all these single crystals and consider the origin of their mesocrystallinity in the context of the growth mechanisms of calcium sulfate phasesǤ  
 

Experimental 

CaSOͶ in the form of gypsum ȋdihydrateǡ ʹ(ʹOǡ x α ʹȌ and bassanite ȋhemihydrateǡ ͲǤͷ(ʹOǡ x α ͲǤͷȌ was synthesized by reacting equimolar aqueous solutions of CaClʹāʹ(ʹO ȋpureǡ SigmaȌ and NaʹSOͶ ȋε ͻͻΨǡ SigmaȌǡ based on the following reactionǣ 
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CaClʹǜʹ(ʹO Ϊ NaʹSOͶ ĺ CaSOͶǜx(ʹOĻ Ϊ ʹNaCl 
Gypsum formed from a mixed solution of a final concentration of ȏCaSOͶȐ of ͷͲ mmolȀL at T α ʹ ͳ °Cǡ and was left under stirring for ʹ daysǤ The formed crystals were directly deposited from the mother solution onto a Cu holey carbon TEM gridǡ dried in air and used for further analysesǤ   Bassanite was synthesised from a mixed solution of a final concentration of ȏCaSOͶȐ of ͷͲ mmolȀL and increased salinity of ͶǤ͵ molȀL at T α ͺͲ °C for ͺ hoursǤ Such high salinityȀhighǦT conditions promoted the reduced activity of waterǡ which resulted in the direct precipitation of metastable hemihydrateʹͳǤ )n the next step a solution containing the precipitated crystals was centrifuged at ͵ͲͲͲ rpm and the supernatant was decantedǤ The remaining crystals were dried in air and then deposited onto a TEM grid without and dispersing mediumǤ 
Large natural single crystals of gypsum and anhydrite ȋx α ͲȌ were obtained from the Niaca Mine in Chihauhuaǡ MexicoʹʹǤ The used specimen of gypsum was ̱͵ cm in length and anhydrite was ̱ͳ cm in lengthǡ but in fact they were both fragments chipped from larger single crystals ȋε ͳ m in length for gypsum and εͷ cm for anhydriteȌǤ To analyse such large crystals we prepared ̱ͳͷ x Ͷ ρm sections that were thinned to foils of ̱ͳͲͲ nm thick from each of the single crystals using a focused ion beam technique ȋFE) F)BʹͲͲȌ following the standard procedure descried in referenceʹ͵Ǥ  For the purpose of comparison we also prepared in a similar fashion thin foils of fosterite ȋMgʹSiOͶǡ MgǦrich olivine end memberȌ and olivine ȋȋMgǡFeʹΪȌʹSiOͶȌ  single crystals ȋFigǤ SͳȌǤ Olivines are igneous minerals known to form naturally big and very high quality single crystalsǡ and as such constitutes a good example of a material exhibiting very low mosaicityǤ   
For transmission electron microscopy ȋTEMȌ imaging and selectedǦarea electron diffraction ȋSAED or EDȌǡ a Tecnai FʹͲ XTW)N TEM was used at ʹͲͲ kVǡ equipped with a field emission gun electron sourceǤ BrightǦfield ȋBFȌ and darkǦfield ȋDFȌ images were acquired as energyǦfiltered imagesǢ for 
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that purpose a ʹͲ eV window was applied to the zeroǦloss peakǤ For DFǦTEMǡ the selected diffraction spots were selected by the objective aperture depending on the sample ȋthe used diffraction spots are marked in FigsǤ ͳǦ͵ Ƭ Sͳ accordinglyȌǤ ED patterns were collected using an aperture with an effective diameter of caǤ ͳɊm and the diffraction plates were developed in a Ditabis Micron scannerǤ To correctly interpret any preferred orientation or textureǦrelated effects in the TEM images of the samplesǡ the objective stigmatism of the electron beam was corrected by ensuring the fast Fourier transform was circular over amorphous carbon film before collecting data from the sampleǤ Selected images were initially analysed using )mageJʹʹͶ and any further processing was performed by means of bespoke scripts written in PythonȀNumPyȀmatplotlibʹͷǡʹ͸Ǥ 
 

Results and Discussion 

Synthetic gypsum and bassanite 

We employed a combination of highǦresolution ȋ(RȌǡ bright field ȋBFȌ and dark field ȋDFȌ TEM imaging and electron diffraction to explore from the mesoǦ to the nanoscale the internal structure and crystallographic properties of synthetic gypsum and bassanite single crystalsǤ FigǤ ͳA shows a lowǦmagnification energyǦfiltered BF image of a gypsum crystal synthesized from a ͷͲ mM CaSOͶ solution and aged for ʹ  days at room temperatureǤ The resulting crystal is anisotropic in shape with the elongated direction parallel to the cǦaxis and exhibits straight facetsǤ The outǦofǦplane thickness of the crystal centre in the highest contrast regions is ε ͶͲͲ nm as calculated by the logǦratio ȋrelativeȌ methodʹ͹ from the low loss electron energy loss spectraǤ This means that the bulk of the crystal in the field of view in FigǤ ͳA is not suitable for high resolution electron imagingǡ because it is too thick to obtain a sufficiently high signalǦtoǦnoise ratio from the CCD without significantly increasing the exposure time ȋwhich would cause beam damage to the materialȌǤ   (oweverǡ the 
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planes of the crystal facets do not intersect with each other at ͻͲι ȋͲͳͲǡ ͳʹͲǡ Ǧͳͳͳ and Ͳͳͳ facesǡ see a schematic inset in FigǤ ͳAȌǡ and therefore the external crystal perimeter is characterized by a much thinner regionǤ The thickness contrast in the TEM image of a thinǦedge region ȋparallel to the crystal longǦaxisȌ of the single crystal ȋFigǤ ͳBȌ gradually increases from right to leftǡ which is caused by the aforementioned increase in thickness towards the central part of the crystalǤ The observed structure does not represent the typically expected homogeneous and continuous internal single crystal appearance ȋeǤgǤǡ compare with single crystals of fosterite and olivine shown in the Supplementary )nformationǣ FigǤ SͳȌǤ One can see that within the field of view the structure appears to be polycrystallineǦlikeǡ where individual grains are distinguishable and exhibit a preferred orientation parallel to cǦaxis of the crystalǤ This is confirmed by the fast Fourier transform from the image ȋFFTǡ FigǤ ͳCȌǡ which contains an ellipticallyǦshaped diffused lowǦangle scattering pattern localized around the centre of the FFTǤ  Only faint lattice fringes can be seenǡ which suggests that the individual grains are poorly crystallineǡ andȀor that the orientation of some of the grains is mismatchedǤ The fast Fourier transform of the image ȋFigǤ ͳCȌ shows also one set of weak diffraction maxima corresponding to the same dǦspacingǤ This indicates that the grains exhibiting lattice fringes are crystallographically coǦalignedǤ Overall this TEM analysis suggests that a gypsum single crystal is built of smaller nanoparticles that are slightly misaligned with each otherǤ  
The selected area electron diffraction ȋSAEDȌ pattern of the crystal shown in FigǤ ͳAǡ confirms that the analysed crystal is a single gypsum crystal ȋFigǤ ͳDȌǤ The diffraction pattern contains only discrete diffraction peaks from a single crystallographic orientationǤ (oweverǡ the recorded diffraction maxima exhibit very strong angleǦdependent broadening effects exceeding εεͳι at FW(MsǤ )n single crystalsǡ such effectsǡ even when far smaller in magnitudeǡ are typically attributed to a strong mosaicity eǤgǤ ʹͺȂ͵ͲǤ The mosaicity is a measure of the misalignment of crystallographic subǦdomains building up a single crystalǤ )n general terms the division into subǦdomains is a 
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consequence of defects in the crystal lattice and does not necessarily mean that these domains physically constitute individual grainǦlike unitsǤ Neverthelessǡ the mosaicity in mesocrystals could be directly associated with the constituent nanosized subǦunitsǤ One can in fact identify the individual crystallographic domains in a mesocrystalǡ and hence evaluate their sizeǡ by performing DFTEM imaging with the diffracted beam corresponding to one of the diffraction maximaǤ Using this approach we show that a DFTEM image of the single gypsum crystal from FigǤ ͳA represents its bright field counterpart ȋFigǤ ͳEȌǤ The high intensity ȋwhiteȌ in the DFTEM image originates from the regions of interestǡ which are oriented in such a way that they fulfill the Bragg condition corresponding to a selected diffracted beamǤ (enceǡ for a homogeneous single crystal these regions should exhibit a high uniform intensity ȋsee FigǤ Sͳ from fosteriteȌǤ Furthermoreǡ for a crystal of gradually changing thicknessǡ as in FigǤ ͳAǡ the intensity should gradually decrease with increasing crystal thicknessǤ )n order to be able to consider these two effects more clearly we enhanced the contrast in FigǤ ͳE using histogram equalizationǤ This was performed locally with respect to the limitedǦsize regions of the highest contrast ȋrather than the entire imageȌǤ Additionallyǡ the grayǦscale intensity was remapped ͳǣͳ to a fakeǦcolor perceptually uniform Ǯinfernoǯ scaleʹ͸ resulting in the enhanced image presented in FigǤ ͳFǡ where bright yellowȀorange regions correspond to areas of high diffraction contrasts ȋbright yellow ε orangeȌǤ  The intensity decreases gradually perpendicular to the perimeter of the crystal and its inǦplane long axisǡ which is equivalent to the direction in which the thickness of the crystal increases ȋinset )ǡ FigǤ ͳFȌ as evidenced in the BFTEM image ȋFigǤ ͳAȌǤ On the other handǡ abrupt contrast variations parallel to the long central axis of the crystalǡ originate from the missǦalignment between the scattering domains ȋiǤeǤǡ mosaicityȌǤ Each individual bright spot represents a single scattering domainǡ which are discontinuously distributed and appear to be anisotropic in shape with their long axis orientated parallel to the long axis of the crystalǤ This is confirmed by the average of a ʹD fast Fourier transform series ȋFFTǡ 
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inset )) in FigǤ ͳFȌ calculated along the edges of the crystals ȋregions with the highest intensityȌǤ  The compound FFT has an elliptical shape rotated in such a way that its short axis is parallel to the long axis of the crystalǡ and thus corresponds to the long dimension of the anisotropic scattering domains in FigǤ ͳFǤ Thusǡ the FFT shown in inset )) points to a preferred orientation of the scattering domainsǤ The dimension of the scattering domains is ̱ͳͲǦʹͲ nm ȋdirection perpendicular to the long axis of the crystalȌǤ )n fact the presence of such orientated anisotropic domains is also additionally represented in the diffraction pattern in FigǤ ͳDǤ  The SAED contains characteristic streaks in ȏͲͲͳȐ direction ȋmarked with dashed green arrowsȌǤ This again indicates the presences of very thin plateletǦlike or lamellaeǦlike domains orientated in the direction parallel to the long axis of the crystalǤ On the wholeǡ the results from DFTEM corroborate those from TEM shown in FigǤ ͳBǤ The DF imaging is typically performed at lowǦmagnification ȋiǤeǤ low doseȌ which is highly beneficial because TEM ȋFigǤ ͳBȌ inherently increases the risk of beam damage to a highly hydrated sample such as gypsum͵ͳǤ We did not observe any obvious changes in the area imaged during our TEM measurementsǡ but DFTEM further ensured that our observations did not contain any significant artifactsǤ  
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FigǤ ͳǤ TEM analysis of a representative gypsum crystal precipitated form a ͷͲ mM CaSOͶ solution and equilibrated for ʹ days with this solution at room temperatureǤ  AȌ Bright field ȋBFȌ TEM imageǢ schematics of the planes of crystal facets characteristic for gypsumǢ fluxǣ ̱͸ͷͲ eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹͷ eǦȀmʹǢ BȌ BFTEM image from a thin region located on the right edge of the crystalǢ  fluxǣ ̱ͻͶk eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹ͸ eǦȀmʹǢ CȌ fast Fourier transform ȋFFTȌ of image ȋBȌǤ The indexed reflections and dǦspacings are characteristic for gypsum͵ʹǢ DȌ SAED pattern collected from the centre of the gypsum crystal  shown in ȋAȌ with selected reflections and dǦspacings labeledǢ the dashed circle marks the diffracted beam used for DF imagingǢ the dashed green arrows point to a characteristic streaking present in the diffraction pattern in ȏͲͲͳȐ directionǢ EȌ unprocessed DF image corresponding to ȋAȌǢ FȌ DF image from ȋEȌ with enhanced contrast using a local histogram equalization technique and with the intensity remapped to an Ǯinfernoǯ scaleʹ͸Ǣ inset ) Ȃ zoomǦin of the selected region of the main imageǢ inset )) Ȃ an average FFT calculated for the series taken along the  left edge of the crystalǤ     
 

To assess how the internal ȋmesoscaleȌǦstructure of single gypsum crystals compare to other calcium sulfate phases synthesized from solution we also analysed bassanite crystals ȋCaSOͶήͲǤͷ(ʹOȌǤ PhaseǦpure bassanite can be directly made from solution by conducting the synthesis at low water activityͳǡʹͳǡ͵ʹȂ͵ͶǤ We prepared bassanite samples following this strategyǡ where hemihydrate formed from a ͷͲ mM CaSOͶ solution with very high salinity ȋͶǤ͵ M NaClȌ at Tmin α ͺͲ ιC ȋsee Experimental and refʹͳȌǤ )n FigǤ ʹA we present a BF image of a representative bassanite crystal thatǡ similar to the gypsum crystal shown in FigǤ ͳǡ shows straight facets and a regular formǤ The analyses by SAED ȋFigǤ ʹBȌ confirmed this to be a single bassanite crystal and the individual diffraction spots again exhibited angleǦdependent broadeningǤ This diffraction pattern also exhibited streaking ȋdashed green arrowsȌ in ȏͲͲͳȐ directionǡ which could be explained in terms of thin anisotropic subunits oriented parallel to the long axis of the crystalǤ The observed bassanite crystal was significantly thinner than the gypsum crystal shown in Fig ͳǤ The calculated thickness was only ̱ͳͷͲ nmǡ and therefore the DFTEM image revealed a significantly higher level 
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of detail from the interior of the crystal in addition to its perimeters ȋFigǤ ʹCȌǤ The corresponding contrastǦenhanced image ȋFigǤ ʹDȌ shows that the bassanite single crystal is also composed of anisotropic nanoǦsized scattering domains aligned parallel to the long axis of the crystal ȋsee FFT in inset )ǡ FigǤ ʹDȌǤ These domains form locally parallel lines ȋinset ))ǡ FigǤ ʹDȌǤ Overallǡ the size and spatial arrangement of these domains are practically indistinguishable from those documented for the single gypsum crystal ȋFigǤ ͳȌǤ 
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FigǤ ʹǤ TEM analysis of a representative bassanite crystal from CaSOͶ ͷͲ mM and  aged for ʹ days in ͶǤ͵ M NaCl solution at ͺͲ ιCǤ  AȌ BFTEM imageǢ fluxǣ ̱͸ͷͲ eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹͷ eǦȀmʹǢ BȌ SAED taken from the center of a bassanite crystal  from ȋAȌǢ  the indices and dǦspacings of the selected diffraction spots are providedǢ the dashed circle marks the diffracted beam used for dark field imagingǢ the dashed green arrows point to a characteristic streaking present in the diffraction pattern in ȏͲͲͳȐ directionǢ  CȌ unprocessed DFTEM image corresponding to ȋAȌǢ DȌ DF image with enhanced contrast and with an intensity remapped to an Ǯinfernoǯ scaleʹ͸Ǣ inset ) Ȃ an average FFT calculated for the series taken along the  entire long axis of the crystalǢ inset )) Ȃ blowǦup of the selected region of the 
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main imageǤ )ndividual scattering domains form parallel lines some of which are highlighted by dotted lines for ease of viewingǤ  
 

Natural calcium sulfate phases  
Under natural conditions calcium sulfate phasesǡ in particular gypsum and anhydriteǡ are known to grow into single crystals that can easily reach many centimeters or even meters in sizeʹʹǡ͵ͷȂ͵͹ Ǥ The question arises if such big natural crystals also grow and develop structures resembling those presented above for the synthetic phasesǤ For this purpose we performed analysis on natural single crystals of gypsum ȋa piece of ̱͵ cm in length chipped from a larger crystalȌǡ and anhydrite ȋ̱ͳ cm in lengthȌǤ To analyze such large crystals we prepared ̱ͳͷ ρm x Ͷ ρm sections that were thinned to foils of ̱ͳͲͲ nm in thickness  using a focused ion beam ȋF)Bǡ see ExperimentalȌǤ The foils were cut from the regions located in the bulk of the crystalǤ  )n the case of gypsum crystals this processing step introduced apparent damages to the crystals ȋprimarily due to an ongoing dehydration in vacuumȌ and the foils were not stable during the TEM analysisǤ )nterestingly this was not the case for the anhydrous calcium sulfateǡ anhydriteǢ we analyzed this sample further as it was very stable in the vacuum and not significantly affected by the electron or ion beams for the operating conditions used for this workǤ FigǤ ͵A shows a BF image of such an anhydrite thinǦfoilǤ )n this caseǡ the observed contrast variations at the lengthǦscale of ͳͲǦʹͲ nm form a regular patternǡ which we attribute to the defect structure of the materialǤ  The SAED in the inset confirms that we are dealing with a single crystalǡ similar to the synthetic calcium sulfate crystals ȋFigsǤ ͳ Ƭ ʹȌǡ the diffraction pattern points to a significant mosaicity as evidenced by the elliptical shape of the diffraction spotsǤ DF imaging ȋFigǤ ͵BȌ highlights ̱ͳͲǦʹͲ nm sized discontinuous diffraction domains within the crystalǡ which concide with the microstructural pattern observed in BF ȋFigǤ ͵AȌǤ This is in stark contrast with the thinǦfoils from the single crystals 
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of our fosterite crystal ȋFigǤ SͳȌǡ in which the crystallographic domains are continuous throughout the micron lengthǦscales of the region of interestǤ Similar to the synthetic gypsum and bassaniteǡ the nanoǦdomains in the natural anhydrite are aligned in a single direction as confirmed by the anisotropic shape of the FFT obtained from the DFTEM image ȋinset Fig ͵BȌǤ The high stability of the anhydrite thinǦfoil allowed us to perform highǦresolution imaging ȋFigǤ ͵CȌǡ which confirmed the overall singleǦcrystalline nature of the anhydrite sample ȋsee FFT in the inset in FigǤ ͵CȌǤ (oweverǡ the (RTEM image also contains clear areas of different contrast ȋdarkerȌ that are less ordered then the surrounding crystalline areas ȋlighterȌǤ We highlighted those by performing FFT filtering of the image in FigǤ ͵C and then performing the inverse FFT reconstruction and applying a fake color mapǤ The resulting FigǤ ͵D clearly highlights the nanocrystalline domains ȋͳͲǦʹͲ nm in sizeȌ separated from each other by disordered areas of several nanometres in widthǤ 
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FigǤ ͵Ǥ TEM analysis of a F)B thinǦfoil cut from a natural anhydrite single crystal ȋsee FigǤ SʹȌǤ  AȌ BFTEM imageǢ fluxǣ ̱͸ͷͲ eǦAǒ ǦʹsǦͳǡ estimated received fluenceǣ ʹeʹͷ eǦȀmʹǢ the inset shows an SAED pattern taken from the field of viewǢ the dashed circle marks the diffracted beam used for DF imagingǢ the indices and dǦspacings of the selected diffraction spots are providedǢ   BȌ DFTEM image corresponding to ȋAȌ with enhanced contrast and with the intensity remapped to an Ǯinfernoǯ scaleʹ͸Ǣ the inset  shows an FFT calculated for the image in ȋBȌǢ CȌ the (RTEM image of the foilǢ fluxǣ ̱ͺͲͲk eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹ͹ eǦȀmʹǢ the inset shows the FFT of the (RTEM image and indicates that the lattice fringes in ȋCȌ originate from a single orientation of a crystalǢ  the green dashed circles mark the inner 
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and the outer diameters of the filter ring used to obtain ȋDȌǢ  DȌ the )FFTǦfiltered image from CȌ ȋinverse FFTȌǡ with a fake Ǯinfernoǯ colourǦmap appliedǤ    
 

Implications and Outlook 

Our microscopic analysis of both labǦgrown and natural single crystals of the various calcium sulfate phases shows that they all share remarkably similar nanoȀmesoǦstructuresǤ The considered single crystals of gypsumǡ bassanite and anhydrite are composed of slightly misaligned anisotropic crystallographic domainsǡ which are ̱ͳͲǦʹͲ nm in sizeǤ (enceǡ we classify the observed crystals as mesocrystalsǡ yet following the current consensus we point out that this classification is based on their final structureǡ which essentially does not provide on its own a sufficient evidence for the nonǦclassicalǡ particleǦmediatedǡ growth mechanism͵ͺǡ͵ͻǤ (oweverǡ in our previous work basedǡ on scattering experiments and theoryͳȂ͵ǡͶͲǡ we found that the crystallization of calcium sulfate phases occurs through the coalescence and growth of primary particles within surface fractal aggregates ȋǲbrickǦinǦaǦwallǳȌ͵Ǥ We postulated that this initial step involved a framework structure as a plausible common precursor to gypsumǡ bassanite and anhydriteͳǡʹǤ Our scattering data show that the primary particles in this framework structure are  nanosized CaǦSOͶǡ internally anhydrousǡ clusters ȋδ͵ nm in lengthȌǡ which during the actual crystallization process increase in dimension and polydispersity to form larger structural nanoparticulate subǦunits within the growingǡ finalǡ crystalsǤ (oweverǡ the fact that after the onset of crystallization structural subǦunits are still distinguishable strongly indicates that misalignment and voids exist between the subǦunitsǡ similar to what can be seen in FigǤ ͵DǤ  FigǤ Ͷ shows a SAXS patternǡ adapted from our previous workʹǡ of gypsum crystals synthesized from solution Ͷ hours after the onset of precipitationǡ which is already beyond the final stage of the nucleation processʹͻǤ 
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At this point the ʹD SAXS patterns were anisotropic ȋFigǤ ͶAȌǡ iǤeǤ stronger scattering at higher angles was observed in the direction almost parallel to the y axis of the ʹD detector plane ȋvertical directionȌǡ and thus normal to the x axis ȋhorizontal directionȌǤ This is anisotropy is further highlighted by the reduction to directionǦdependent ͳD scattering patterns ȋFigǤ ͶBȌǤ Taking into account that gypsum forms elongated crystalsǡ iǤeǤ needles͵ʹǡ whose long axis became aligned with the solution flow through a horizontally mounted capillary used for the in situ SAXS measurementsʹǡʹͻ  such an anisotropic scattering pattern is expectedǡ if within the accessible qǦrange there are orientationǦdependent internal variations in the microstructure of the large crystalline particles with respect to their longǦaxesǤ Thusǡ gypsum crystals are composed of smaller structural features ȋeǤgǤ nanoparticlesȌǡ which are oriented with respect to each otherǤ The larger dimension of these anisotropic nanoǦdomains are oriented parallel to the flow and the longǦaxis of the crystals containing these particlesǡ and vice versa ȋinset in FigǤ ͶBȌǤ The intensity of both directionǦdependent ͳD scattering patternsǡ iǤeǤ parallel and perpendicular to the flow directionǡ scale with ̱qǦͶ for qͲ δ ̱ͲǤͷ nmǦͳ ȋFigǤ ͶBȌǡ originating from the internal and external interfaces of gypsum crystalsǤ For qͲ ε ̱ͲǤͷ nmǦͳ the scattering intensity of both patterns scales with qεǦͶǡ originating from structural features with a characteristic size of δʹȀqͲ α ̱ͳ͵ nm ȋequivalent to the radius of gyrationȌǤ Thereforeǡ we define these crystals as ǲbrickǦinǦaǦwallǳ surface fractal aggregates͵Ǥ At long lengthǦscales ȋlowǦqȌ these objects appear to be homogeneous ȋsingle crystalsȌ with their scattering patterns dominated by the interface between the them and the surrounding solution ȋiǤeǤ )ȋqȌ ן qǦ͵ ε a λ ǦͺȌǤ )n contrastǡ at short lengthǦscales ȋhighǦqȌǡ the scattering patterns represent form factors of the building units of these crystalsǤ These are very densely packed with respect to each other ȋin contrast to classical mass fractalsȌǡ yet still clearly distinguishableǤ 
 



 ͳͻ 

FigǤ ͶǤǡ SAXS pattern acquired from a solution containing gypsum crystals synthesized and aged for Ͷ hours in a solutionǤ AȌ ʹD SAXS patterns from a ͷͲ mM CaSOͶ solution equilibrated at ͳʹ ιC for Ͷ hours after the onset of precipitationǤ )ntensity scale colorǦcodingǣ red Ȃ highǡ blue Ȃ lowǢ BȌ ͳD angleǦdependent SAXS curves from ȋAȌ obtained by averaging pixels at similar q and limited to caǤ ΪȀǦ ͵ι angle off the direction indicated by the chosen azimuthal angle ȋthe equatorial and meridional directions of the elliptical ʹD patternȌǤ The change in the )ȋqȌ dependence of the scattering exponent in different parts of the ͳD patterns are also shown to emphasize the differences in the highǦq part of the data ȋdashed linesȌǤ )nsetǣ schematic representation of the morphology of flowǦoriented particlesǤ ȋadapted from refǤ ʹǡ 
where further experimental details can be foundȌǤ 
 

 

Our data show that the reǦstructuring and coalescence processes by no means continue until a nearǦperfectly homogeneous single crystal is obtainedǡ and instead it comes to a stop or at least significantly slows downǤ This growth behaviour can be rationalized if we consider that during the early stages of precipitation all calcium sulfate crystals appear to grow through the reorganization and coalescence of aggregates rather than through unit additionǤ )n order to obtain 
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wellǦordered anhydrous cores of CaǦSOͶ surrounded by (ʹO layers ȋas found in gypsumȌǡ (ʹO channels ȋbassaniteȌǡ or fully dehydrated crystals ȋanhydriteȌǡ the nanoparticle aggregates must radically transform from a local lessǦordered structure to a more ordered crystalǤ (enceǡ any mass transport processes inside such aggregates must be subject to slow diffusion processes compared to transport in a bulk aqueous solutionǤ This process thus yields a final imperfect mesocrystalǡ composed of smaller domains rather than a perfectly continuous single crystalǤ This earlyǦstage crystallization howeverǡ does not exclude growth by ionǦbyǦion addition͵͸ǡ a process that will still dominate eǤgǤǡ at low supersaturationsǤ Furthermoreǡ the nanoǦscale misalignment of the structural subǦunits within crystals might propagate through the lengthǦscalesǡ is expressed macroscopically as spherulites ȋformed at low supersaturationsȌ and multiple twins ȋFigǤ ͷaȌǡ or as misaligned zonesȀdomains in large single crystalsǡ as one can clearly see in the giant crystals from Naica grown at extreme low levels of supersaturation͵ͷ ȋFigǤ ͷBȌǤ  
)n conclusionǡ the data presented in this work provide compelling evidence that the particleǦmediated nucleation pathway is ǲfossilizedǳǡ iǤeǤ retaining the initial nanoparticle aggregate structureǡ inside of the structure of all three calcium sulphate  phasesǤ This finding is paramount to explain the patterns observed in natural calcium sulfate formationsǡ but is also essential to improve our control over the crystallization of calcium sulfateǡ an industrially relevant material ȋeǤgǤǡ plaster 

of Parisǡ scalantȌǤ  
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FigǤ ͷǤ  Typical ȋAȌ spherulite and ȋBȌ multiple twin morphologies observed for lab grown gypsum crystals at the same magnification Ǣ ȋCȌ A giant gypsum single crystal from Naicaǡ Chihuahuaǡ MexicoǤ Smaller coǦaligned domains ȋa few are delineated with dotted black parallelsȌ are clearly visible in the bulk of the crystalǤ Arrows indicate the cǦaxes of the crystalǤ 
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Figure SͳǤ TEM analysis of a F)B thinǦfoil cut from a natural fosterite ȋnominally MgʹSiOͶȌ and generic olivine ȋȋMgǡFeʹΪȌʹSiOͶȌ single crystalsǤ  Electron beam currentǢ  AȌ (R image of fosterite showing clear and uniform lattice fringes in the entire field of viewǢ  fluxǣ ̱ͺͲͲk eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹ͹ eǦȀmʹǢ the inset shows the FFT of the (R image and indicates that the lattice fringes originate from a single orientation of a crystalǢ  BȌ SAED pattern of fosterite with the dashed circle marking the diffracted beam used for dark field imagingǢ CȌ lowǦmagnification BF image of fosteriteǢ fluxǣ ̱ͻͺͲ eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹͷ eǦȀmʹ DȌ DFTEM image  corresponding to ȋCȌ showing that the field of view is essentially crystallographically uniformǡ with the differences in contrast originating from the imperfections of the F)B foilǡ such as its warpingǢ EȌ (R image of highlyǦcrystalline olivine showing clear and uniform lattice fringes in the entire field of viewǢ  fluxǣ ̱ͺͲͲk eǦAǒ ǦʹsǦͳǡ estimated received fluence ̱ͳeʹ͹ eǦȀmʹǢ FȌ SAED pattern of olivine demonstrating a highǦquality single crystalline nature of the sampleǤ  
 

 

 


