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Graphical Abstract 

 

Fe-nanominerals and TiO2 mineral nanoparticles (upper-left) into the studied Parnassos-

Ghiona bauxite and possible extraframework position of Th4+ into anatase structure (upper-

right); titanium octahedral sites ([6]Ti4+ sites) occurring in Th-hosting nano-perovskite into the 

Bayer process solid residues -red mud- (lower-left) in contrast to anatase [6]Ti4+ sites existing 

in the parent bauxite material. 
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SUMMARY 

Karst-type bauxite deposits have been exploited in central Greece, in the area of 

legendary Parnassos Mountain near the Oracle of Delphi, since 20’s. The existence of bauxite 

in Parnassos-Ghiona was announced around 1922, giving possibilities of developing an 

aluminium industry in Greece. The Al-ores are hosted within Mesozoic carbonate formations 

of the Parnassos-Ghiona geotectonic zone, which is characterized by nearly continuous 

sedimentation of epicontinental reef-like carbonates from the Upper Triassic to the Upper 

Cretaceous. The exploitation is currently performed by three Greek mining companies 

(“Aluminium S.A.”, “S&B Industrial Minerals S.A.” and “ELMIN Hellenic Mining Enterprises 

S.A.”), whereas there is also an Al industrial plant installed at the coastal zone of the Corinth 

gulf, which is the largest vertically integrated Al producer in the E.U.. Numerous geological 

studies have been published about the deposits, whereas their main mineralogical and 

geochemical characteristics have been described by several authors using various 

conventional microscopic and analytical methods, such as optical microscopy, SEM-EPMA, 

XRD, XRF, Fire-Assay/AAS/ICP and TGA/DTA. 

The main purpose of the present dissertation was to combine -for first time in the 

literature with regard to karst-type bauxites of Greece and the globe- diffraction (PXRD), 

analytical in bulk and microscale (ICP-MS/OES, LA-ICP-MS), thermal (TGA/DTG, DSC), 

spectroscopic in bulk and microscale (FTIR, 57Fe Mössbauer, high-resolution gamma-ray, 

Laser μ-Raman, SR μ-XRF, (μ)-XANES/(μ)-EXAFS), microscopic (optical, SEM-EDS/WDS), and 

nanoscopic (FEG TEM-EDS & EELS) techniques, together with magnetic susceptibility 

measurements, for the detailed mineralogical and geochemical characterization and the 

study of mineral nanoparticles and nanominerals in typical Fe-rich (low grade, red-brown) 

and Fe-depleted (high grade, white-grey, Al-rich: Al2O3 ca. 80 wt.%) from active mines of the 

Parnassos-Ghiona area. Nanoscopy, related to nanogeoscience, is expected to play a crucial 

role in the exploration and exploitation of basic, noble and strategic metal resources. The 

above novel mineralogical and geochemical data were used to illustrate new insights into 

the origin of the deposits. Moreover, STEM-HAADF and SF-ICP-MS techniques were 

additionally applied for characterization and leaching experiments with respect to bauxite 

metallurgical residues (so-called “red mud”), in order to provide with additional data which 
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are interesting not only to the mining but also to the metallurgical industry and 

environmental technology. In addition, stable isotope measurements (δ18O and δ13C) were 

used in the case of hanging wall and footwall limestones of Pera Lakkos mine, to conclude 

about the mineralogy and geochemistry of the intercalated bauxites. 

Bauxite samples were collected in collaboration with “Aluminium S.A.”, “S&B Industrial 

Minerals S.A.” and “ELMIN Hellenic Mining Enterprises S.A.” from currently active mines in 

the Parnassos-Ghiona area. The final composite samples concerned the Fe-rich and the Fe-

depleted bauxites. The PXRD investigation confirmed the presence of AlOOH polymorphs 

(diaspore and/or boehmite), TiO2 polymorphs (anatase and rutile), and Fe-

oxides/oxyhydroxides, as the major mineral components. The laser μ-Raman results showed 

that the different bauxite types (diasporic or boehmitic) can easily be identified regardless of 

sample type by recording spectra in the low-wavenumber region (250 cm-1 – 600 cm-1) 

where distinct bands of the natural AlOOH polymorphs are easily discernible (448 cm-1 for 

diaspore and 362 cm-1 for boehmite). The thermal analyses and FTIR measurements, also 

contributed to the elucidation of the volatile constituents (predominantly hydroxyls). The 

bulk geochemical analyses revealed that, except for major elements (mainly Al and Fe), the 

studied industrial bauxites contain an exceptional variety of trace elements, with remarkable 

positive geochemical anomalies with respect to High-Field Strength Elements (HFSE), Rare 

Earth Elements (REE), actinide elements (Th, U), as well as in most of compatible elements. 

Especial emphasis was given to Pera Lakkos mine where a case geochemical study was 

performed, including the surrounding coal and limestones. Among all trace elements 

studied, Th is stated to be important, related to mining, metallurgical and environmental 

issues. According to XRF and ICP-MS analyses Th, is relatively increased in Fe-depleted 

samples containing up to 62.75 ppm Th corresponding to 220 Bq/kg due to 228Ac (232Th-

series), whereas Fe-rich samples are less Th-radioactive (up to 58.25 ppm Th, 180 Bq/kg due 

to 228Ac). SEM-EDS indicated the presence of Ti-Fe-containing phases (e.g., ilmenite: FeTiO3), 

chromites and besides LREE-minerals (mostly bastnäsite/parisite-group) and zircon (ZrSiO4) 

hosting a part of the bulk Th. The presence of Th in diaspore and in Ti-containing phases (not 

detected by SEM-EDS as in the case of REE-minerals and zircon) was investigated, into 

distinct pisoliths of Fe-depleted bauxite, using μ-XRF and μ-XAFS. XAFS spectra of Th salts 

and Th-containing reference materials were obtained as well. Accordingly, it was revealed, 
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for the first time in the literature, that Ti-phases, and particularly anatase, host significant 

amounts of Th. This novel conclusion was complementary supported by LA-ICP-MS analyses 

indicating an average of 73 ppm Th in anatase grains together with abundant Nb (3356 

ppm), Ta (247 ppm) and U (33 ppm). The Th LIII-edge XAFS spectra as compared to reference 

materials, gave also evidence that Th4+ may not replace Ti4+ in distorted [TiO6] fundamental 

octahedral units of anatase and ilmenite lattice (CN=6). The occupation of either 

extraframework sites of higher coordination (CN=6.9 or even CN=7.4), according to EXAFS 

signals evaluation, or of defected/vacant (�) sites is more probable. This is likely explained 

by the difficulty of Th4+ to replace directly Ti4+ in [6]-coordinated (octahedral) sites due to 

the large difference in the relevant ionic radii (0.940 Å and 0.605 Å, respectively). 

The discovery of Th-hosting anatase in microscale into karst-type bauxite, allowed further 

investigation concerning the study of mineral nanoparticles and nanominerals in Fe-depleted 

(high grade) samples, by means of a combined utilization of diffraction, spectroscopic, 

microscopic, and nanoscopic techniques. Initial characterization using SEM-EDS/WDS proved 

the presence of Fe-Cr-Ti-containing diaspore, anatase and minor rutile, together with traces 

of zircon, chrome-spinel and REE fluorocarbonates. The subsequent study by means of 57Fe 

Mössbauer, in correlation with magnetic susceptibility vs temperature measurements, and 

complementary Synchrotron-based spectroscopic techniques in microscale (μ-XRF and μ-

XANES/-EXAFS), indicated that Fe3+, in contrast to [6]Cr3+, is not exclusively a component of 

the structure of α-AlOOH (diaspore). According to the Cr K-edge EXAFS spectral results, the 

interatomic distance between the central atom of Cr and the first neighbor of O of the first 

shell is calculated at 1.965 Å. The nanoscopic study, using FEG TEM-EDS & EELS, revealed 

TiO2 polymorph mineral nanoparticles, particularly rounded anatase nanocrystals dispersed 

into the diaspore matrix (in areas appearing phase-homogeneous in microscale), as well as 

individual needle-shaped rutile. Additionally, it was proved that, except Fe3+ substituting Al3+ 

in the structure of diaspore, a percentage of the metal exists also in the form of peculiar Fe3+ 

nanominerals (probably maghemite-type phases or most likely semi-amorphous/disordered 

or even completely amorphous Fe phases in nanoscale) that are between 25 and 45 nm in 

size. Thus, diaspore in the studied karst-type bauxite concerns in fact a Fe-Cr-AlOOH low-T 

(sedimentary) phase, which was demonstrated for first time in the literature. On the other 

hand, the occluded Ti mineral nanoparticles and Fe nanominerals, revealed by HRTEM, were 
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hitherto unknown not only for the allochthonous karst-type bauxite deposits of central 

Greece, but also for the overall bauxite deposit groups worldwide. Thus, the present 

dissertation gives strong evidence for the importance of nano-mineralogy and -geochemistry 

in the characterization of Al-ores, and in general of metal oxide/hydroxide ore deposits, as 

has also been proved in the case of metals in sulfide ores. Mineral nanoparticles and 

nanominerals, related to nanogeoscience issues, seem to be the final frontier of ore 

mineralogy and geochemistry being playing a vital role in the exploration and exploitation of 

basic, noble and strategic metal resources. 

The findings about the mineralogy and geochemistry of the studied bauxites gave robust 

proof for the origin of the Panassos-Ghiona karst-type bauxites. The vital contribution of the 

pre-Cretaceous (Middle-Upper Jurassic) ophiolites of the Hellenides is more than obvious, 

due to the presence of detrital chromite grains, of possible zircon crystals from the basic 

members (gabbros) and the plagiogranites, and also of positive geochemical anomalies for 

relevant compatible elements (Ti, Cr, V, Ni, Sc). This is in accordance to all previous 

observations. It is evident that the enrichment in other trace elements, namely some HFSE 

(Zr, Ce) and actinides (U, Th), can hardly be attributed to contribution of ophiolites and must 

be derived from pre-existing acidic geological formations. Specific information were 

obtained using discrimination geochemical diagrams based on ratios of “contrasting 

elements” (occurring either in acidic or mafic rocks), such as Th/Sc vs Zr/Sc, as well as on REE 

anomalies, i.e. Eu/Eu* and Ce/Ce*. Thus, it was stated evident that acidic igneous rocks, 

predominantly volcanic, also contributed, besides ophiolites, to the formation of Parnassos-

Ghiona bauxite deposits. It is proposed that Triassic volcanic rocks showing a variable 

composition, from sub-alkaline basalts to rhyolite, volcano-sedimentary complexes formed 

during the rifting stage of Permo-Triassic age, and perhaps also Paleozoic igneous rocks 

(~300 Ma) occurring in the pre-Alpine basement of areas, such as the central Evia Island, 

have contributed to formation of later (Jurassic-Cretaceous) bauxites of Parnassos-Ghiona. 

Finally, bauxite refining solid wastes (red mud) from Greece were characterized using a 

combination of diffraction, microscopic, analytical, and spectroscopic techniques (XRD, SEM-

EDS, STEM-EDS/EELS, XRF, ICP-OES/MS, HR γ-ray Spectrometry, and XANES/EXAFS). The bulk 

XRD-detected crystalline phases concern hematite (α-Fe2O3), calcite (CaCO3), gibbsite & 
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diaspore (AlOOH-polymorphs), Na-Ca-Al-silicate-carbonate & Ca-Al-hydroxysilicate phases 

(cancrinite- & “hydrogarnet”-type phases), quartz (SiO2), anatase (TiO2) and 

phyllosilicates/clays while the microscale study by SEM-EDS indicated a dominant “Al-Fe-Ca-

Ti-Si-Na-Cr matrix”. Bulk Fe K-edge XANES proved the abundance of Fe3+ and also revealed 

the existence of minor Fe2+. Bulk analyses showed that except major Fe, Al, Ca, Si, Ti, Na and 

C (86.5 wt.%) and significant volatiles (LOI: 13.6 wt.%), the material contains Cr (2403 ppm), 

V (1081 ppm), Ni (902 ppm), As (164 ppm), Pb (120 ppm), as well as remarkable Th (111 

ppm). The latter, and also minor U (15 ppm), are responsible for radioactivity (352 and 134 

Bq Kg-1 for 232Th and 238U respectively) with total dose rate 285 nGy h-1. The radioactivity of 

parent material (typical Greek bauxites) was also measured for comparison. Leaching 

experiments, in conjunction with SF-ICP-MS, using Mediterranean seawater from Greece, 

indicated significant release of V, depending on solid/liquid ratio, and negligible release of 

Th, and therefore of radioactivity, at least after 12 months leaching tests. However, almost 

all trace elements, including REE, are relatively mobile in concentrated acetic acid solution 

implying potential recovery technologies. Similar seawater- and acid-leaching were also 

applied in industrial bauxite samples. Subsequent STEM-EDS/EELS study of leached red mud 

revealed that the significant immobility of Th4+ is due to its incorporation into an insoluble 

nano-perovskite phase with a major composition Ca0.8Na0.2TiO3. Various elemental 

impurities, such as Ce, Nb, Zr, are detectable into the low-T & low-P nano-perovskite. 

Additionally, nanoscale -Th-free- insoluble Fe-oxides (nano-hematite/Ti-hematite, and nano-

magnetite/Ti-magnetite), as well as nano-anatase, and nano-diaspore, were also found as 

constituents of the “Al-Fe-Ca-Ti-Si-Na-Cr matrix”. Th LIII-edge EXAFS spectra showed, for first 

time in the literature, that Th4+, hosted in this novel Ca-Na-(Ce-Nb-Zr-Cr)-nano-perovskite of 

red mud, occupies Ca2+ sites rather than Ti4+ sites. It is therefore, herein, stated that the 

above nanophase is the reason of low Th release in acid medium, and subsequently of the Th 

immobility into Greek red mud exposed in Mediterranean seawater. 
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FT: Fourier transform 

SUL-X beamline: X-ray beamline of the Synchrotron Laboratory for Environmental Studies 

(Synchrotron Umwelt-Labor SUL) of ANKA Synchrotron Light Source 

FEG: Field Emission Gun 

TEM: Transmission Electron Microscopy 

HRTEM: High-Resolution TEM 

FEG-TEM: Field Emission Gun TEM 

STEM: Scanning TEM 

STEM-EDX: Scanning TEM mapping by Energy Dispersive X-ray spectroscopy 

HR-STEM: High-Resolution STEM 

HAADF: High-Angle Annular Dark-Field imaging 

EELS: Electron Energy Loss Spectroscopy 

BF image: Bright Field image 

SAED pattern: Selected Area Electron Diffraction pattern 

SF-ICP-MS: Sector field ICP-MS 
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Avg.: Average 
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Chr: Chromite 

Dsp: Diaspore 

Hem: Hematite 

Mgt: Magnetite 

Zrn: Zircon 

REE: Rare Earth Elements 

LREE: Light REE 

HREE: Heavy REE 

ΣREE: Total REE 

ΣLREE: Total LREE 

ΣHREE: Total HREE 
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LILE: Large Ion Lithophilic Elements 

UCC: Upper Continental Crust 

NASC: North America Shale Composite 

PAAS: Post-Archaean average Australian Sedimentary rock 

ES: European Shale 

OC: Ordinary Chondrites 

CI: Carbonaceous Chondrites 

“Masuda-Coryell” diagram: REE normalized diagram 

CeA: Ce anomaly 

EuA: Eu anomaly 
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1. INTRODUCTION 

 

1.1. Aluminium and bauxites 

Aluminum is the sixth most abundant element in the Earth. It is a highly refractory 

lithophile element. The radioactive isotope 26Al quickly decayed into 26Mg in the first millions 

of years of the Solar System’s evolution. It provided substantial heating to the early 

planetary bodies, and the isotopic composition of Mg is one of the most widely used extinct 

radioactivity chronometers. Thus, aluminium is an abundant element in Solar System (Figure 

1.1.1), showing the possibility to form various phases in the Solar Gas (Figure 1.1.2). 

 

Figure 1.1.1: Abundances of the element in the Solar System (modified after Lodders, 2010). 
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Figure 1.1.2: Percentage distribution of aluminum between different phases in a solar 

composition gas. Species are indicated with (g) correspond to gaseous, whereas other are 

condensed matters (Fegley & Schaefer, 2010). 

 

 

Aluminium micro- and nanomineral phases identified from interstellar grains in chondritic 

meteorites concern corundum (Al2O3), spinel (MgAl2O4) and hibonite (CaAl12O19), while 

primary Al mineral phases in chondrules of type 3.0 chondrites concern augite, spinels and 

feldspars (Hazen et al., 2008). Moreover, it is known that the matrices of many primitive CI 

chondrites are dominated (>50 to 60%) by clay minerals, including saponite 

[(Ca,Na)0.3(Mg,Fe2+)3(Si,Al)4O10(OH)•4H2O] (Hazen et al., 2013). 
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Figure 1.1.3: The major-element composition of primitive material in the inner Solar System 

(Drake & Righter, 2002). 

 

 

Although it is unlikely for Al to enter in large proportions in the core, however, it is a 

major constituent of many major minerals at any depth in the Mantle and in the Crust. In the 

mantle, it enters plagioclase up to pressures of about 1 GPa, spinel to 2 GPa, and garnet 

beyond. At these high pressures, Al also enters clinopyroxene (Al-pyroxene) in large 

proportions: garnet and clinopyroxene dissolve into each other to form majorite, an 

essential mineral phase of the mantle above the 660 km discontinuity. At higher depth, Al is 

hosted in a perovskite structure and also occurs as δ-AlOOH (e.g., Mierdel et al., 2007; Nishi 

et al., 2014; see Figure 1.1.4). In general, it should be mentioned that Mantle contains much 

less aluminium, and in general in the interior of the Earth, aluminium exists in high-pressure 

(HP) minerals and ultra high-pressure (UHP) minerals. 
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Figure 1.1.4: Distribution of aluminium and aluminium minerals in 

the Earth (upper image: data from McDonough & Sun, 1995; 

Rudnick & Gao, 2003; middle image: Ballaran et al., 2004; lower 

image: Nishi et al., 2014). 
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Figure 1.1.4: Continued. 

 

 

The major mineral that hosts Al in igneous rocks is feldspar: only plagioclase occurs in 

basalts, while plagioclase and alkali feldspar may occur together in felsic rocks. Biotite mica 

may occur in both types of rocks but normally accounts for only a small part of the Al 

inventory. In sedimentary rocks, Al is hosted in clay minerals, such as kaolinite and illite and, 

occasionally, in detrital feldspars. In metamorphic gneisses and schists, Al largely resides in 

feldspars and micas. Aluminum can be tetrahedrally coordinated and in this coordination it 

replaces Si in the center of oxygen tetrahedra. It can also be octahedrally coordinated and 

form solid solutions with elements, such as Ca, Mg, and Fe. During melting, the Al-rich 

minerals (feldspar, spinel, garnet) quickly dissolve into the melt and Al therefore behaves as 

a moderately incompatible element. During low-pressure fractionation of basalts, Al is 

removed by plagioclase precipitation. At higher pressure, plagioclase solubility in silicate 

melts increases, and this mineral does not precipitate until a late stage in the magmatic 

differentiation. Aluminum is therefore useful in assessing the depth of differentiation of 

basaltic series. In mid-ocean ridge and continental flood basalts, Al concentrations do not 

vary much with fractionation because they are buffered by plagioclase removal: these lavas 

are differentiated at low pressure in the plagioclase stability field. In contrast, Al 

concentrations increase steadily with fractionation of Hawaiian basalts: these rocks evolve at 
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higher pressure in the absence of plagioclase. Typical concentrations of Al2O3 in basaltic and 

granitic melts average 15 wt.%. 

Thus, aluminium on the Earth occurs in a variety of minerals, including common rock-

forming minerals (Figure 1.1.5), and rocks, but the only reliable resource, worldwide, still 

remains bauxite. It is notable that Al minerals are not specially included in minerals 

produced by biological mineralization processes, and thus Al biominerals are not common 

(Hazen et al., 2008). 

 

Figure 1.1.5: Earth minerals (corundum: http://www.mindat.org/XHK-

AND; diaspore: http://www.mindat.org/2TM-TR6; kyanite: 

http://www.mindat.org/HQ6-FHN) containing the highest amount of 

aluminium. 
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Bauxite is a supergene aluminium ore, formed under surficial processes (Robb, 2005), 

consisting predominantly of AlOOH polymorphs (α-AlOOH: diaspore, β-AlOOH: boehmite, γ-

AlOOH: gibbsite), Fe-oxides (mainly α-Fe2O3: hematite) and TiO2 polymorphs (mainly 

anatase). The Upper Crust, where bauxites occur, contains 8.15 wt.% Al (McDonough & Sun, 

1995; Rudnick & Gao, 2003), whereas higher concentration has been reported for the Lower 

Crust (Figure 1.1.4). 

Aluminium (Al) is basic non-ferrous metal widely used in myriads of applications by 

humankind in modern society. The metal was first produced in 1825 in an impure form by 

Danish scientist Hans Christian Ørsted. Friedrich Wöhler, a German chemist, is considered to 

have isolated Al in pure form. The recent global production is more than 40 million tonnes, 

and has exceeded any other metal except Fe. According to recent studies (Sen & Peucker-

Ehrenbrink, 2012; Liu & Müller, 2013a; Liu & Müller, 2013b; see Figures 1.1.6 – 1.1.10), the 

human contribution to Al natural cycling is significant, whereas the per-capita use of Al 

varies significantly across countries, with a global average of 7.2 kg in 2008. Average 

industrialized countries used about 10−60 kg of aluminum per-capita. 

 

Figure 1.1.6: Anthropogenic disturbance of element cycles at the 

Earth’s surface (Sen & Peucker-Ehrenbrink, 2012). 
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Between different countries, there are differences regarding with the reservation of Al 

stocks in form of ore (bauxite) and the possession of Al stocks in use. It is evident that 

Greece reserves considerable amounts of bauxite while the use of the metal is not always 

rational. It is notable that Western Europe (mainly Germany), North America (mainly USA) 

and, of course, China and Japan, are the major consumers of Al. The global aluminum 

demand is anticipated to triple at least by 2050 (Liu et al., 2011 and references therein), 

indicating the necessity for more bauxite exploration and exploitation worldwide. 

 

Figure 1.1.7: Density-equalizing maps of the aluminum stocks in 2010 

in bauxite reserves (top) and in use (bottom). Country sizes are 

distorted in proportion to their absolute aluminum stocks. Color scale 

indicates per-capita aluminum stocks (Liu & Müller, 2013a). 
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Figure 1.1.8: Historical global aluminum stocks in principal 

repositories, 1900-2100 (Liu & Müller, 2013a). 

 

 

Figure 1.1.9: The global aggregated trade flows of aluminum in 

bauxite, alumina, unwrought aluminum, semis, finished products, 

and scrap for the year 2008 (Liu & Müller, 2013b). 
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Figure 1.1.10: International trade of aluminum in bauxite, alumina, 

unwrought aluminum, semis, final products, and scrap in 2008 (Liu & 

Müller, 2013b). 

 

 

Bauxite was firstly recognized as aluminium (Al) ore in the Les Baux village (Southern 

France) by the French geologist P. Berthier in 1821. This geological material was formed 

under hot and humid climate in upper Mesozoic Era, more than 100 million years ago, due to 

intense weathering of various rock types of the ancient continent. After prolonged 

dissolution of the rocks and subsequent complex geochemical reactions, the insoluble 

chemical compounds (mostly AlOOH polymorphs) and residual minerals were deposited into 

cavities of older limestones (karstic surfaces). Further geological processes contributed to 

the final formation of the so-called “karst-type” (Valeton, 1972; Bárdossy, 1982; see Figure 

1.1.11) allochthonous bauxite (ca. 15% of the world deposits), which is predominant in the 

Mediterranean belt, in contrast to lateritic autochthonous bauxite occurring in Australia, 

Brazil, India, etc (ca. 85%). 
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Figure 1.1.11: Bauxites, lateritic and karst, in the globe (Bárdossy, 1982). 
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1.2. Bauxite formation 

There are several deposit types where the final enrichment stage is related to surficial 

weathering processes. Some of these deposit types are economically very important and 

contain ores, such as bauxites, which do not occur in any other form (Robb, 2005). The main 

chemical processes that contribute to weathering include dissolution, oxidation, hydrolysis, 

and acid hydrolysis. The relative solubilities of different elements in surface waters depend 

on a variety of factors, but can be qualitatively predicted (Figure 1.2.1) in terms of their ionic 

potential (or the ratio of ionic charge to ionic radius). 

 

Figure 1.2.1: Relative mobility of selected ions in aqueous solutions in the surficial 

environment (Robb, 2005). 
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Hydrolysis is defined as a chemical reaction in which one or both of the O–H bonds in 

the water molecule are broken. The hydrolysis of aluminum, yielding an aluminum hydroxide 

precipitate, is illustrated by reaction: 

Al3+ + 3H2O ↔ Al(OH)3 + 3H+ 

It is this type of process that results, for example, in the concentration of aluminum (as 

gibbsite Al(OH)3) and ferric iron (as goethite FeOOH) in lateritic soils. The accumulation of an 

alumina rich residuum, as opposed to one enriched in iron, is a function of higher rainfall, 

and also of lower average temperatures (around 22 °C rather than 28 °C for ferricretes) and 

of higher humidity. Actual alumina enrichment is due, at least in part, to relatively high Si 

mobility compared to Al, and probably reflects near neutral pH conditions (between 4.5 and 

9; see Figure 1.2.2). 

 

Fig. 1.2.2: The solubility of Si and Al as a function of 

pH (Robb, 2005). 
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This results in incongruent dissolution of minerals such as feldspar and kaolinite, where Si 

is leached in preference to Al, yielding a gibbsite-like residue. This process is shown 

schematically as: 

Feldspar (Si,Al) – (loss of Si) → Kaolinite – (loss of Si) → Gibbsite

In the case of K-feldspar the dissolution is slow and irreversible. The dissolution rate of K-

feldspar is lower compared to plagioclases and has been estimated 12.5 mol/m2/s (Lasaga et 

al., 1994). 

 (Al(OH)3) 

KAlSi3O8 + 4H+ → K+ + Al3+ + 3H4SiO4 

However, upon saturation of the aqueous medium with any of the erosion/weathering 

products, equilibrium between 

the fluid and the solid phase is 

achieved. As shown in Figure 

1.2.3 (Lasaga et al., 1994) in the 

beginning, gibbsite precipitates 

and later on supersaturation with 

regard to kaolinite, causes the 

precipitation of kaolinite and the 

subsequent dissolution of 

gibbsite. At the end, gibbsite 

dissolves, and the fluid 

composition goes into kaolinite 

stability field. In due course, the 

system reaches equilibrium with 

feldspar (Figure 1.2.3). 

Feldspars are rather soluble, among various rock-forming minerals, with relatively high 

dissolution rates (Figure 1.2.4). However, it should be mentioned that among feldspars, 

plagioclases, and particularly anorthite (CaAl2Si2O8, Al = 18.97 wt.%), are the most soluble 

Figure 1.2.3: Activity-activity diagram showing the 

chemical composition path of a solution in equilibrium 

with dissolving feldspar (Lasaga et al., 1994). 
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and Al-bearing minerals and hence the most favorable source of Al in erosion/weathering 

followed by laterization and bauxitization processes (Bowen, 1922; Lasaga et al., 1994). 

 

Figure 1.2.4: Dissolution rates (1 mm crystal, pH = 5, 25 °C) and lifetime (yrs) of 

rock-forming minerals of igneous rocks as related to Bowen Reaction Series 

(modified after Bowen, 1922 and Lasaga et al., 1994). The minerals with higher Al 

content are marked with red-shaded rounded rectangles. 

 

 

The dissolution of plagioclase, and particularly of anorthite, starting from the surface of 

the mineral, includes three major steps and leads to characteristic etch-pits (Oelkers & 

Schott, 1995; Lüttge et al., 1999; see Figure 1.2.5). 
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Figure 1.2.5: Dissolution of anorthite (after Oelkers & Schott, 1995; Lüttge et al., 1999). 
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In relatively higher temperature (210 °C) 

secondary Al oxyhydroxides -including 

boehmite- can be precipitated, in 

microscale, on the dissolved surface of 

anorthite (Murakami et al., 1998). 

Moreover, when anorthite occurs together 

with pyroxene, i.e., in the case of gabbroic 

rocks, a pseudomorphic replacement of the 

feldspar by gibbsite, after surface 

dissolution, takes place (Merino et al., 

1993; see Figure 1.2.6) through the 

following reaction: 

 

CaAl2Si2O8[An] + Al3+ + 5H2O → 3Al(OH)3[Gibb] 

+ Ca2+ + 2SiO2(aq) + H+ 

 

In the case of bauxitization, the 

redistribution of Fe, and the segregation of 

Al and Fe, is a necessary process in bauxite 

formation because ferruginous minerals 

tend to contaminate the ore. High quality 

bauxitic ores require that both Fe and Si be 

removed, but not alumina, whereas 

ferricretes and conventional laterites are 

characterized by different combinations of 

element leaching. The interplay of Eh and 

pH is critical to the formation of high 

quality bauxitic ores (Figure 1.2.7). The 

optimum conditions for bauxite formation 

Figure 1.2.6: Pseudomorphic replacement of 

anorthite by gibbsite and pyroxene by 

hematite (Merino et al., 1993). 
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are provided in field 6 where groundwater solutions will preferentially remove Fe. In this 

field Al hydrolysates are stable, especially at pH between 5 and 7, and gibbsite will 

accumulate (Norton, 1973; Robb, 2005). 

 

Figure 1.2.7: Eh–pH diagram showing conditions relevant to the formation of laterites and 

bauxite ore (Robb, 2005). 

 

 

Seasonal climatic variations are also considered important to the formation of bauxitic 

ores as the alternation of wet and dry spells promotes fluctuations in groundwater levels 

and, hence, dissolution and mass transfer. Thus, most of the bauxites are ordered after their 

age, according to alignments indicating the existence of palaeoclimatic belts of humid 
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intertropical type that were susceptible of having generated a laterizing pedogenesis, during 

geological time when these bauxites and laterites were formed (Nicolas & Bildgen, 1979; 

Robb, 2005). Subsequently, special climatic periods during Earth history with a greenhouse 

effect, allowed intense lateritic weathering during limited time intervals and therefore, 

formation of bauxite deposits (Bardossy & Aleva, 1990; Valeton, 1994; see Figure 1.2.8). 

 

Figure 1.2.8: Generalized temperature and precipitation curves of the 

Phanerozoic and the distribution of bauxite in time (Bardossy & Aleva, 1990; 

Valeton, 1994). 

 



21 
 

PhD Thesis Platon N. Gamaletsos September 2014 

Among various weathering periods that have been recorded in the European continent 

during Late Mesozoic and Tertiary, the Upper Jurassic to Eocene, and particular the 

Cretaceous interval, is considered the most important for bauxitization processes (Bárdossy, 

1982). The Cretaceous period is generally considered to have been a time of typical warm 

climate (Figure 1.2.9). 

 

Figure 1.2.9: Cretaceous climate and supergene ore deposits, i.e., bauxites and laterites, 

(Scotese, 2001). 
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Moreover, Steuber et al. (2005) 

studied rudist bivalves 

(Hippuritoidea) to record intra-shell 

variations in δ18O values and hence 

the evolution of the seasonality of 

Cretaceous sea surface temperatures. 

The study indicated high maximum 

temperatures (~35 to 37 °C) and 

relatively low seasonal variability 

(<12 °C) between 20° and 30° N 

during the warmer episodes (Figure 

1.2.10). 

It is evident that Cretaceous seas 

of the Tethys paleo-Ocean were 

exceptionally warm (between 6 and 

14 C° warmer than today) and the 

growth of rudists, as major reef-

building organisms, was favored in 

carbonate platforms (Skelton et al., 

2006; see Figure 1.2.11). During this 

geological period, rudist reefs were 

so dominant that they pushed 

scleractinian corals out of many 

tropical environments, including 

shelves that they occur now in 

Caribbean and the Mediterranean. 

 

 

 

Figure 1.2.10: Palaeo-positions (palaeolatitudes 
between 8° and 31 °N) of early Aptian / 119Myr ago 
and Maastrichtian / 67Myr ago rudist bivalves 
(Hippuritoidea) used to record intra-shell variations 
in δ18O values and hence the evolution of the 
seasonality of Cretaceous sea surface temperatures; 
green: central Greece (Steuber et al., 2005). 
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Figure 1.2.11: Reconstruction of a representative carbonate platform emphasizing the 

dominance of rudists (Skelton et al., 2006). 

 

 

During Cretaceous seawater was also more saline, and therefore it was an appropriate 

environment for rudists and not so convenient for coral growth. On the other hand, it should 

be emphasized that Cretaceous seas were characterized by low Mg/Ca ratio related to 

typical “calcite sea” (Stanley, 2008; see Figure 1.2.12). 
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Figure 1.2.12: “Calcite” and “aragonite seas” (Stanley, 2008). 

 

 

In general, Cretaceous, except for the characteristic warm climate, is characterized by low 

atmospheric O2, and in parallel by high CO2, related to severe greenhouse effect (Berner, 

1999; Royer, 2006; see Figure 1.2.13). This also stands for Upper Jurassic, implying that 

atmospheric and climate conditions in the entire period of Upper Jurassic – Upper 

Cretaceous promoted the intense lateritic weathering and bauxitization processes. 
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Figure 1.2.13: Atmospheric O2 and CO2 level vs. time for the 

Phanerozoic (Berner, 1999; Royer, 2006). 

 

 

 

However, in recent study, on the basis of organic geochemical palaeothermometer 

(TEX86), it has been suggested that the high sea surface temperature (SST) in north Atlantic 

during earliest Campanian (~35 °C) was followed by significant cooling (~7 °C) after this to 

<~28 °C during the Maastrichtian (Linnert et al., 2014; see Figure 1.2.14). That means, 

lateritic weathering and bauxitization processes may be slowed down in Late Cretaceous, 

worldwide. 
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Figure 1.2.14: Benthic and planktonic foraminiferal estimates of temperature in 

Late Cretaceous (Linnert et al., 2014). 
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1.3. Karst bauxites and formation of Parnassos-Ghiona deposits 

This type of bauxite is wide-spread in the Mediterranean and in the West-Indian part of 

the world (Figure 1.3.1). The bauxites are connected with platform evolution in the orogen 

mountain chains and in other tectonic mobile shelf areas. They occur as intercalations in 

carbonate sediments and on top of clastic sediments during the Mesozoic-Early Cenozoic 

time in the Mediterranean and during the Miocene-Pliocene in the Caribbean (Valeton, 

1972; Bárdossy, 1982; Valeton, 1994; Robb, 2005). 

Karst bauxites in the so-called Mediterranean belt (Valeton, 1972; Bárdossy, 1982; Özlü, 

1983), including parts of central Europe, Balkans and Middle East / western Asia, are 

fundamentally hosted in Mesozoic marine sedimentary carbonate rocks, limestones, derived 

from the Tethys paleo-Ocean (Figure 1.3.2). 

Thus, as already mentioned, karst bauxites are hosted into pre-existing irregular karst 

cavities (Figures 1.3.3 & 1.3.4) and/or as rather regular beds into limestone layers of 

different geological age. 

The huge bauxite deposits of Jamaica represent a good example of the controls involved 

in the formation of aluminum ores. Thick deposits of bentonitic volcanic ash were laid down 

on limestone bedrock and the former are considered to be the ultimate source of residual 

alumina in the bauxite deposits. Desilication of volcanic glass and other silicate minerals by 

rapid and efficient drainage through the underlying karst limestone is considered to have 

been responsible for the gibbsite-dominated ores (Figure 1.3.5). 
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Figure 1.3.1: Karst bauxites in the Mediterranean belt (Bárdossy, 1982). 
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Figure 1.3.2: Distribution and stratigraphic order of bauxites in southern 

Europe (modified after Valeton, 1972). 
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Figure 1.3.3: Karst 

cavity in Mesozoic 

limestone which was 

filled with bauxitic 

material before 

exploitation in an 

abandoned bauxite 

mine of Parnassos-

Ghiona area. 

 

Figure 1.3.4: Mesozoic carbonate formations at Parnassos-Ghiona area (left image) and 

entrance of an active bauxite mine / Pera Lakkos mine (right image). 

  

 

Figure 1.3.5: Section across the central part of Jamaica (Valeton, 1972). 
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In Venezuela, by contrast, lateritic bauxites (Figure 1.3.6) are derived by deep weathering 

of granitic bedrock during prolonged uplift and erosion of the Guyana Shield (Soler & Lasaga, 

1996; Robb, 2005). Taking into account all the above, it is evident that feldspars and volcanic 

glass may be critical sources of aluminium in bauxite and karst bauxite formation. 

Almost one century after the 

discovery of bauxite, karst-type 

bauxite deposits, similar to 

French ones, were exploited in 

central Greece, in the area of 

legendary Parnassos Mountain 

near the Oracle of Delphi. As 

mentioned by Georgalas (1946), 

the existence of karst-type 

bauxite in Parnassos-Ghiona 

was announced around 1922, 

giving possibilities of developing 

an aluminium industry in 

Greece. 

Numerous geological studies 

have been published about the 

Parnassos-Ghiona 

allochthonous karst bauxite 

deposits (Aronis, 1955; 

Papastamatiou, 1960; 

Papastamatiou, 1964; Bárdossy 

& Mack, 1967; Nia, 1971; 

Valeton, 1972; Maksimović & 

Papastamatiou, 1973; 

Papastavrou, 1974; Mack & Petrascheck, 1978; Nicolas & Bildgen, 1979; Combes et al., 1981; 

Bárdossy, 1982; Biermann, 1983; Combes & Andreou, 1983; Arp, 1985; Papastavrou, 1986; 

Figure 1.3.6: Section of lateritic and karst bauxite 

(Retallack, 2010). 
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Valeton et al., 1987; Petrascheck, 1989; Valeton, 1991; Vgenopoulos & Daskalakis, 1991; 

Economopoulos & Vgenopoulos, 1998). These ores are hosted within Mesozoic carbonate 

formations (Figure 1.3.7). The Parnassos-Ghiona geotectonic zone is characterised by nearly 

continuous sedimentation of epicontinental reef-like carbonates from the Upper Triassic to 

the Upper Cretaceous (Valeton et al., 1987). 

 

Figure 1.3.7: Simplified geological map (upper image; Mettos et al., 

2009) and stratigraphy (lower image; lithostratigraphic column has been 

modified after Valeton et al., 1987 and Kalaitzidis et al., 2010 and 

references therein) of Parnassos-Ghiona Mesozoic geotectonic zone 

hosting the bauxite deposits. 
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Figure 1.3.7: continued. 

 

 

In this carbonate sequence, three bauxite horizons (from bottom to top: B1, B2 and B3) 

can be distinguished and they were caused by epirogenic emersion phases and formation of 

coastal karst reliefs (Valeton et al., 1987; Petrascheck, 1989). Horizon B1 is hosted in the 

carbonate Middle-Upper Jurassic units, horizon B2 in the carbonate Upper/Jurassic – Lower 

Cretaceous units (Tithonian and Neokomian respectively), whereas horizon B3 is hosted in 

carbonate Upper Cretaceous units (Cenomanian – Turonian). Thus, the most important 

geological period for for bauxitization, and formation of deposits in the Parnassos-Ghiona 

area, can be considered the period between Middle-Upper Jurassic and Upper Cretaceous, 

and particularly the whole Cretaceous. In the frame of the present dissertation, 

representative composite samples from active mines of the B2 and B3 horizons were 

studied. In the case of the B2 horizon typical Fe-rich bauxite deposits occur, while in B3 

horizon, both Fe-rich and Fe-depleted (high alumina/quality) bauxite deposits are exploited. 

It should be noted that there are no active mines or any other current exploitation in the B1 

horizon of the Parnassos-Ghiona area. 
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The Cretaceous period (Figure 1.3.8) in southern Europe is related to the partial closure 

of the Tethys paleo-Ocean accompanied by collision, exhumation of ophiolites, and the uplift 

of carbonate platforms. 

 

Figure 1.3.8: Paleo-map of Late (Upper) Cretaceous (Skelton et al., 2006). 

 

 

Concerning the Hellenides, within the Tethyan system in the Eastern Mediterranean, the 

paleogeodynamic and paleogeographic evolution included continental drifting and 

contemporaneous oceanic opening of Tethyan basins in between the continental terranes 

during Triassic–Paleogene with shallow-water carbonate platforms on the continental 

terranes and ophiolite suites interlayered with pelagic sediments within the Tethyan basins 

(Papanikolaou, 2009 and Papanikolaou, 2013; see Figure 1.3.9). 
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Figure 1.3.9: The geodynamic evolution of the terranes within the Tethyan segment 

of the Hellenides (from Early Triassic to Present) and the tectonic emplacement of 

the internal ophiolite belt (Papanikolaou, 2009; Papanikolaou, 2013). 
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Figure 1.3.9: continued. 

 

 

It is evident that the paleogeography is important for the formation of karst bauxites. A 

model for the paleogeographic situation in central Greece during nickel-laterite evolution on 

ophiolites and bauxite formation on laterite-derived facies covering the carbonate platform 

of the foreland has been reported by Valeton (1994). In the Mesozoic coastal area from the 

land to the seaward side in several sequences bauxite events occur, which are each related 

to a transgressive phase (Figures 1.3.10 & 1.3.11). 
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Figure 1.3.10: Paleogeography of Parnassos-Ghiona area in early Cretaceous 

(upper image; Combes et al., 1981) and of 2nd (B2) and 3rd (B3) horizons paleo-

karst before bauxitization (middle & lower images; Combes, 1984). 
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Figure 1.3.10: continued. 

 

 

Figure 1.3.11: Model of sequences of marine re- and transgressions during 

Jurassic and Cretaceous times on a carbonate platform of the Alpine Orogen in 

central Greece and Euboea (Valeton, 1994). 
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In particular, short-lived emergence episodes due to regression of the sea interrupted the 

marine sedimentation, resulting in exposure of the carbonate platform to freshwater 

alteration and development of karst. Bauxitic material, derived from erosion of lateritic 

bauxites exposed in the adjacent Pelagonian geotectonic Zone, was transported and 

deposited into the karst. The bauxite formation (bauxitization) is related to the coastal areas 

and to the times of beginning transgression. During three times of regression and uplift of 

the terrestrial hinterland, the laterites on ophiolites and surrounding rocks were reworked in 

the northeast and deposited as "laterite-derived facies" (LDF) in the southwest. Due to the 

rise of the ground-water level during the subsequent transgression, the LDF was 

transformed into bauxite. It is also believed that degradation of lateritic weathering crusts 

resulted in deposition of bauxitic material as talus and colluvium on the slopes, followed by 

reworking and transport by river systems. 

Further diagenesis resulted in (i) leaching of silica and Fe under partly reducing 

conditions, and (ii) re-crystallization of Fe minerals and crystal growth of AlOOH (diaspore 

and/or boehmite) and TiO2 (anatase) polymorphs. Additionally, intense 

supergene/epigenetic processes

Moreover, it has been reported that the 

 caused re-distribution of more mobile elements like Fe, Mn, 

Ba and Zn, which were precipitated, commonly as black crusts, in traps near the limestone 

footwall. The Fe minerals species and their location indicate several phases of Fe 

mobilization, (i) the first Fe mobilization and re-precipitation as hematite is 

contemporaneous with the crystallization of diaspore, (ii) a subsequent second mobilization 

of Fe under reducing and stagnating groundwater conditions resulted in the growth of Fe-

sulfides (pyrite), which is followed by (iii) a final epigenetic Fe migration/epigenetic Fe 

bleaching related, most likely, to formation of Fe-depleted bauxite in the topmost part of the 

B3 horizon (Valeton, 1987; Valeton, 1994).  

deposition of a coal layer lying unconformably 

over the B3 bauxite horizon, and covered by the Turonian–Senonian bituminous limestone, 

took place in a paralic sedimentary environment characterized by rheotrophic, high 

groundwater-table (lacustrine) conditions for the peat forming stage except the uppermost 

part, which was affected by oxidizing conditions. The karst cavities of the footwall limestone, 

filled with bauxite during a period of sea regression, were suitable sites for the formation of 



40 
 

PhD Thesis Platon N. Gamaletsos September 2014 

lagoons, possibly behind barrier bars formed on the shallow carbonate platform. Oxidation 

of the upper part of the pyrite-rich coal might resulted in bleaching of the bauxite by 

downwards penetrating acidic (SO4
=-containing) solutions. The oxidation was probably 

caused syngenetically at the palaeomire surface by the wave action of the transgressing sea 

or epigenetically in the coal layer by drainage waters. Either or both of the above mentioned 

effects may explain the contribution of coal to the formation of Fe-depleted bauxite 

(Kalaitzidis et al., 2010; see Figure 1.3.12). According to other authors, the driving force, for 

formation of Fe-depleted (grey-white, high-grade) bauxites, could be micro-organisms 

involved in biomineralization processes (Laskou & Economou-Eliopoulos 2007; Laskou et al., 

2010; Laskou & Economou-Eliopoulos, 2013). 

 

Figure 1.3.12: The depositional setting of the B3 bauxite horizon coal in the 

Parnassos-Ghiona area (Kalaitzidis et al., 2010). 
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On the basis of the above, almost all investigators have concluded that Parnassos-Ghiona 

bauxite deposits are allochthonous. The bauxites of B2 and B3 horizons have a high content 

of several hundred to 2,400 ppm Cr, and also Ni, indicating the provenance to be the Jurassic 

serpentinites in the northeast, which are covered by Ni-laterite ores (Petrascheck, 1989). In 

this setting, the regional distribution of Cr, mainly related to detrital chromites (Cr-spinels), 

increases from southwest to northeast (Valeton, 1987; see Figure 1.3.13). 

 

Figure 1.3.13: Cr distribution in the Parnassos-Ghiona karst bauxite deposits 

(Valeton, 1987). 
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However, Valeton (1985) and Valeton (1987), considering high contents of Th and REE as 

well as characteristic detrital minerals such as zircon (Figure 1.3.14), came to the conclusion 

that not only the ophiolites, but also Al-bearing felsic volcanic rocks were the source of the 

karst bauxites. In accordance, Papastavrou & Perdikatsis (1987), considering actinide and 

lanthanide analyses, agreed that both ophiolitic and acid volcanic rocks (most likely tuffs) of 

the Pelagonian Zone contributed to the formation of the Parnassos-Ghiona bauxites. 

 

Figure 1.3.14: Zr distribution in the Parnassos-Ghiona karst bauxite deposits 

(Valeton, 1987). 
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1.4. Parnassos-Ghiona bauxite mining and aluminium industry 

Parnassos-Ghiona bauxite mining and aluminium industry of Greece is under private 

sector’s exploration and exploitation. The exploitation of karst-type deposits in Parnassos-

Ghiona area (central Greece) is currently performed by three Greek mining companies 

(“Aluminium S.A.”, “S&B Industrial Minerals S.A.” and “ELMIN Hellenic Mining Enterprises 

S.A.”), whereas there is also an Al industrial plant installed at the coastal zone of the Corinth 

gulf. Of special interest is the fully modernized and highly automated industrial complex of 

“Aluminium S.A.” (http://www.alhellas.com) at Antikyra area (Corinth Gulf), which is the 

largest vertically integrated Al producer in the E.U., covering an area of 1 Km2 (Figure 1.4.1). 

The fully vertical production facility consists mainly of: 

(1) The area used for delivery of the raw material (bauxite). 

(2) The alumina refinery plant, which is among the largest metallurgical Al producers 

globally. 

(3) Other aluminium production plant facilities (e.g., electrolysis lines, production of 

electrodes, and smelter). 

(4) The on-site port facilities for large tonnage ships. 

(5) The on-site co-generation high-efficiency plant using natural gas. Of great 

environmental concern is the isolated area inside the industrial plant (Figure 1.4.1) complex 

for the disposal of the bauxite metallurgical residue after the Bayer process 

(http://www.umobit.com/Interactive_document/mytilineos/eN/Sustainability_Report_2010

/index.html). 

 

 

 

 

http://www.alhellas.com/�
http://www.umobit.com/Interactive_document/mytilineos/eN/Sustainability_Report_2010/index.html�
http://www.umobit.com/Interactive_document/mytilineos/eN/Sustainability_Report_2010/index.html�
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Figure 1.4.1: History of Greek aluminium industrial plant of Aluminium S.A. 

(former Aluminium of Greece) at the coast of Gulf of Corinth, based on 

exploitation of Parnassos-Ghiona deposits (http://www.alhellas.com/). 

 

  

  

 

 

http://www.alhellas.com/�
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Nowadays, according to USGS, Greece is now considered to be the 16th alumina (Al2O3) 

producer in the world and the 4th among the European Union member-states, related to the 

exploitation of Al-ore (bauxite) deposits by Greek mining companies. Thus, Greece is the 12th 

bauxite producer worldwide, but also the largest in E.U. zone with an annual production of 

2.1 × 106 metric dry tons in 2011. At the present time, the part of the Greek bauxite 

reserves, which could be economically produced, is estimated to be approx. 600 × 106 metric 

dry tons (Lee Bray, 2012). Most of the raw material is processed by Aluminium S.A. at its 

industrial complex at Antikyra (Gulf of Corinth) for the production of alumina (800 × 103 

metric dry tons) and metallic Al (165 × 103 metric dry tons) to be used in industry and 

constructions (Tsirambides & Filippidis, 2012a; Tsirambides & Filippidis, 2012b). There are 

also ports where bauxite ore is concentrated and exported to both the Greek and global 

market (Figure 1.4.2). 

 

Figure 1.4.2: Port facilities of ELMIN S.A. in Ag. Marina at Maliakos gulf (upper 

image) and S&B S.A. at Corinth gulf (lower image). 
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Figure 1.4.2: continued. 

 

 

Worldwide, the refining of bauxite to alumina through the Bayer process results in 

production of huge quantities of a solid waste, the so-called “red mud”. It is estimated that 2 

tons of red mud is produced per ton of alumina and that 60 - 120 × 106 tons of this residue 

are deposited every year by the global Al industry (e.g., Burke et al., 2013; Liang et al., 2014). 

The handling of such quantities may occasionally cause severe environmental problems, 

such as the historical deadly accident occurred at the Ajkai Timföldgyár alumina plant (MAL 

Magyar Alumínium Zrt) near Ajka city, Veszprém County, Hungary, on Oct. 4th 2010 (e.g., 

Schiermeier & Balling, 2010; Enserink, 2010). In that accident, it was proved that red mud 

acted as a source of V, and As in the environment (Mayes et al., 2011; Burke et al., 2012; 

Burke et al., 2013), whereas radioactivity issues, due to 232Th, 238U and 40K, were also 

concerned (Ruyters et al., 2011). That also fosters debates on potential health effects due to 

respirable fugitive dust (Gelencsér et al., 2011). In Greece, the production of red mud 

(Figures 1.4.3 & 1.4.4) from the Aluminium S.A. processing plant is approx. 500 - 680 × 103 

tons year-1 (Vavadakis et al., 2006; Agatzini-Leonardou et al., 2008). 
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Figure 1.4.3: SEM-EDS data for red mud (Agatzini-Leonardou et al., 

2008). 

 

 

 

During last decades, red mud was pumped through pipes from the Antikyra refinery to 

the sea bed of the Antikyra bay, Gulf of Corinth, Mediterranean Sea. However, Aluminium 

S.A. has recently carried out major investments for the installation of four filter presses, and 

exploration of the potential for the utilization of red mud in the production of other 

industrial materials, such as cements and ceramics (Tsakiridis et al., 2004; Pontikes at al., 

2006; Pontikes, 2007; Vangelatos et al., 2009). Thus, after 2011, the company’s goal to 

dispose all bauxite residues on land was achieved. However, millions of tons of Greek red 

mud still remain in the bottom of the sea in the Gulf of Corinth. 
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Figure 1.4.4: SEM image of alumina (crystalline Al2O3) produced 

in Greece (present dissertation). 
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1.5. Scale effect in ores and the role of mineral nanoparticles and 

nanominerals 

In the last two decades, technological developments have revitalized a field in mineralogy 

emphasizing on the structure and reactivity of mineral surfaces (e.g., Vaughan & Pattrick, 

1995; Brady, 1996; Godelitsas & Astilleros, 2010). The combined use of advanced 

microscopic and spectroscopic techniques has enabled the study of physicochemical 

processes occurring in-situ and ex-situ at mineral interfaces on a molecular scale 

(nanoscale). Mineral surface science is closely associated to the fields of molecular 

geochemistry and biogeochemistry in that it investigates geochemical processes at the 

molecular level. Mineral surface science and molecular geochemistry contributed to the 

founding of nanogeoscience dealing with the study of nanoparticles in nature and the probe 

of geological processes in nanoscale (1 nm – 100 nm, see Figures 1.5.1 & 1.5.2). Moreover, 

accelerator-/Synchrotron-based techniques, including PIXE, NRRA, RBS, SR-micro-XRF, SR-

micro-XRD and micro-XANES/-EXAFS, provide with new opportunities to nanogeoscience 

being itself a revolution in Earth & Environmental Sciences by bringing together the macro-

/micro- & nano-Worlds (Hochella, 2002a; Hochella, 2002b; Hochella, 2006; Miranda & 

Matsuoka, 2008; Hochella, 2008; Brenker & Jordan, 2010). 

 

Figure 1.5.1: Scaling of Earth’s system; from gigascale 

system to nanoscale system (Velde & Meunier, 2008). 
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Figure 1.5.2: Scales in Science and Earth Sciences (Hochella, 

2002a). 

 

 

 

The role of nanogeoscience in solid-Earth science, and moreover in raw material 

resources, is greatly enhanced by the abundant presence of nanometer-sized crystalline 

minerals or even poorly-, non-crystalline minerals, such as mineral nanoparticles, and 

nanominerals in the geosphere (Hochella, 2008; Hochella et al., 2008a; Hochella et al., 

2008b; see Figure 1.5.3). Mineral nanoparticles constitute the nanoscale-version of common 

minerals (exhibiting although different physicochemical properties compared to the micro- 

and macro-scale analogues), whereas nanominerals are distinct phases existing only in 

nanoscale without equivalents at larger scales (i.e., Waychunas, 2001; Udubasa et al., 2007; 
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Figure 1.5.3: Mineral nanoparticles and nanominerals and the example of Fe3+ 

(Hochella, 2008; Hochella et al., 2008a; Hochella et al., 2008b). 
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Hochella et al., 2008a; Hochella et al., 2008b; Wauchunas & Zhang, 2008; Plathe et al., 

2010). Moreover, Hochella et al. (2013) suggested that the classic definition of the term 

“mineral” has unquestionably to be redefined, upon to the deep knowledge of atomic 

structure. This is generated by the necessity of incorporation within that term of the entire 

understudied and unnoticed natural non-crystalline (amorphous) and poorly crystalline 

materials, which are also in abundance in the Earth’s regimes playing a crucial role in the 

understanding of the environmental mineralogy, nano-mineralogy and -geochemistry. Even 

well-known gemstones have to be re-considered, due to nanominerals giving their precious 

identity (Ma & Rossman, 2013). The study of well-, poorly-, and non-crystalline mineral 

nanoparticles and nanominerals, “the Earth’s last unexplored major geochemical 

components”, giving proof to nano-mineralogy and -geochemistry, will contribute to the 

future of Sustaining Earth, including the various types of ores providing metals to the 

modern industry, technology and humanity (Hochella, 2002c; Wang et al., 2003; Casey et al., 

2005; Nadin, 2007; Xu & Barnad, 2008; Hochella et al., 2011; Hochella, 2012; Hochella et al., 

2012). The environmental significance of mineral nanoparticles and nanominerals is now 

critically arising, due to their severe role to the dictation of toxic elements’ transformation in 

nature (e.g., Plathe et al., 2013). 

The nanogeoscience, and particularly nano-mineralogy and nano-geochemistry, issues, 

have been apprehensively started to infiltrate into the economic geology field, revealing that 

large-scale ore systems may be controlled significantly by unknown parameters occurring in 

the nano-scale ore-processes (e.g., Reich et al., 2011, see Figure 1.5.4). 
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Figure 1.5.4: The dimensional scale of ore deposits research (Reich et al., 2011). 

 

 

The necessity for considering different scales in the study of ore deposits has been 

recently approved by articles with regard to sulfides. For instance, it has been demonstrated 

that the old-standing problem of “invisible Au” in pyrite, arsenian pyrite and arsenopyrite, 

and of other elements (e.g., Ag, Pb and Te), as well as of “colloidal Au”, could finally be 

resolved by applying micro- and nano-mineralogy and -geochemistry methodologies (Palenik 

et al., 2004; Reich et al., 2006; Hough et al., 2008; Barker et al., 2009; Deditius et al., 2010; 

Hough & Noble, 2010; Koneev et al., 2010; Mayanovic et al., 2010; Weldt et al., 2010; 

Ciobanu et al., 2011; Deditius et al., 2011; Hough et al., 2011; Ciobanu et al., 2012; Hough et 

al., 2012; Pačevski et al., 2012). There are also scarce studies about nanoparticles of Zn-

phases from disseminated mineralization of metasomatic rocks in the Dukat ore field in 

Russia (Filimonova & Trubkin, 2008), as well as about magnetite nanoparticles in the 

mineralized zones of the Pena Colorada Fe-ore deposit in Mexico (Rivas-Sánchez et al., 



54 
 

PhD Thesis Platon N. Gamaletsos September 2014 

2009), both indicating that the mineral macro- and nano-size dependence reflects to the 

formation stages of ore-forming systems. Besides, latest data yielded by Reich et al. (2013) 

thoroughly revealed the distribution of precious metals, metalloids and heavy metals in 

nano-scale of pyrite crystals from the Dexing porphyry Cu deposit (China). Furthermore, 

confirmatory evidences for the existence of PGE-bearing arsenide and sulfide nanocrystals of 

the Merensky Reef PGE ore deposit of the Bushveld complex in South Africa have been 

provided recently (Wirth et al., 2013). Additionally, a recent study (Helmy et al., 2013), 

provided convincing evidence that the preexisting noble metal nanophases, nanoclusters, 

and nanoparticles preceding the formation of stable phases in natural complex systems are 

the building blocks of them. Finally, the importance of nano-mineralogy and -geochemistry 

has been mentioned for phosphate ore deposits (Cosmidis et al., 2013). 

The nano-mineralogical and -geochemical investigation of karst-type bauxite ore deposits 

has not been adequately demonstrated in the literature. Since the pioneering work by 

Bárdossy (i.e., Bárdossy & Mack, 1967; Bárdossy & White, 1979) who presented for first time 

TEM images of bauxite minerals from karst-type bauxites, only recently Gan et al. (2013) 

presented TEM images of mineral nanoparticles from karst-type bauxites of northern Europe 

and Jamaica. Bárdossy (1982) also presumed that colloid geochemistry (colloidal systems, 

i.e. nanoparticles) also rules the Al-ore (bauxite) deposits, which are in fact natural low-T 

inorganic nanomaterials consisting of dispersed-phase particles. Microscale investigation of 

Greek karst-type bauxite using LA-ICP-MS and Synchrotron-based techniques (μ-XRF and μ-

XANES/-EXAFS) has been recently carried out, for first time in the literature, in the frame of 

the present dissertation. A relevant Zr K-edge XAFS investigation has been performed for 

non-karst type bauxite (lateritic) from Brazil, only (Douvallet et al., 1999). 
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1.6. Overview of previous work and scope of the present dissertation 

concerning Parnassos-Ghiona bauxite deposits and their metallurgical 

residues (red mud) 

The main mineralogical and geochemical characteristics of the Parnassos-Ghiona bauxite 

deposits, together with the neighboring Marmara (Attica) bauxite deposits belonging to the 

same bauxite region of central Greece, have been described by several authors using various 

conventional microscopic and analytical methods, such as optical microscopy, SEM-EPMA, 

XRD, XRF, Fire-Assay/AAS/ICP and TGA/DTA (Kiskyras, 1960; Nia, 1968a; Nia, 1968b; 

Bárdossy & Pantó, 1971; Ochsenkühn & Parissakis, 1977; Augustithis et al., 1978; Bárdossy & 

Brindley, 1978; Bárdossy et al., 1978; Maksimović & Bish, 1978; Combes, 1979; Augustithis et 

al., 1980; Laskou, 1981; Ochsenkühn & Ochsenkühn-Petropoulou, 1982; Biermann, 1983; 

Arp, 1985; Paspaliaris, 1985; Kritsotakis et al., 1986; Papastavrou & Perdikatsis, 1987; 

Economopoulou-Kyriakopoulou, 1991; Laskou, 1991; Laskou & Economou, 1991; Perdikatsis, 

1992; Ochsenkühn-Petropulu et al., 1994; Ochsenkühn-Petropoulou & Ochsenkühn, 1995; 

Laskou, 2001; Laskou & Andreou, 2003; Laskou, 2005; Laskou & Economou-Eliopoulos, 2005; 

Laskou & Economou-Eliopoulos, 2007; Solymár et al, 2005; Kalaitzidis et al., 2010; Papassiopi 

et al., 2010; Laskou et al., 2010; Laskou et al., 2011). More detailed characterization 

techniques, such as instrumental neutron activation analysis – INAA, carbon, sulfur and 

oxygen isotopic analysis have also been used (Laskou and Economou, 1991; Maksimović & 

Pantó, 1991; Ochsenkühn-Petropoulou et al., 1991; Ochsenkühn et al., 1995; 

Lymperopoulou, 1996; Ochsenkühn et al., 2002; Eliopoulos & Economou-Eliopoulos, 2010; 

Laskou & Economou-Eliopoulos, 2013). The presence of detrital zircons as well as chlorite 

group minerals and various REE mineral phases in the Parnassos-Ghiona bauxite samples has 

already been reported (Kritsotakis et al., 1986; Maksimović & Pantó, 1996; Ochsenkühn-

Petropoulou & Ochsenkühn, 1995; Laskou, 2001; Laskou & Andreou, 2003; Laskou et al., 

2011). In general, previous works on karst-type bauxites from the Mediterranean bauxite 

belt gave emphasis to trace element distribution of selective samples (Özlü, 1983) and to the 

conditions related to the genesis of the deposits (Valeton et al., 1987; Öztürk et al., 2002; 

Kalaitzidis et al., 2010). 
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Concerning Parnassos-Ghiona bauxites, except for the general geology, it is evident that 

only the basic (in macro- and micro-scale) mineralogy and geochemistry have been 

investigated. Thus, the main purpose of the present dissertation was to combine, for first 

time in the literature for karst-type bauxites of Greece and the globe, diffraction (PXRD), 

analytical in bulk and microscale (ICP-MS/OES, LA-ICP-MS), thermal (TGA/DTG, DSC), 

spectroscopic in bulk and microscale (FTIR, 57Fe Mössbauer, high-resolution gamma-ray, 

Laser μ-Raman, SR μ-XRF, (μ)-XANES/(μ)-EXAFS), microscopic (optical, SEM-EDS/WDS), and 

nanoscopic (FEG TEM-EDS & EELS) techniques, together with magnetic susceptibility 

measurements, for the detailed mineralogical and geochemical characterization and the 

study of mineral nanoparticles and nanominerals in typical Fe-rich (low grade, red-brown) 

and Fe-depleted (high grade, white-grey, Al-rich: Al2O3 ca. 80 wt.%) from active mines of the 

Parnassos-Ghiona area, central Greece. Nanoscopy (e.g., Brenker & Jordan, 2010), related to 

nanogeoscience, is expected to play a crucial role in the exploration and exploitation of 

basic, noble and strategic metal resources. The above novel mineralogical and geochemical 

data were used to illustrate new insights into the origin of the deposits. 

Furthermore, since the presence of actinide elements are of great concern in the 

metallurgical industry, the existence of Th in bauxite, and, especially, in the Greek karst-type 

bauxite, is already known from few previous studies containing, however, only bulk 

analytical data (Adams & Richardson, 1960; Papastavrou & Perdikatsis, 1987; Ochsenkühn et 

al., 1995; Ochsenkühn et al., 2002; Laskou & Economou-Eliopoulos, 2007). Despite the fact 

that Th could be penalty element in the metallurgy and radiotoxic for the environment, 

relevant papers regarding Th partitioning (element distribution among the mineral phases) 

in bauxite from Greece or any other place of the world are still absent. Consequently, 

another critical goal of the present dissertation was to give new insights, for the first time in 

the literature, into the partitioning of Th in Greek industrial bauxite by combining diffraction 

(XRD), bulk analytical (XRF, ICP-MS, X-ray spectroscopy), microscopic (SEM-EDS), and 

microscale-sensitive advanced spectroscopic techniques (Synchrotron μ-XRF and -XAFS as 

well as Laser-Ablation-ICP-MS). It should be emphasized that Synchrotron and laser-based 

techniques have never been applied for the study of Greek bauxites whereas, as far as we 

know, there is only one previous work with XAFS spectra with regard to Zr in non-karst type 

bauxite (Duvallet et al., 1999). 
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Finally, a relevant research was carried out, for comparison reasons, with regard to 

bauxite residues (red mud), in order to provide additional data which are of interest not only 

to the mining but also to the metallurgical industry and environmental technology. Previous 

works concerned the distribution of the discharged material onto the sea bed of the Antikyra 

Bay and the basic chemical composition (Varnavas et al., 1986; Varnavas & Achilleopoulos, 

1995; Iatrou et al., 2010). Moreover, severe questions arise for the nature of actinides in the 

material due to previous papers indicating elevated radioactivity and potential release of 

radionuclides in the environment of the Antikyra Bay (Papatheodorou et al., 2005; Pontikes 

et al., 2006; Pontikes, 2007; Karagiannidi et al., 2009; Samouhos et al., 2013). With regard to 

the leachability of the material, the recovery of Ti, and Fe was attempted in previous works 

(Agatzini-Leonardou et al., 2008; Samouhos et al., 2013). The determination of REEs 

(lanthanides+Y+Sc) in Greek red mud, and the subsequent recovery of lanthanides, and Y in 

short time (24 h), using various acids (HNO3, HCl, H2SO4) under moderate conditions of 

heating and pressure, have been reported (Ochsenkühn-Petropulu et al., 1994; 

Lymperopoulou, 1996; Ochsenkühn-Petropulu et al., 1996; Ochenkühn-Petropoulou et al., 

2002). The extraction using di(2-ethylhexyl)phosphoric acid in hexane resulted in the 

selective separation of Sc (Ochsenkühn-Petropulu et al., 1995). Additionally, the usage of 

chromatographic methods, using α-hydroxyisobutyric acid, gave evidence for separation of 

all REEs (Tsakanika et al., 2004). Similar experiments with sulfuric acid have been recently 

performed for red mud from India (Abhilash et al., 2014), whereas Liang et al. (2014) 

mentioned the importance of red mud acid-leaching towards fluoride adsorption. In the 

frame of present dissertation, emphasis was given to the mobility of metals and metalloids, 

including Th related to radioactivity, into Mediterranean seawater from Greece. Leaching 

tests with acetic acid, instead of typical TCLP, as recently proposed for red mud in case 

potentially hazardous elements (Rubinos & Barral, 2013), was applied for Th, REE, and 

selected HFSE (Nb, Ta), in long time intervals (2 weeks to 1 year). Similar leaching 

experiments were additionally performed -also for first time in the literature- using typical 

Greek bauxites, for comparison reasons. It should be mentioned that investigation of 

actinides, and namely of Th, aiming at the chemical behavior of the contaminant in the 

environment, has never been carried out with regard to red mud from Greece, despite 

previous reports indicating the problem in Japan (Sato et al., 1986) and, recently, in China 

(Gu & Wang, 2013; Qu & Lian, 2013). It is notable that, although Gu & Wang (2013) have 
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studied high-Th (88 – 257 ppm) red mud by TEM, they have not determined the “accessory” 

and/or “neo-formational minerals” hosting the actinide element. In addition, there was not 

any attempt in the literature to determine the structural environment of Th, particularly by 

XAFS, as it was performed by other authors in the case of other metals sorbed by Australian 

red mud (Collins et al., 2014). The final perspective of the present dissertation, additional to 

the study of bauxites, is to prospectively contribute to solutions of one of the world’s largest 

chronic problems, concerning the reuse of mining and mineral-processing wastes impacting 

the future of sustainable development (e.g., Bian et al., 2012). The criticality of global 

aluminum demand (Liu et al., 2011; Liu & Müller, 2013a; Liu & Müller, 2013b), resulting in 

expansion of aluminum industry and relevant solid wastes, enhances the necessity for 

detailed studies on the chemical, structural and environmental characteristics of red mud. 
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2. MATERIALS AND METHODS 

 

2.1. Bauxite samples and preparation 

The bauxite samples, used in the present study, are composite mining materials which 

were created by taking the appropriate number of specimens vertically at mining fronts 

along the underground mining sites and using standard mixing procedures and sample 

Figure 2.1.1: The Aluminium S.A. plant (a); general view of the underground works leading 

to the mining front (b); underground mining front at Pera-Lakkos mine where the Fe-rich 

and Fe-depleted karst-type bauxite (together with footwall & hanging wall limestone and 

coal) was sampled (c); representative Fe-depleted (high-grade) white-grey bauxite (d) and 

Fe-rich (low-grade) red-brown bauxite (e) used in the present dissertation. 
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splitters. The investigated industrial bauxite samples were collected from underground 

mining sites (Figure 2.1.1) of the three Greek mining companies (“Aluminium S.A.”, “ELMIN 

Hellenic Mining Enterprises S.A.” and “S&B Industrial Minerals S.A.”) exploiting bauxite from 

the 2nd (intermediate: B2) and the 3rd  (upper: B3) bauxitic horizon in the Parnassos-Ghiona 

area (central Greece). 

All bauxite ore samples were crushed to appropriate size (Figure 2.1.2) and a further 

portion was sliced by diamond wheel for preparation of polished and thin-polished sections, 

and pulverized in WC mortar, for mineralogical and geochemical characterization. 

 

Figure 2.1.2: Bauxite (and limestone) samples in the laboratory before 

mineralogical and geochemical characterization. 
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Additionally, representative bauxite samples from active mines of Balkan countries (i.e., 

Bosnia, and Montenegro) and Hungary, supplied by the Ajkai Timföldgyár alumina plant 

(MAL Magyar Alumínium Zrt) and provided by György Bárdossy† (Bárdossy, 2011 – personal 

communication) were investigated (Figure 2.1.3). In particular, bauxite samples from 

Bosnian mines (Jajce deposit), Montenegrin (Niksic deposit), and Hungarian (Halimba 

deposit) mining areas were simultaneously studied for comparison reasons. 

 

Figure 2.1.3: Karst-bauxite samples from Balkan countries and Hungary used for 

comparison reasons in the present dissertation (Bárdossy, 2011 – personal 

communication). 
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2.2. Mineralogical and geochemical characterization of bauxite in macroscale 

(bulk) 

 

2.2.1. Powder X-Ray diffraction (PXRD) 

Bulk mineralogical composition was determined by means of powder X-ray diffraction 

(PXRD) using a Bruker AXS D8 ADVANCE Diffractometer. Powder XRD patterns were over-

nightly recorded (CuKα radiation, dwell time of 8 s per 2θ step with a step of 0.02°). The 

identification of mineral phases was initially obtained using the database from ICDD 

(International Centre for Diffraction Data) and the EVA software (BRUKER AXS). The semi-

quantitative phase analysis was based on the “Reference Intensity Ratio” method (RiR-

method) (De Wolff & Visser, 1964) and performed using the MATCH! version 1.9a software 

for phase identification from powder diffraction data. Furthermore, Rietveld method has 

attempted to define the lattice constants of the sample using the GSAS (Larson & Von 

Dreele, 2004) as well as the FullProf (Rodríguez-Carvajal, 1993) refinement software 

packages. Both the necessary good preparation of the bauxitic sample (i.e., appropriate 

grain size, homogeneous powder material on the XRD holder), and the fully rotation during 

the XRD measurement have been followed according to the literature (e.g., Perdikatsis, 

1992). 

 

2.2.2. X-Ray Fluorescence Spectrometry (XRF) 

The bulk XRF analyses were performed using a Philips (now: PANalytical B.V.) MagiX PRO 

equipment, with Rh Anode at 3.6 kW, in University of Mainz (Germany) and under 

experimental conditions presented in Table 2.2.2.1. Additional XRF analyses, concerning 

specific lanthanides and actinides were also performed in PANalytical laboratories (Almelo, 

Netherlands) using an in-house X-ray Fluorescence/XRF equipment. 
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Table 2.2.2.1: Experimental conditions of bulk XRF analyses. 

 

Nachweisgrenzen und Fehlerbetrachtung der Spurenelementeichung 
(Routineprogramm)
für das RFA-Spektrometer MagiXPRO, Fa. Philips, Bj 2002

Anode Rh, Anregungsleistung 3,6 kW
Präparation: unverdünnte Pulverpresslinge

Element mittl. Konz. RMS LLD Messzeit max.Konz. RMSrel
Peak der Eichung

(ppm) (ppm) (ppm) (sec) (ppm) (%)
Sc 32 1.6 2.7 40 60 5.0
V 317 8.1 6.1 40 600 2.6
Cr 289 6.8 5.3 30 400 2.4
Co 45 2.1 2.2 20 70 4.7
Ni 121 3.5 3.7 18 300 2.9
Cu 100 2.9 1.6 10 400 2.9
Zn 224 3.6 1.1 6 500 1.6
Ga 39 1 1 6 70 2.6
Rb 152 3.7 1.2 12 600 2.4
Sr 403 5.4 1.5 12 1500 1.3
Y 184 1.6 1.3 8 200 0.9
Zr 780 11 0.9 8 1200 1.4
Nb 110 1.3 1.1 10 300 1.2
Ba 800 22 10.5 40 2500 2.8
Pb 39 2.2 2.7 20 5000 5.6
Th 18.5 1.6 1.7 40 400 8.6
U 4.6 1.1 1.1 40 150 23.9

(root mean square)

(lower limit of detection)

Verwendete Standards:
BIR-1 W-2 RGM-1 MAG-1 STM-1 SCO-1 DNC-1
SY-2 QLO-1 SGR-1 G-2 W-1 BCR-1 GSN
GSS-3 SO-4 AGV-1 BR GSP-1 DR-N BE-N
BHVO-1 NIM-G NIM-S SDC-1 JG-2 JB-2 AN-G
GSS-2 GSS-4 GSR-1 GSR-6 GSD-02 GSD-08 GSD-09
GSD-12 GSS-5 GSS-6 GSS-1 GSR-4 BCR-32 NBS278
NBS688 BX-N AC-E BM NIST2710 SGD-1a SG-1a
LKSD-4 JR-2 GXR-6 JR-1 JB-3

Konzentrationen aus: K.Govindaraju, Special Issue of Geostandards Newsletters, July 1989
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2.2.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and ICP-Atomic Emission 

Spectrometry (ICP-OES) 

Bulk analyses for major and trace elements were performed using a Perkin Elmer ICP-OES 

and a Perkin Elmer Sciex Elan 9000 ICP-MS following a LiBO2/LiB4O7 fusion and HNO3 

digestion of a 0.2 g sample. The chemical composition of investigated bauxite composited 

samples, was achieved using strict QA/QC procedures including, of course, three analytical 

replicates. Blanks (analytical and method), duplicates and standard geological and synthetic 

reference materials provided a measure of background noise, accuracy and precision. 

QA/QC protocol incorporates a granite or quartz sample-prep blank(s) carried through all 

stages of preparation and analysis as the first sample(s) in the job, a pulp replicate (REP) to 

monitor analytical precision, a -10 mesh reject duplicate (DUP) to monitor sub-sampling 

variation, a reagent blank (BLK) to measure background and an aliquot of In-house 

Reference Materials and Certified Reference Materials (CRM) to monitor accuracy. In-house 

Reference Materials were prepared and certified against internationally Certified Reference 

Materials (CRM), such as CANMET and USGS standards where possible, and they were 

externally verified at a minimum of three commercial laboratories. The QA/QC data, using 

four different Reference Materials (STD1, In-house Reference Material based on soil 

samples; STD2, In-house Reference Material, matrix of geological samples with additional 

elements spiked into the material; SDT3, In-house Reference Material, based on geological 

samples; STD4, CRM from Ore Research & Exploration PTY Ltd. Australia for carbon and 

sulphur analyses), and appropriate blanks (BLK), are summarized in Table 2.2.3.1. 

Concentrations exceeding 5 % of the lowest sample concentration or 5 times the detection 

limit for that element, (whichever is higher) the blank reporting > DL were confirmed by re-

analysis of the same solution. Elements whose concentration exceeded 5 times the 

detection limit and did not repeat values within 10 % were flagged and investigated. In that 

case, solutions were rerun and, if confirmed, the pulp material was retrieved from the 

sample to inspect the material for homogeneity and fineness. The process for evaluating 

reject reruns is the same as for pulp reruns except 30 % is the acceptable tolerance. If 

reported concentrations are higher than expected values, contamination may have 

occurred. Preparation blanks were used to monitor contamination only. Concentration of 

preparation blanks greater than 50 times the sample concentration should be rechecked by 
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first re-analysis of a group of samples followed by re-weighing, if the contamination is 

confirmed. 

 

 

Table 2.2.3.1: QA/QC data concerning bulk chemical analyses of composite bauxite samples 

by ICP-MS. 

 
 

 

 

 

 

 

 

 

 

 

 

Analyte SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 Sc Ba Co
Unit % % % % % % % % % % % ppm ppm ppm
MDL 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.002 1 1 0.2
STD1 58.25 14.08 7.58 3.33 6.34 3.68 2.13 0.69 0.82 0.39 0.545 25 499 26.2
STD1 58.12 14.09 7.62 3.34 6.36 3.68 2.15 0.69 0.83 0.39 0.546 25 497 26.7

STD1  Expected 58.47 14.23 7.67 3.35 6.42 3.71 2.17 0.69 0.83 0.39 0.55 25 514 26.2
BLK (Blank) <0.01 <0.01 <0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.002 <1 <1 <0.2

Analyte Cs Ga Hf Nb Rb Sn Sr Ta Th U V W Zr Y
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
MDL 0.1 0.5 0.1 0.1 0.1 1 0.5 0.1 0.2 0.1 8 0.5 0.1 0.1
STD1 6.7 17.1 9.3 20.5 27.8 15 398.4 6.8 9.9 16 200 14.5 278.3 30.5
STD1 6.5 17 9.5 20.4 27.5 14 398.7 6.8 9.7 16 200 14.6 278.1 30.5

STD1  Expected 7.1 17.6 9.8 21.3 28.7 15 407.4 7.4 9.9 16.4 200 14.8 280 31
BLK (Blank) <0.1 <0.5 <0.1 <0.1 <0.1 <1 <0.5 <0.1 <0.2 <0.1 <8 <0.5 <0.1 <0.1

Analyte La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
MDL 0.1 0.1 0.02 0.3 0.05 0.02 0.05 0.01 0.05 0.02 0.03 0.01 0.05 0.01
STD1 11.7 27.1 3.3 13.5 2.89 0.85 2.82 0.5 2.86 0.59 1.72 0.27 1.72 0.27
STD1 12 27.4 3.3 13.5 2.82 0.85 2.82 0.49 2.83 0.6 1.71 0.24 1.68 0.26

STD1  Expected 12.3 27.1 3.45 14 3 0.89 2.93 0.53 3 0.62 1.84 0.27 1.79 0.27
BLK (Blank) <0.1 <0.1 <0.02 <0.3 <0.05 <0.02 <0.05 <0.01 <0.05 <0.02 <0.03 <0.01 <0.05 <0.01

Analyte Mo Cu Pb Zn Ni As Cd Sb Bi Ag Au Hg Tl Se
Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppb ppm ppm ppm
MDL 0.1 0.1 0.1 1 0.1 0.5 0.1 0.1 0.1 0.1 0.5 0.01 0.1 0.5
STD2 20.8 105.5 72.6 407 58.5 54.2 6.4 5 5 0.9 63.4 0.18 4.3 4

STD2 Expected 20.5 109 70.6 411 56 48.2 6.4 4.6 4.5 0.9 70 0.2 4.2 3.5
STD3 1.1 607.1 18.9 123 295.1 3.6 0.1 0.2 0.2 0.3 41.2 0.02 <0.1 0.6

SDT3 Expected 0.9 600 19 119 281 4.2 0.09 0.13 0.18 0.3 43 0.03 0.07 0.54
BLK (Blank) <0.1 <0.1 <0.1 <1 <0.1 <0.5 <0.1 <0.1 <0.1 <0.1 <0.5 <0.01 <0.1 <0.5

Analyte C S
Unit % %
MDL 0.02 0.02
STD4 0.17 18.85

SDT4 Expected 0.16 18
BLK (Blank) <0.02 <0.02
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2.2.4. Fourier Transform Infrared Spectrometry (FTIR) 

Fourier-transformed infrared spectroscopy (FTIR) was used to characterize the 

investigated samples. FTIR measurements were carried out with a Bruker IFS 113v Fourier 

transform spectrometer. Samples were powdered using an agate mortar, in order to reach a 

mean grain size of 20 μm. The IR spectra were being collected in the transmittance mode 

and were obtained in the mid-infrared FTIR (Mid-IR) region (4000-400 cm-1) and in the far-

infrared (Far-IR) region (400-200 cm-1), respectively. For the Mid-IR region a specific amount 

(0.8 mg) of each powdered sample was mixed with KBr powder (250 mg) and pressed into 

pellets in a vacuum press under 7 kbar pressure for accurate time of 60 s and a spectrum of 

a freshly KBr pellet was used as background whereas, for the Far-IR region, an amount (1.5 

mg) of each powdered sample was mixed with CsJ powder (300 mg) and pressed into pellets 

in a vacuum press under 7.5 kbar pressure for 60 s and a spectrum of the CsJ pellet was used 

as background, as well. For each spectrum, 32 scans were recorded with a resolution of 2 

cm-1, in room temperature conditions. 

 

2.2.5. Thermo-Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

Thermal characterization of bauxite samples was evaluated with Thermo-Gravimetric – 

Differential Scanning Calorimetry (TG-DSC) simultaneous analyses, performed with a 

Setaram thermogravimetric-differential thermal analyzer SETSYS 16/18-TG-DSC (1750 °C 

rod). After powdering in agate mortar in order to reach a mean grain size of 20 μm, samples 

(80 mg) were placed in alumina crucibles, while an empty alumina crucible was used as 

reference. Samples were heated from ambient temperature up to 1000 °C, with a heating 

rate 10 °C min-1, in argon atmosphere. 

 

2.2.6. Iron-57 Mössbauer Spectroscopy 

57Fe Mössbauer spectra of the samples were recorded in transmission geometry at 300 K, 

200 K, 180 K, 77 K and at 10 K, using a constant-acceleration Mössbauer spectrometer 

equipped with a 57Co (Rh) source kept at room temperature (RT). 



68 
 

PhD Thesis Platon N. Gamaletsos September 2014 

 

Figure 2.2.9.1: The SUL-X beamline, for combined μ-XRF, μ-XAFS and μ-XRD investigation, at the ANKA Synchrotron facility (KIT, Germany). 
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2.2.7. Magnetic Susceptibility 

The susceptibility measurements were conducted on an AGICO MFK1 kappabridge with 

cryostat and furnace attachments, allowing acquisition over a temperature range from 

approximately -200 deg C to 700 deg C in an AC field of 200 A/m and a frequency of 976 Hz.  

Multiple specimens of powdered bauxite were analyzed, some in heating runs that spanned 

the full temperature range, and others in more complex sequences which iteratively heated 

the same sample to initially moderate and then progressively higher temperatures, cooling 

between each run.  Heating runs were conducted in air to minimize the formation of 

reduction products (notably magnetite) that may be produced from natural samples in 'inert' 

argon atmospheres. 

 

2.2.8. Gamma-Ray Spectrometry (HPGe) 

HP γ-ray spectra, of red mud and bauxite samples towards the determination of natural 

radionuclides and radioactivity (total dose rate) were performed using a Canberra system 

with High-purity Germanium (HPGe) Detector. 

 

2.2.9. Synchrotron Radiation (SR) measurements in bulk (XAFS: XANES / EXAFS) 

Bulk XAFS spectroscopic study of bauxite and red mud samples was performed at the SUL-

X beamline of ANKA Synchrotron Radiation Facility (e.g., Göttlicher et al., 2006; ANKA 

Instrumentation Book, 2012; KIT, Germany; Figure 2.2.9.1) using powder of the material into 

pressed with cellulose to pellets (Figure 2.2.9.2). Bulk XAFS data were obtained for Th in Fe-

depleted bauxite (for comparison to μ-XAFS spectra; see text below), as well as for Fe in 

representative Fe-rich and Fe-depleted samples. Concerning Th, data were obtained at the 

Th LIII-edge (16,300 eV) and at the Fe K-edge (7,112 eV), respectively. For the Th LIII-edge 

XAFS spectra thorium compounds (Th(NO3)4•4H2O and ThO2) and minerals containing Th 

impurities, such as zircon (ZrSiO4), were used as reference materials. 
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Figure 2.2.9.2: Bulk XAFS spectroscopic study of bauxite and red mud 

samples using powder of the material into pressed with cellulose to 

pellets at the SUL-X beamline of the ANKA Synchrotron facility (KIT, 

Germany). 

 

 

Spectra were measured at the Th LIII-edge (16,300 eV; energy was calibrated using Y metal 

foil) and processing was performed using initially the ATHENA (Ravel & Newville, 2005) and, 

furthermore, the EDA (Kuzmin, 1995) software packages for the XANES and EXAFS 

processing and evaluation. The EXAFS signal corresponding to the first main peak in Fourier 

transforms (FTs) was isolated using the Fourier filtering procedure. The range of the back-FT 

was 1 – 3 Å for Th(NO3)4•4H2O and  0.8 – 2.5 Å for other samples. Thus, obtained EXAFS 

signals were best fitted using two different approaches, namely, the conventional Gaussian 

model and the regularization method (Kuzmin & Purans, 2000). The theoretical 

backscattering amplitude and phase shift functions for Th-O were used in the simulations. 

They were calculated by the ab initio FEFF8 code (Ankudinov et al., 1998) using a complex 

Hedin-Lundqvist exchange-correlation potential accounting for inelastic effects. Additionally, 

data were obtained at the Fe K-edge (7,112 eV), and at the Th LIII-edge (16,300 eV), 

respectively. 
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In the case of Fe, XAFS spectra of the studied samples were measured at the Fe K-edge 

(7,112 eV). Taking into account the importance (Manceau & Gates, 1997) of the usage of 

references and compounds with quite similar electronic properties and expected analogous 

crystalline structure as the investigated bauxite selected crystalline references and standards 

with known iron oxidation state (e.g., Waychunas et al., 1983; Bajt et al., 1994; Manceau & 

Gates, 1997; Dyar et al., 1998; England et al., 1999; Wilke et al., 2001; Quartieri et al., 2002; 

Berry et al., 2003; Sánchez del Río et al., 2005; Arčon et al., 2007; Hurai et al., 2008; Sigrist et 

al., 2011; Oakes et al., 2012; Regelink et al., 2014), such as natural Fe3+-oxide (pure-grey 

hematite: α-Fe2O3), synthetic Fe3+-oxyhydroxide (goethite: α-FeOOH), and natural mixed-

valence (Fe3+/ΣFe≠1) iron oxide (magnetite: Fe2+Fe3+
2O4) as well as synthetic Fe2+-standards 

by Merck Inc. (F(II)-chloride: Fe2+Cl2•4H2O; Fe(II)-sulfate: Fe2+SO4•7H2O), were used for Fe K-

edge XANES spectra analysis. Energy was calibrated to 7,112 eV (1st derivative of the Fe K-

edge, Fe metal foil). XAFS data for the references and the studied bauxite sample were 

measured at both transmission and fluorescence mode. XAFS processing and evaluation was 

performed using the Athena (Ravel & Newville, 2005) software package. 

Herein, it should be mentioned that the qualitative results with regard to the Fe oxidation 

state of the studied bauxite were not approached by the peak fitting procedure (e.g., Calas & 

Petiau, 1983; Westre et al., 1997; Galoisy et al., 2001; Wilke et al., 2001; Quartieri et al., 

2002; Berry et al., 2003; Hurai et al., 2008) of the characteristic pre-edge features of the 

experimental Fe K-edge XANES spectra, inasmuch the precise evaluation of bonding 

environment and local distortion around Fe is still too difficult for this kind of condensed 

glassy-like material, and beyond the scope of the paper. Objectively, relevant difficulties can 

be assigned either to several differences in site symmetries between references and studied 

sample or to uncertainties related to “accuracy & reproducibility” factors associated with the 

monochromator’ motors and, in general, this is a complicated approach that requires ab 

initio Full-Multiple-Scattering simulations. As the feasibility and reliability of the 

determination of Fe oxidation state using the Fe K-edge XANES analysis – alternatively 

without any peak fitting procedure- has been successfully investigated (Arčon et al., 2007), 

mentioning that the proper usage of references with similar structure, and same type of 

neighboring atoms around the Fe absorbing atom arranging in similar local symmetry plays a 

crucial role for that, of particular interest was to examine the shifting of the energy position 
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of pre-edge features -between the Fermi energy and the threshold- of the bauxite together 

with the proper Fe-references and, subsequently to reliably determine its Fe valence. 

Thus, the determination of the valence state of iron in the bauxite was approached by the 

relationship between published XANES data of mixed-valence magnetites (Bajt et al., 1994; 

Berry et al., 2003) and the relative energy shift of pre-edge features, and not the edge shift, 

as it is disturbed by EXAFS oscillations. The energy of pre-edge features, which is due to the 

1s→3d transition, is more or less related to the bottom of the conduction band (e.g., 1st 

hole, relaxation effects etc.), which is sensitive to the effective charge (valence) of iron. 

Besides, it is powerful precise tool for the determination of the Fe oxidation state as 3d 

crystal field levels are more tightly bound and, thus, less sensitive to effects that can cause 

changes in the local environment (e.g., Waychunas et al., 1983; Manceau et al., 1992; Bajt et 

al., 1994; Westre et al., 1997; Wilke et al., 2001; Berry et al., 2003; Henderson et al., 2014). 
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2.2.10. Stable isotope ratio analyses (δ18O and δ13C) 

The oxygen and carbon stable isotope ratios were measured, in footwall 

(ALM0306_PL1_WLS) and hanging wall (ALM0306_PL1_DLS1 & DLS2) limestones of the Pera 

Lakkos underground mine, using a VG Micromass 903 Ratio Mass Spectrometer (analyzer 

vacuum <1x10-6 Torr). Carbonate-bearing rocks (i.e. limestones) were converted to CO2 by 

reaction with 100% H3PO4 at 50 °C. δ18O and δ13C of the CO2 were determined by SIRA with a 

suitable correction applied to the oxygen ratio to adjust the oxygen isotopic fractionation. 

 

The δ13CPDB value of the CO2 is calculated as follows: 

 

δ13CPDB = [1.0673*(δ13C-ZE13C)-0.0336*(δ18O-ZE18O)]+[δ13Cpdbstd]+[1.0673*(δ13C-ZE13C)-

0.0336*(δ18O-ZE18O)]*[δ13CPDBstd]/1000 

 

The δ18OSMOW value of the CO2 is calculated as follows: 

 

δ18OSMOW=1.03086*δ18OPDB+30.86 

 

and, 

 

δ18OPDB=[1.0010*(δ18O-ZE18O)-0.0021*(δ13C-ZE13C)]+[δ18OPDBstd]+[1.0010*(δ18O-ZE18O)-

0.0021*(δ13C-ZE13C)]*[δ18OPDBstd]/1000 

 

 

where δ13C and δ18O are the delta values of the sample relative to the COR-0101 working 

reference gas, ZE13C and ZE18O are zero enrichment corrections (which are usually zero) and 

δ13CPDBstd (0.05 ‰ PDB) and δ18OPDBstd (1.8‰ PDB) are the values relative to PDB of the COR-

0101 working reference gas. The internal standard deviations of the results should be less 

than +/- 0.2 ‰.  If the standard deviations are unusually high, or if any non-random signals 

are observed in the analysis trace, repeat the analysis of the gas. 
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2.3. Mineralogical and geochemical characterization of bauxite in microscale 

 

2.3.1. Optical Microscopy 

Both typical Fe-rich and Fe-depleted bauxite samples were investigated in polished and 

polished-thin sections All bauxite samples were investigated in polished sections using a 

Zeiss Axio Imager.Z1m (with AXIOVISION 4.7 software) motorized optical microscope in 

transmitted and reflected light. 

 

2.3.2. Laser micro-Raman (Laser μ-Raman) 

The Laser μ-Raman spectra were obtained on the polished-thin sections using Renishaw 

Ramascope RM 1000 equipment with a HeNe laser at 633 nm, a spectrometer with a grating 

of 1800 lines/mm, and a CCD Peltier-cooled detector. The laser beam diameter was adjusted 

depending on resolution requirements. In any case, its maximum energy did not exceed 

4mW. Moreover, Laser micro-Raman spectra were additionally obtained, prior to 

Synchrotron study (see text below) on polished sections using a Kaiser RXN1 Analyzer 

portable Laser micro-Raman spectrometer equipped with two-wavelength excitation lasers 

(at 532 nm and 785 nm). 

 

2.3.3. Scanning Electron Microscopy-Energy Dispersive Spectrometry/Wavelength 

Dispersive Spectrometry (SEM-EDS/WDS) 

Details of mineralogical and chemical composition in microscale were obtained using a 

Jeol JSM-5600 scanning electron microscope (SEM) equipped with an Oxford Instruments 

INCA EDS and also a 20 kV FEI Quanta 200 FEG SEM equipped with both EDS and WDS. The 

acquisition of EDS and WDS spectra and their analyses were performed with INCA software. 

Variations of Al, Fe, Ti and Cr contents were performed with linescan analysis and quantified 

using a database of measurements given by the manufacture (i.e., standardless analysis).   
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2.3.4. Laser-Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) 

According to SR μ-XRF (see text below), distinct mineral phases hosting Th, were point-

analyzed for trace element distribution by means of Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry / LA-ICP-MS at WWU Münster, Germany (Engvik et al., 2009; 

Figure 2.3.4.1). 

 

Figure 2.3.4.1: The LA-ICP-MS facility at WWU Münster (Germany). 

 

  

 

Sample ablation for trace elements analysis has been done with a 193 nm ArF excimer 

laser (UP193HE, New Wave Research). The energy density was ~9 J/cm2 and the laser 

repetition rate was set to 5 Hz. Depending on the size of the distinct mineral phases the 

beam spot diameter was varied from 12 to 25 μm. Elemental analysis has been carried out 

with an Element 2 mass spectrometer (ThermoFisher). Gas-flow rates were 0.73 l/min for 

the He carrier gas, 0.99 l/min and 1 l/min for the Ar-auxiliary and sample gas, respectively. 

Cooling gas flow rate was set to 16 l/min. Before starting measurements, the system was 

tuned on the SRM 612 standard glass from NIST to ensure high sensitivity and stability of the 

signal. A total of five (5) elements were analyzed using the NIST 612 glass as an external 

standard, and 49Ti as internal standard. Groups of five (5) spots on a given sample were 

bracketed with 2 calibration standards on both sides, to follow instrumental drift. The 

overall measuring time for a single spot analysis was 60 s (20 s for background and 40 s for 
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the peak signal). Concentrations of measured elements were calculated using the Glitter 

software (Jackson, 2001). 

 

2.3.5. Synchrotron Radiation (SR) measurements in microscale (μ-XRF, μ-XAFS: μ-XANES / 

μ-EXAFS) 

Synchrotron radiation (SR) micro-X-ray Fluorescence (μ-XRF) and micro X-ray Absorption 

Fine Structure (µ-XAFS) spectra were obtained using powders (for reference materials) and 

polished sections of the bauxite samples (Figure 2.3.5.1) in the X-ray beamline of the 

Laboratory for Environmental Studies (SUL-X) of ANKA Synchrotron Radiation Facility, KIT, 

Germany (e.g., Göttlicher et al., 

2006; ANKA Instrumentation 

Book, 2012). The μ-XAFS 

spectra in the case of polished 

sections were obtained in 

micro-areas previously selected 

on the basis of optical 

microscopy, Laser μ-Raman and 

elemental maps from SR μ-XRF. 

 

 

Figure 2.3.5.1: Polished-section 

of Fe-depleted diasporic Greek 

industrial bauxite sample 

(upper) and detail of pisoliths in 

the optical microscope (lower) 

prior the μ-XRF and μ-XAFS 

measurements in the SUL-X 

beamline of ANKA. 
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The μ-XAFS spectra were recorded in order to investigate the distribution and solid-state 

speciation of Cr, Th, As, V and Ga in the studied Parnassos-Ghiona bauxites. Micro-XAFS 

investigation, for Fe-depleted bauxite, was performed for Cr in the diaspore matrix. 

Chromium 3+ and 6+ compounds, such as chromium nitrate (Cr(NO3)3), potassium 

dichromate (K2Cr2O7), and FeCr2O4 (chromite), as well as Cr-oxyhydroxide (grimaldiite-type) 

were used as reference materials. XAFS measurements were carried out at room 

temperature in both fluorescence and transmission mode at the Cr K-edge (5,989 eV). 

Energy was calibrated for the Cr K-edge XAFS measurements to 5,989 eV (1st derivative of 

the Cr K-edge, Cr metal foil between the ionization chambers 2 and 3). The spectra were 

processed using the ATHENA and the ARTEMIS software packages (Ravel & Newville, 2005). 

For the overall EXAFS fitting procedure, structural data from a grimaldiite (α-CrOOH) 

reference from the literature (Christensen et al., 1977) were imported from its atoms.inp file 

for the FEFF calculation. This reference was used as a “Cr-analogue” of diaspore (α-AlOOH) 

and particularly for EXAFS fitting of first shell parameters depicting the Cr-O bonds into the 

diaspore of the studied bauxite.  The crystal-chemistry investigation of Th was also 

performed in the diaspore matrix of the Fe-depleted bauxite. Thorium compounds 

(Th(NO3)4*4H2O and ThO2) and minerals containing Th impurities, such as zircon (ZrSiO4), 

were used as reference materials.  Spectra were measured at the Th LIII-edge (16,300 eV) 

and processing was performed using initially the ATHENA (Ravel & Newville, 2005) and, 

furthermore, the EDA (Kuzmin, 1995) software packages. The EXAFS signal corresponding to 

the first main peak in Fourier transforms (FTs) was isolated using the Fourier filtering 

procedure. The range of the back-FT was 1-3 Å for Th(NO3)4*4H2O and 0.8-2.5 Å for other 

samples. Thus, obtained EXAFS signals were best-fitted using two different approaches and 

namely the conventional Gaussian model and the regularization method (Kuzmin & Purans, 

2000). The theoretical backscattering amplitude and phase shift functions for Th-O were 

used in the simulations. They were calculated by the ab initio FEFF8 code (Ankudinov et al., 

1998) using a complex Hedin-Lundqvist exchange-correlation potential accounting for 

inelastic effects. In the case of As and V, the Synchrotron study aimed in element distribution 

and speciation (As3+, As5+ and V3+, V4+, V5+) in areas of the Fe-rich bauxite samples previously 

mapped by SR μ-XRF. Spectra were measured at the As K-edge (11,867 eV) and the V K-edge 
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Figure 2.3.5.2: Measurements in the SUL-X beamline of ANKA Synchrotron facility in sealed 

vacuum chamber. 
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Figure 2.3.5.2: Continued. 
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Figure 2.3.5.2: Continued. 

 

 

(Kα at 5,465 eV). Natural minerals of known As oxidation state, such as arsenopyrite (FeAsS), 

orpiment (As2S3), and arsenates (i.e., annabergite: Ni3(AsO4)2.8H2O and scorodite: 

FeAsO4.2H2O), as well as synthetic As3+ compounds, such as As2O3 (arsenolite) and NaAsO2 

(sodium meta-arsenite) were used as reference materials. In the case of V, numerous V 

minerals (e.g., cavansite containing V4+ and vanadinite containing V5+) and compounds were 

used as reference materials. At the same time, a variety of other elements were mapped in 

microscale, using a sealed vacuum chamber (Figure 2.3.5.2), whereas Ga K-edge μ-XANES 

spectra at 10,367 eV were successively obtained. 
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2.4. Mineralogical and geochemical characterization of bauxite in nanoscale 

by High-Resolution Transmission Electron Microscopy (HRTEM) and Electron 

Energy Loss Spectroscopy (EELS) 

TEM-EDS & EELS measurements were carried out using an FEI Tecnai F20 field-emission-

gun transmission electron microscope (FEG-TEM) operated at 200 kV and an FEI Titan 80-

300ST FEG TEM operated at 300 kV. Elemental mapping by energy-filtered TEΜ and electron 

energy-loss spectroscopy were obtained using a Gatan imaging filter equipped to the Titan 

TEM. Three-window elemental maps were yielded using O (centered at 542 eV), Ti (centered 

at 468 eV), and Fe (centered at 718 eV) core-loss edges with a 20 eV energy window. For 

comparison reasons, the elemental maps were colored for better visualization. EELS were 

acquired with an energy dispersion of 0.2 eV/pixel and an energy resolution of 0.8 eV, which 

could give a practical resolution of better than 1 eV. Qualitative TEM-EDS measurements 

were carried out using an electron beam with <10 nm in size. The bauxite samples were 

polished down to approximately 30 nm, thinned to electron transparency using Ar ion 

milling and coated lightly with carbon. 

 

2.5. Red mud samples and characterization  

Bauxite refining solid wastes (red mud) samples were supplied by Aluminium S.A. alumina 

plant at Antikyra, Gulf of Corinth, central Greece. The company manages the red mud 

through the installation of four filter presses, disposing the final dehydrated metallurgical 

residue onto a special configured area inside its plant. The final red mud sample, used in the 

study, concerned composite sample which was created by taking the appropriate number of 

specimens (n=10), using standard mixing procedures and sample splitters. The bulk 

characterization was performed using a combination of microscopic, analytical, and 

spectroscopic techniques (PXRD, SEM-EDS, STEM-EDS/EELS, XRF, ICP-OES/MS, HR γ-ray 

Spectrometry, and XANES/EXAFS; for descriptions of the techniques see sections above). 

Furthermore, simultaneously to bulk mineralogical composition of the raw material, 

additional PXRD studies were performed on the acetic acid-leached red mud using a 
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SIEMENS D5005 (currently BRUKER AXS) diffractometer with CuKα radiation (λ = 1.54 Å ) at 

an accelerating voltage of 40 kV. For this reason, the identification of mineral phases was 

complementary recorded for the coarse (>2μm) and fine fraction (<2μm) of the acetic acid-

leached red mud separated using standard wet-chemical and centrifugation procedures 

(Moore & Reynolds, 1997). 

 

2.6. Leaching experiments for red mud and bauxites using Sector field 

Inductively Coupled Plasma Mass Spectrometry (SF-ICP-MS) 

Leaching experiments on the investigated Greek red mud and typical bauxites were 

carried out using (a) Mediterranean seawater from the Gulf of Corinth (Greece), and (b) 

concentrated acetic acid (Merck), over a period ranged from 2 weeks to 1 year. Acetic acid 

was used, instead of typical TCLP, according to recent relevant work for red mud (Rubinos & 

Barral, 2013). The analyses of leachates, for potentially hazardous metals and metalloids (Cr, 

V, Ni, As, Pb), Th, Ta, Nb, and REE, were performed using a SF-ICP-MS (Thermo Scientific 

Element 2/XR) at KIT-INE (Figure 2.6.1). The red mud sample, used in the leaching 

experiments, was composite sample which was created by taking the appropriate number of 

specimens (n=10), using standard mixing procedures and sample splitters. Simultaneously, 

similar leaching tests on Greek typical bauxites were also carried out for comparison 

reasons. For this purpose the bauxite samples subjected to leaching tests, constituted 

composite sample, which was created by taking the appropriate number of specimens, using 

standard mixing procedures and sample splitters. Such composited samples are typically 

obtained from bauxite mines of “Aluminium S.A.” for the material’s characterization either 

going to be proceeded through Bayer process for the alumina production or to be used as 

direct commercial products at the aluminium industry, worldwide. Thus, the final 

composited leached bauxite samples represent both the typical types of karst-type of Greek 

bauxites (i.e., Fe-depleted (white-grey in color) diasporic type; Fe-rich (red-brown in color) 

diasporic and/or boehmitic type) from the Parnassos-Ghiona active mining area. 
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Figure 2.6.1: The SF-ICP-MS of KIT-INE. 

 

 

On a first step, powder from the red mud, as well as from both the typical bauxite types 

(typically between ~ 10 and 100 mg; details are given in Table 2.6.1) were weighted in zinser 

vials, which were then filled with 20 mL of the leaching solution (i.e., seawater or 

concentrated acetic acid). 

In addition, 2 experimental blank experiments (only seawater and concentrated acetic 

acid) were also prepared in the same way using zinser vials filled with 20 mL of the particular 

solution. Sampling of the experimental, as well as the blank solutions was performed at 

certain periods of  time after the start of the leaching procedure (after 2 weeks, 1 month, 2 

months, 3 months, 5 months, 7 months, 10 months, 12 months). Typically, 1 mL was taken 

from each vial and filtered with a syringe filter to remove particles. 500 μL of the filtered 

leachate was then further diluted using 2 vol% HNO3 (prepared from concentrated Merck 
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ultrapure HNO3 and deionized water with a resistance of 18 mΩ) to a total of 5 mL. The 

concentrations of trace elements, including actinides, HFSE and REE, in the leachates were 

determined using a SF-ICP-MS (Thermo Scientific Element 2/XR) at KIT-INE. Lanthanides and 

As were measured in high resolution mode (m/Δm = 10.000), whereas other elements, such 

as Cr, and V were measured in medium resolution (m/Δm = 4.000) or in case of Ta, Y, Th, and 

 

Table 2.6.1: Details of leaching experiments with regard to the studied red mud 

and Greek typical high grade (i.e., Fe-depleted; diasporic; white-grey in color) 

and low grade (i.e., Fe-rich; diasporic & boehmitic; red-brown in color) bauxite 

samples. 
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Pb in low resolution mode (m/Δm = 300). Rhodium was added to the solutions and used as 

an internal standard (final Rh concentration was 1 ng/g). Plasma parameters and sample 

uptake conditions were optimized at the beginning of each instrumental session to achieve 

optimal signal stability and maximum sensitivity at low oxide ratios. Typical instrumental 

parameters and measured isotopes are listed in Table 2.6.2. 

 

Table 2.6.2: Instrumental parameters for SF-ICP-MS measurements. 

 

 

Calibrations were generally performed with adjusted solutions using acetic acid and 

Mediterranean seawater for matrix matching. The accuracy of the measurements was 

verified with various water reference materials (TM26.3 and SPS-SW1) which were also 

adjusted with Mediterranean seawater and acetic acid for matrix matching. Since the river 

water reference materials are not certified for Ta a diluted matrix matched reference 

solution of BHVO-1 (rock reference standard material) was used. All certified values could be 

reproduced throughout the measurements except for Dy, which is therefore not listed in 

Table 2.6.2. The analyzed reference solutions yielded consistently higher Dy concentrations 

probably caused by Carbon based interferences such as 134Ba, 16O, 12C+ and 135Ba, 16O, 12C+, 

which were not completely resolved from the analyte peaks of 162Dy+ and 163Dy+ respectively. 
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3. RESULTS AND DISCUSSION 

 

3.1. Bulk mineralogy and geochemistry of bauxite 

 

3.1.1. PXRD investigation 

The bulk mineralogical composition of the studied bauxite samples were initially 

investigated by means of conventional powder XRD (PXRD). The PXRD patterns of 

representative Fe-rich diasporic and Fe-rich boehmitic bauxite samples together with Fe-

depleted diasporic sample, which unexpectedly contains minor hematite, are illustrated in 

Figure 3.1.1.1. PXRD data, including the semi-quantitative crystalline phase analyses using 

both the EVA and the MATCH! version 1.9a software packages, are shown in Table 3.1.1.1. In 

general, the studied Fe-depleted bauxites appear as porous white-grey (high grade) and they 

concern only diasporic type, while the Fe-rich are massive, red-brown (low grade) and both 

are present as diasporic and/or boehmitic type. Except the above cases, Fe-depleted bauxite 

samples usually contain diaspore, and TiO2 polymorphs, i.e., abundant anatase and minor 

rutile (possibly detrital) in macroscale, see Figure 3.1.1.2. Nevertheless, in the case of the Fe-

rich samples, except major solid crystalline phases (AlOOH polymorphs, anatase and 

hematite), rutile (possibly detrital), clays (kaolin-group), goethite (FeOOH), and magnetite 

(Fe3O4) are occasionally present (Figure 3.1.1.3 and Table 3.1.1.1). Accessory crystalline 

phases (i.e., detrital zircons, and chromites as well as REE fluorocarbonates) detected by 

SEM-EDS/WDS (see text below), and occurring as rare irregular microcrystals and aggregates 

into the diasporic matrix, were not detected by XRD. Rietveld refinement of the XRD 

patterns were applied, using both GSAS (Larson & Von Dreele, 2004) and FullProf (Rodríguez-

Carvajal, 1993) refinement software packages, to Fe-depleted (high grade) bauxite samples, 

while previous work referred to typical Fe-rich (low grade) bauxite (Perdikatsis, 1992). The R 

values (Rwp and Rp) yielded by the GSAS are lower than those of the FullProf software. 

According to the GSAS, the unit cell parameters of the AlOOH and TiO2 phases calculated by 

the refinement (Table 3.1.1.2) are in good agreement with the values reported in the 
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literature for the aforementioned minerals (Cromer & Herrington, 1955; Klug & Farkas, 1981; 

Hazemann et al., 1991; Howard et al., 1991; Hummer et al., 2007). Thus, it can be argued 

that there is no practical distortion of the diaspore unit cell, despite the presence of metal, 

namely Fe and Cr, impurities revealed by electron and Synchrotron-based microanalyses 

(see text below). Moreover, the unit cell of anatase also remains undistorted, regardless of 

incorporation of HFSE, such as Th, U, Nb, and Ta detected by LA-ICP-MS investigation (see 

text below). 

 

Figure 3.1.1.1: PXRD patterns of representative Fe-depleted diasporic (black lower pattern: 

① ALM0306_BIW), Fe-rich diasporic (red middle pattern: ② ELM0206_DV_B1) and Fe-rich 

boehmitic (red upper pattern: ③ ALM0306_PL1_B2) bauxite samples from Parnassos-

Ghiona active mining area; kaolinite, boehmite, goethite, diaspore, anatase, rutile, hematite, 

and magnetite strongest reflections at 12.37 (7.15), 14.48 (6.11), 21.37 (4.16), 22.26 (3.99), 

25.35 (3.51), 27.50 (3.24), 33.27 (2.69), and 35.46 (2.53) 2θ (d in Å). 
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Table 3.1.1.1: Powder XRD results for the studied Parnassos-Ghiona bauxites using both EVA 

and MATCH! version 1.9a software packages for phase identification. 
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Figure 3.1.1.2: PXRD pattern of representative Fe-depleted bauxite containing only diaspore, 

anatase and rutile (possibly detrital). 
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Figure 3.1.1.3: Processed, using MATCH! software, PXRD pattern of representative Fe-rich 

bauxite containing all crystalline phases observed in Parnassos-Ghiona bauxites. 
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Table 3.1.1.2: Unit cell parameters of diaspore, anatase, and rutile in Fe-depleted (high grade) bauxite yielded by Rietveld method, using the 

GSAS (Larson & Von Dreele, 2004), and the FullProf (Rodríguez-Carvajal, 1993) refinement software packages. 
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3.1.2. Bulk geochemistry 

The bulk chemical composition of the studied Fe-rich and Fe-depleted bauxites from 

Parnassos-Ghiona mines has been yielded by means of XRF and ICP-OES/MS measurements. 

Analytical findings provide convincing evidence that all the illustrated elements, herein, can 

be accurately measured by both these analytical techniques. Representative correlations of 

XRF and ICP-OES/MS analyses are given in Figure 3.1.2.1. The bulk chemical composition of 

all the studied Fe-rich and Fe-depleted bauxites is presented in Table 3.1.2.1. 

 

Figure 3.1.2.1: Correlations of XRF and ICP-OES/MS analyses for lithophile (upper image), 

chalcophile (middle image) and siderophile (lower image) elements. 
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Figure 3.1.2.1: continued. 
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Table 3.1.2.1: Major and trace element concentrations in the studied bauxites from 

Parnassos-Ghiona active mining area. Commonly, the elements comprise the LREE and HREE 

groups are arbitrary defined (Mariano & Mariano, 2012; Gambogi, 2013; Zepf, 2013). 
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Table 3.1.2.1: continued. 
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The UCC-normalized spider diagrams (Rudnick & Gao, 2003) have indicated a clear 

enrichment in High-Field Strength Elements (HFSE), Rare Earth Elements (REE), actinide 

elements (Th, U), and in most of compatible elements, while there is a depletion in Large Ion 

Lithophilic Elements (LILE), P, Sr, and certain compatible elements such as Zn, Cu, and As 

(Figure 3.1.2.2). Except the values presented in the above table (Table 3.1.2.1), individual 

analyses were performed with regard to Ge, Te and Br in a representative composite sample 

(2.45 ppm, 8 ppm and 3 ppm, respectively). The general enrichment of Parnassos-Ghiona 

bauxite in certain HFSE and actinides (Nb, Ta, Th, U) is due to Ti-oxides, namely anatase, as it 

 

Figure 3.1.2.2: UCC-normalized (Rudnick & Gao, 2003) spider diagrams for the studied Fe-

rich (upper image) and Fe-depleted bauxites (middle image). The average for all chemical 

elements occurring in Parnassos-Ghiona bauxites is also presented (lower image). 

 



98 
 

PhD Thesis Platon N. Gamaletsos September 2014 

Figure 3.1.2.2: continued. 
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it was revealed by a combined Laser- and Synchrotron-based analytical investigation in 

microscale (see text below). Taking into account the literature for all Greek bauxites (i.e., 

Kiskyras, 1960; Papastamatiou & Maksimovic, 1970; Maksimović & Papastamatiou, 1973; 

Ochsenkühn & Parissakis, 1977; Biermann, 1983; Arp, 1985; Retzmann, 1986; Papastavrou & 

Perdikatsis, 1987; Laskou, 1991; Ochsenkühn-Petropoulou et al., 1991; Ochsenkühn-

Petropoulou et al., 1994; Ochsenkühn et al., 1995; Papastavrou & Perdikatsis, 1987; Laskou 

& Economou, 1991; Laskou, 2001; Laskou & Andreou, 2003; Laskou & Economou-Eliopoulos, 

2007; Eliopoulos & Economou-Eliopoulos, 2010; Papassiopi et al., 2010; Laskou et al., 2011; 

Laskou & Economou-Eliopoulos, 2013) it is agreed that there are similar 

enrichment/depletion trends, though in some cases there are favorable concentrations of 

As, Sb and REE (Figure 3.1.2.3). 

It is evident that Fe-rich bauxites are preferentially enriched in Pb, REE and As, in 

comparison to Fe-depleted bauxites. In particular, the Fe-rich bauxites contain an average of 

74.4 ppm Pb (avg. in Fe-depleted: 2.9 ppm), 40.1 ppm As (avg. in Fe-depleted: 0.5 ppm) and 

568.7 pmm ΣREE (avg. in Fe-depleted: 268.4 ppm). The elevated Pb concentrations in Fe-rich 

samples are rather reasonable; in fact, a positive correlation of Fe with Pb has been found 

(see text below), and thus Pb must be contained in Fe-oxides and/or oxyhydroxides. 

In a similar way, As is also related to Fe, and particularly to Fe-Cr-Ti in pisoliths, as 

revealed by Synchrotron Radiation (SR) μ-XRF (see text below). The REE content in Fe-rich 

bauxites is higher, simply due to higher content of REE minerals (of diagenetic and/or 

epigenetic origin), mostly REE fluorocarbonates, as indicated by SEM-EDS investigation (see 

text below). 
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Figure 3.1.2.3: UCC-normalized (Rudnick & Gao, 2003) spider diagrams for all Greek karst 

bauxites (Kiskyras, 1960; Papastamatiou & Maksimovic, 1970; Maksimović & Papastamatiou, 

1973; Ochsenkühn & Parissakis, 1977; Biermann, 1983; Arp, 1985; Retzmann, 1986; 

Papastavrou & Perdikatsis, 1987; Laskou, 1991; Ochsenkühn-Petropoulou et al., 1991; 

Ochsenkühn-Petropoulou et al., 1994; Ochsenkühn et al., 1995; Papastavrou & Perdikatsis, 

1987; Laskou & Economou, 1991; Laskou, 2001; Laskou & Andreou, 2003; Laskou & 

Economou-Eliopoulos, 2007; Eliopoulos & Economou-Eliopoulos, 2010; Papassiopi et al., 

2010; Laskou et al., 2011; Laskou & Economou-Eliopoulos, 2013). 

 

 

Regarding HFSE, the Parnassos-Ghiona bauxites, analyzed in the frame of the present 

dissertation, seem to be enriched in W (if it is not contamination from sample preparation –

powdering- in WC apparatus; mentioned by purple solid star) when compared to the 

average of bauxites from the Mediterranean belt and particularly bauxites from Italy 

(Mongelli, 1997; MacLean et al., 1997; Mameli et al., 2007; Mondillo et al., 2011; Boni et al., 

2013; Mongelli et al., 2014), and Turkey (Özlü, 1983; Öztürk et al., 2002; Karadağ et al., 2009; 

Hanilçi et al., 2013), as well as from Balkan countries (i.e., Bosnia, and Montenegro) and 
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Hungary (Bárdossy, 2011 – personal communication: new data in the frame of the present 

dissertation; Tables 3.1.2.1 & 3.1.2.2 and Figure 3.1.2.4). In general, the bulk geochemical 

trends of the Greek bauxites are similar to karst-type bauxites of neighboring countries. 

 

Table 3.1.2.2: New analytical data concerning representative bauxite samples from active 

mines of Balkan countries (i.e., Bosnia, and Montenegro) and Hungary, supplied by the Ajkai 

Timföldgyár alumina plant (MAL Magyar Alumínium Zrt) and provided by György Bárdossy† 

(Bárdossy, 2011 – personal communication: new data in the frame of the present 

dissertation: see experimental section). 
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Figure 3.1.2.4: UCC-normalized (Rudnick & Gao, 2003) spider diagrams for the average of 

the Parnassos-Ghiona bauxites in comparison with the average of karst bauxites from Italy 

(Mongelli, 1997; MacLean et al., 1997; Mameli et al., 2007; Mondillo et al., 2011; Boni et al., 

2013; Mongelli et al., 2014), Turkey (Özlü, 1983; Öztürk et al., 2002; Karadağ et al., 2009; 

Hanilçi et al., 2013), and Balkan countries (i.e., Bosnia, and Montenegro) and Hungary 

(Bárdossy, 2011 – personal communication: new data in the frame of the present 

dissertation), as well as with the average of the karst bauxites from the Mediterranean 

bauxite belt (excluding Greek bauxites). 

 

 

On the other hand, when Parnassos-Ghiona bauxite is normalized to the average of 

karst bauxites from the Mediterranean belt ,excluding Greek bauxites, i.e., using data from 

the Bosnian, Montenegrin, and Hungarian bauxites (Bárdossy, 2011 – personal 

communication: new data in the frame of the present dissertation), data from the Bulgarian, 

Croatian, and Romanian bauxites (Özlü, 1983 and references therein) data from Italian 

bauxites (Mongelli, 1997; MacLean et al., 1997; Mameli et al., 2007; Mondillo et al., 2011; 

Boni et al., 2013; Mongelli et al., 2014) and data from Turkish karst bauxites: Özlü, 1983; 
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Öztürk et al., 2002; Karadağ et al., 2009; Hanilçi et al., 2013), significantly  enriched in W (if it 

is not contamination from sample preparation –powdering- in WC apparatus; mentioned by 

purple solid star), Mo, Co, Ni, Sb and Hg was revealed (Figure 3.1.2.5). The same 

geochemical trends also stand for all Greek bauxites (Figure 3.1.2.6). According to SEM-EDS 

investigation (see text below), Co and Ni are present, at least, in distinct Ni-Co-sulfides 

corresponding to detrital pentlandite-type phases. The distribution, partitioning, and solid-

state speciation of Mo, Sb and Hg have not been concluded yet, despite detailed study of the 

samples using a combination of microscopic and spectroscopic techniques in various scales. 

 

Figure 3.1.2.5: Mediterranean bauxite belt-normalized (Özlü, 1983 and references therein; 

Mongelli, 1997; MacLean et al., 1997; Öztürk et al., 2002; Mameli et al., 2007; Karadağ et al., 

2009; Mondillo et al., 2011; Boni et al., 2013; Hanilçi et al., 2013; Mongelli et al., 2014 and 

new data of the present dissertation: Bárdossy, 2011 – personal communication) spider 

diagrams for the studied Fe-rich (upper image) and Fe-depleted bauxite (middle image). The 

average for all chemical elements occurring in Parnassos-Ghiona bauxite is presented (lower 

image). 
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Figure 3.1.2.5: continued. 
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Figure 3.1.2.6: Mediterranean bauxite belt-normalized (for relevant literature: see caption of 

previous Figure 3.1.2.5) spider diagrams for all Greek bauxites (Kiskyras, 1960; 

Papastamatiou & Maksimovic, 1970; Maksimović & Papastamatiou, 1973; Ochsenkühn & 

Parissakis, 1977; Biermann, 1983; Arp, 1985; Retzmann, 1986; Papastavrou & Perdikatsis, 

1987; Laskou, 1991; Ochsenkühn-Petropoulou et al., 1991; Ochsenkühn-Petropoulou et al., 

1994; Ochsenkühn et al., 1995; Papastavrou & Perdikatsis, 1987; Laskou & Economou, 1991; 

Laskou, 2001; Laskou & Andreou, 2003; Laskou & Economou-Eliopoulos, 2007; Eliopoulos & 

Economou-Eliopoulos, 2010; Papassiopi et al., 2010; Laskou et al., 2011; Laskou & 

Economou-Eliopoulos, 2013). 

 

 

On the basis of bulk chemical analyses, it can be argued that there is a correlation 

between certain chemical elements (Figures 3.1.2.7 – 3.1.2.14). First of all, there is a 

negative correlation between SiO2 and Al2O3, meaning that Si-containing minerals (i.e., 

kaolinite) are more abundant in Fe-rich (low grade) bauxites, as has been also revealed by 

powder XRD. Also, there is a strong correlation of SiO2 with distinct LILE such as K, Rb, Cs and 
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Ba. Potassium is most likely related to unidentified minor micro-/nano-sized silicate minerals 

(clays), which could also be true for Rb and Cs, as well as for Ca. The strong correlation 

between Al and Fe, especially in the case of Fe-depleted bauxites, is mainly due to the 

presence of Fe into diaspore which concerns in fact a low-T natural Fe-Cr-AlOOH phase, 

described for first time in literature (see text below). The correlation of Al and Cr is not 

obvious in bulk geochemistry, and it is only revealed in microscale and nanoscale studies. A 

strong correlation is observed between Zr and Ti, Zr and Nb, and especially Zr-Hf implying 

the presence of Hf into detrital zircon crystals. Al and Ga are reasonably correlated due to 

similarities in ionic radii and valence, but it can be concluded that Ga (avg. for all bauxites: 

68.2 ppm) is obviously not absolutely contained in AlOOH polymorphs (diaspore and 

boehmite). Lead is not correlated to any other metal except Fe, implying that Pb must be 

contained in Fe-oxides and/or -oxyhydroxides. It is known that Pb shows a strong affinity for 

hematite and moreover, for goethite, during metal uptake (sorption) geochemical processes 

in aqueous environments (e.g. O'Reilly & Hochella, 2003; Ostergren et al., 1999). On the 

other hand, V, which is an element of increased importance in bauxite industry due to its 

involvement in red mud (Burke et al., 2013; present dissertation), is not correlated to Fe or 

any other metal in bulk. According to SR μ-XRF and μ-XAFS investigation (see text below), 

high-valence V is related to Ca and K (and also possibly Sc), in micro-areas between Fe-Cr-Ti 

and Al-(Ga) pisoliths. Titanium, except Zr, is also correlated to Nb, Hf and Ta. However, the 

relevance of Ti with Ta stands for Fe-rich samples, whereas the relevance with Nb is valid for 

all types of bauxites. In fact, the correlation of Ti and Nb (and Nb to Ta) is the most 

remarkable in bulk geochemistry and shows that Nb is most probably hosted in anatase (as 

also proved by LA-ICP-MS analyses; see text below). Another significant element is Th, 

related to the observed radioactivity in Parnassos-Ghiona bauxites and the red mud 

(Papatheodorou et al., 2005; Pontikes et al., 2006; Pontikes, 2007; Karagiannidi et al., 2009; 

Samouhos et al. 2013; present dissertation). The evaluation of the bulk geochemical data 

gave no evidence of any correlation with other metals. However, the detailed microscopic, 

analytical, and spectroscopic investigation in microscale revealed the occurrence of Th in 

anatase particles (see text below). The LREE and HREE are well-correlated to Y, which is 

geochemically reasonable, as well as Gd and Eu themselves. 
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Figure 3.1.2.7: Binary diagram of Al2O3 and SiO2 (upper image) showing the dominance 

of AlOOH polymorphs and the almost absence of kaolinite-group minerals, as well as 

plot of Si, K, Cs, Rb, and Ba (lower image) illustrating the correlation between the more 

mobile Large Ion Lithophile Elements (LILE) for the studied Parnassos-Ghiona bauxites. 
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Figure 3.1.2.8: Binary diagrams of some major elements (such as Fe2O3 vs Al2O3 and Cr2O3 vs 

Al2O3; in wt.%) showing the correlation between them for the studied Parnassos-Ghiona 

industrial bauxites. 
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Figure 3.1.2.9: Plot of Zr, Ti, Nb, and Hf (upper image) illustrating the correlation 

between the less mobile lithophile High Field Strength Elements (HFSE), as well as 

binary diagram of Ga (ppm) and Al2O3 (wt.%) illustrating their correlation for the 

studied Parnassos-Ghiona industrial bauxites. 
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Figure 3.1.2.10: Binary diagrams illustrating the correlation between Fe2O3 (wt.%) the Pb, 

and the V (ppm) for the studied Parnassos-Ghiona industrial bauxites. 
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Figure 3.1.2.11: Binary diagrams illustrating the correlation between TiO2 (wt.%), and Ta, 

Nb, Hf (ppm) as well as correlation between Nb (ppm), and Ta (ppm) for the studied 

Parnassos-Ghiona industrial bauxites. 
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Figure 3.1.2.11: continued. 
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Figure 3.1.2.12: Binary plots of Al2O3, Fe2O3, TiO2, and SiO2 (in wt.%) and Th (in ppm). 
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Figure 3.1.2.13: Binary diagrams illustrating the correlation between Y (ppm), the ΣLREE, and 

the ΣHREE content (ppm) for the studied Parnassos-Ghiona industrial bauxites. 
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Figure 3.1.2.14: Binary diagram showing the correlation between Eu and Gd contents (ppm) 

for the studied Parnassos-Ghiona industrial bauxites. 

 

 

Since Greek bauxite deposits have never been compared to that of Irano-Himalayan, as 

well as of East-Asian bauxite belt in the literature, yet, it is quite interesting to compare the 

studied Parnassos-Ghiona industrial bauxites with bauxites from Iran (Figure 3.1.2.15: upper 

image) and China (Figure 3.1.2.15: lower image). The Iranian bauxites (Calagari & Abenini, 

2007; Rafiei et al., 2008; Zarasvandi et al., 2008; Esmaeily et al., 2010; Zarasvandi et al., 

2012) are more enriched in Rb, K and Cd, whereas the Chinese ones (Liu et al., 2010; Wang 

et al., 2010; Wang et al., 2012; Li et al., 2013; Liu et al., 2013) are enriched in K, REE, Ni and 

V. It should be noted that the relative depletion in K observed in Salento-type (i.e., 

Quaternary bauxites: Liu et al., 2010; Wang et al., 2010) bauxites from China is due to post-

weathering surface processes. 
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Figure 3.1.2.15: UCC-normalized (Rudnick & Gao, 2003) spider diagrams for the avg of 

Parnassos-Ghiona bauxites compared to the avg. of karst bauxites from Iran (upper image: 

Permo-Triassic bauxites: Calagari & Abenini, 2007 and Mesozoic bauxites: Rafiei et al., 2008; 

Zarasvandi et al., 2008; Esmaeily et al., 2010; Zarasvandi et al., 2012), and to the avg. of karst 

bauxites from China (lower image: Quaternary bauxites: Liu et al., 2010; Wang et al., 2010 

and Permian bauxites: Wang et al., 2010; Wang et al., 2012; Li et al., 2013; Liu et al., 2013). 
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The studied Parnassos-Ghiona bauxites contain rather significant amounts of REE. In Fe-

rich bauxites ΣLREE, ΣHREE and ΣREE reach the values of 912.7 ppm, 179.3 ppm and 1108.7 

ppm respectively. In the case of Fe-depleted samples ΣLREE, ΣHREE and ΣREE reach the 

values of 218.2 ppm, 142.2 ppm and 383 ppm respectively. The average of ΣREE in Fe-rich is 

568.7 ppm and in Fe-depleted is 268.4 ppm, clearly indicating that typical Fe-rich (red in 

color) Greek industrial bauxites contain the highest amount of REE, as also mentioned 

above. The Fe-depleted bauxites contain LREE3+-minerals, mostly bastnäsite/parisite-group 

(Grice et al., 2007 and Maksimović & Pantó, 1996) with up to 2.5 wt.% ThO2, as well as zircon 

(ZrSiO4) detrital crystals (see text below concerning microscale measurements). When both 

Fe-rich and Fe-depleted Greek bauxites are normalized to North America Shale Composite 

(NASC; Gromet et al., 1984) there is an evident positive Ce geochemical anomaly, i.e., 

positive CeA (Figure 3.1.2.16). In case of NASC-normalization, there is also a Gd positive 

anomaly (not evident in chondrite-normalization; see text below) and also a relative 

enrichment in HREE, especially in the case of Fe-depleted samples. 

 

Figure 3.1.2.16: REE NASC-normalized (Gromet et al., 1984) diagrams for the studied Fe-rich 

(upper image) and Fe-depleted bauxites (middle image). The averages for all chemical 

elements occurring in Parnassos-Ghiona bauxites are also presented (lower image). 
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Figure 3.1.2.16: continued. 
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The chondrite-normalized diagrams (Haskin et al., 1968a; Haskin et al., 1968b; Haskin et 

al., 1971; Wakita et al., 1971; Boynton, 1985; Taylor & McClennan, 1985; Korotev, 1996a; 

Korotev, 1996b), concerning REE in average, of the Fe-rich and the Fe-depleted bauxites are 

presented in Figure 3.1.2.17 and Figure 3.1.2.18. These diagrams are also referred as 

Masuda-Coryell diagrams (e.g., Rollinson, 1993). 

In particular, for choosing the most proper set of chondrite-normalization values, selected 

average values of ordinary chondrites / OC (Haskin et al., 1968a; Haskin et al., 1968b; Haskin 

et al., 1971; Wakita et al., 1971), and carbonaceous chondrites / CI (Boynton, 1985; Taylor & 

McClennan, 1985), as well as values reported by Korotev (1996a & 1996b) -who utilized the 

CI values from Anders & Grevesse (1989) multiplied by 1.3596- were carefully used from an 

overall set of available published data (i.e., Haskin et al., 1968a; Haskin et al., 1968b; Haskin 

et al., 1971; Wakita et al., 1971; Masuda et al., 1973; Nakamura, 1974; Evensen et al., 1978; 

Laul et al., 1979; Anders & Ebihara, 1982; Boynton, 1985; Taylor & McClennan, 1985; Palme, 

1988; Anders & Grevesse, 1989; McDonough & Sun, 1995; Korotev, 1996a; Korotev, 1996b). 

This approach is based on comments by Rollinson (1993) and suggestions by Korotev (2010). 

Furthermore, values from CI chondrites have been selectively chosen in order to be 

consistent with the average values of OC chondrites reported by Haskin et al. (1968a), 

Haskin et al. (1968b), Haskin et al. (1971), and Wakita et al. (1971). 

Similar to the case of NASC-normalization (Figure 3.1.2.16), there is an evident positive 

CeA; besides there is also a negative EuA. In both cases, the REE-normalized curves show 

similar geochemical trends. 

As it has been observed in the literature, analogous to the above approach, the “Masuda-

Coryell” diagrams were yielded using different average REE values for normalization than 

that of the average abundance of REE in chondrites (Figure 3.1.2.17 and Figure 3.1.2.18), 

such as the average abundance of REE in the European Shale / ES (Haskin & Haskin, 1996; 

see Figure 3.1.2.19), the Upper Continental Crust / UCC (Rudnick & Gao, 2003; see Figure 

3.1.2.20), the Post-Archaean average Australian Sedimentary rock / PAAS (Taylor & 

McClennan, 1985; McClennan, 1989; see Figure 3.1.2.21) and, for the first time in the 

literature, the average abundance of REE in the Mediterranean bauxite belt excluding the 

Greek ones (for literature: see caption of previous Figure 3.1.2.5; see Figure 3.1.2.22). 
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Figure 3.1.2.17: Comparative REE chondrite-normalized diagrams initially using all the 

chondrite values from literature (upper image) and finally utilizing the selected ones (lower 

image), according to suggestions provided by Rollinson (1993) and Korotev (2010). 
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Figure 3.1.2.18: REE chondrite-normalized (Haskin et al., 1968a; Haskin et al., 1968b; Haskin 

et al., 1971; Wakita et al., 1971; Boynton, 1985; Taylor & McClennan, 1985; Korotev, 1996a; 

Korotev, 1996b) diagrams for the studied Fe-rich (upper image) and Fe-depleted bauxites 

(middle image). The average for all chemical elements occurring in Parnassos-Ghiona 

bauxites is also presented (lower image). 
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Figure 3.1.2.18: continued. 
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Figure 3.1.2.19: REE ES-normalized (Haskin & Haskin, 1996) diagrams for the studied Fe-rich 

(upper image) and Fe-depleted bauxites (middle image). The average for all chemical 

elements occurring in Parnassos-Ghiona bauxites is also presented (lower image). 
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Figure 3.1.2.20: REE UCC-normalized (Rudnick & Gao, 2003) diagrams for the studied Fe-rich 

(upper image) and Fe-depleted bauxites (middle image). The average for all chemical 

elements occurring in Parnassos-Ghiona bauxites is also presented (lower image). 
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Figure 3.1.2.21: REE PAAS-normalized (Taylor & McClennan, 1985; McClennan, 1989) 

diagrams for the studied Fe-rich (upper image) and Fe-depleted bauxites (middle image). The 

average for the REEs occurring in the studied bauxites is also presented (lower image). 
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Figure 3.1.2.22: Rare earth element abundances normalized to the average of the karst-type 

bauxites from the Mediterranean belt (Özlü, 1983 and references therein; Mongelli, 1997; 

MacLean et al., 1997; Öztürk et al., 2002; Mameli et al., 2007; Karadağ et al., 2009; Mondillo 

et al., 2011; Boni et al., 2013; Hanilçi et al., 2013; Mongelli et al., 2014 and new data of the 

present dissertation: Bárdossy, 2011 – personal communication) for the studied Fe-rich 

(upper image) and Fe-depleted bauxite (middle image). The average for all chemical 

elements occurring in Parnassos-Ghiona bauxites is also presented (lower image). 
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Figure 3.1.2.22: continued. 
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Conclusively, similar to the case of NASC-normalization (Figure 3.1.2.16) and chondrite-

normalization (Figure 3.1.2.17 and Figure 3.1.2.18), an evident positive CeA can be observed 

in the “Masuda-Coryell” diagrams for the studied Parnassos-Ghiona bauxite when are 

normalized to ES (Figure 3.1.2.19), to UCC (Figure 3.1.2.20), to PAAS (Figure 3.1.2.21) or 

even to Mediterranean bauxite belt (Figure 3.1.2.22).  On the other hand, contrary to the 

similar negative EuA for the first two cases, in all the other cases there is no considerable Eu 

anomaly. Finally, one can says that the REE-normalized curves show similar geochemical 

trends. The strong similarities of all the above “Masuda-Coryell” diagrams are illustrated in 

Figure 3.1.2.23. 

 

Figure 3.1.2.23: Comparison of all the “Masuda-Coryell” diagrams for the studied Parnassos-

Ghiona bauxite showing the strong similarities between them. 
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The same geochemical trends also stand for the studied Parnassos-Ghiona bauxites and, 

also for all Greek bauxites (for relevant literature: see caption below) when their REE values 

are normalized to the average abundance of REE in the chondrite (for relevant literature: see 

text above), PAAS (for relevant literature: see text above), and Mediterranean bauxite belt 

(for relevant literature: see text above) excluding Greek ones (Figure 3.1.2.24). 

 

Figure 3.1.2.24: REE abundances normalized to chondrite (upper image), to PAAS (middle 

image), and to Mediterranean bauxite belt excluding Greek ones (lower image) for the 

studied Parnassos-Ghiona bauxites (present dissertation), as well as for all Greek bauxites 

(Kiskyras, 1960; Papastamatiou & Maksimovic, 1970; Maksimović & Papastamatiou, 1973; 

Ochsenkühn & Parissakis, 1977; Biermann, 1983; Arp, 1985; Retzmann, 1986; Papastavrou & 

Perdikatsis, 1987; Laskou, 1991; Ochsenkühn-Petropoulou et al., 1991; Ochsenkühn-

Petropoulou et al., 1994; Ochsenkühn et al., 1995; Papastavrou & Perdikatsis, 1987; Laskou 

& Economou, 1991; Laskou, 2001; Laskou & Andreou, 2003; Laskou & Economou-Eliopoulos, 

2007; Eliopoulos & Economou-Eliopoulos, 2010; Papassiopi et al., 2010; Laskou et al., 2011; 

Laskou & Economou-Eliopoulos, 2013). 
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Figure 3.1.2.24: continued. 
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In contrast to the majority of igneous REE deposits, such as carbonatites etc., which do 

not significantly show evidence of neither positive nor negative CeA when normalized to 

primitive mantle (Chakhmouradian et al., 2012 and references therein), the studied 

Parnassos-Ghiona bauxites exhibit significant CeA, which calculated using the equation 

suggested by German & Elderfield (1990); see Figure 3.1.2.1, when normalized to any 

reference material (chondrite, NASC, PAAS, ES, UCC and the average of Mediterranean belt 

karst-type bauxites; see Figures 3.1.2.16 – 3.1.2.24). However, it is worthy to note that karst-

type bauxites from other areas of Greece do not exhibit similar positive CeA and also relative 

enrichment in HREE (Figure 3.1.2.24).   Most of the characteristically REE-enriched geological 

materials exhibit negative CeA, as well as the seawater (Li, 1991) when they are normalized 

to NASC (Figures 3.1.2.25) and/or to chondrite (Figure 3.1.2.26). It has long been suggested 

that the negative CeA in seawater reflects the oxidation of soluble Ce3+ to insoluble Ce4+, 

which can be then removed as Ce(OH)4 (e.g., Liu et al., 1988; Piepgras & Jacobsen, 1992 and 

references therein). Besides, Ce4+ can be incorporated into deep-sea sediments, and 

preferentially into Fe-Mn-nodules and Fe-Mn-crusts, exhibiting a characteristic positive CeA 

(Piper, 1974; Elderfield & Greaves, 1981; Murphy & Dymond, 1984; Aplin, 1984; De Carlo et 

al., 1992; Wen et al., 1997; Ohta et al., 1999; Hein et al., 2000; Rajani et al., 2005; see 

Figures 3.1.2.25 and 3.1.2.26). Another geological material showing positive CeA is the 

desert varnish consisting of Fe-Mn-oxyhydroxides (Thiagarajan & Aeolus Lee, 2004). 

Nevertheless, except, bauxites, positive CeA show specific types of laterites and xenoliths 

derived from laterites (Boulangé & Colin, 1994; Zou et al., 2004). On the other hand, in the 

case of Middle Proterozoic Fe-REE-Nb deposit of Bayan Obo, which is the world’s largest REE 

resource, though there is a typically enormous enrichment in LREEs relative to HREEs 

(occurring as REE fluorocarbonate minerals and monazite into dolomite marbles), there is no 

apparent positive nor negative CeA (Figures 3.1.2.25 and 3.1.2.26, Ling et al., 2013). This 

strong HREEs enrichment may be attributed to a very low degree (<1%) of partial melting of 

parental magmas derived from a source, enriched in incompatible elements (including REE), 

from subcontinental upper mantle (Chakhmouradian et al., 2012 and references therein). A 

strong positive CeA is also observed, in zircon crystals (Figures 3.1.2.26), where Ce3+ 

substitutes in Zr4+ sites resulting in a charge deficiency (Grimes et al., 2007). In order to 

ensure that zircon maintains charge neutrality, incorporation of trivalent REE is thought to 

involve the so-called “xenotime” substitution (Zr4+ + Si4+ → REE3+ + P5+), requiring a 
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pentavalent element like P5+ substituting for Si4+ (Hanchar & Wenstrenen, 2007 and 

references therein). 

 

Figure 3.1.2.25: Ce positive anomaly of Parnassos-Ghiona bauxites (present dissertation) 

compared with the Ce positive anomaly of various geological materials, such as granite 

(Mason & Moore, 1982; Krauskopf & Bird, 1994), Fe-Mn-nodules (Piper, 1974; Elderfield & 

Greaves, 1981; Ohta et al., 1999), Fe-Mn-crust (Elderfield & Greaves, 1981; Aplin, 1984; De 

Carlo et al., 1992; Wen et al., 1997; Hein et al., 2000; Rajani et al., 2005), Brazilian lateritic 

bauxite (Boulangé & Colin, 1994), desert varnish (Thiagarajan & Aeolus Lee, 2004), Bayan 

Obo REE deposit (Ling et al., 2013), and xenoliths (Zou et al., 2004), including seawater (inset 

image; Li, 1991), normalized to NASC (except Pr, Ho, and Tm; Gromet et al., 1984). Ce 

negative anomaly of seawater is also depicted for comparison reason (inset; Li, 1991). 
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Figure 3.1.2.26: Ce anomaly of Parnassos-Ghiona bauxites (present dissertation) compared 

with the Ce anomaly of various geological materials (for literature: see previous caption of 

Figure 3.1.2.25) normalized to chondrite (upper image; for literature: Haskin et al., 1968a; 

Haskin et al., 1968b; Haskin et al., 1971; Wakita et al., 1971; Boynton, 1985; Taylor & 

McClennan, 1985; Korotev, 1996a; Korotev, 1996b). Ce positive anomaly of ocean crust 

zircon is also depicted (lower image; Grimes et al., 2007 and references therein). 
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3.1.3. The case study of B3 horizon in Pera Lakkos underground mine 

In the frame of the present dissertation, a specific mining site situated into the 

Cretaceous B3 horizon, and particularly the mining front of the Pera Lakkos active 

underground mine was geochemically investigated, in details. In this case, both typical Fe-

rich and Fe-depleted bauxite, embedded between ordinary white footwall limestone and 

black to dark bituminous hanging wall limestone, occur (Figure 3.1.3.1 and Figure 3.1.3.2). 

 

 

Figure 3.1.3.1: The typical 

Fe-rich and Fe-depleted 

bauxite layers embedded 

between the black to dark 

bituminous hanging wall 

limestone and the ordinary 

white footwall limestone at 

the investigated mining 

front of the in Pera Lakkos 

underground mine 

(Parnassos-Ghiona mining 

area). 

 

 

 

Additionally, there are also local intercalations of sulfide-bearing bauxite (see also Laskou & 

Economou-Eliopoulos, 2007), into the Fe-depleted bauxite, overlaid by a rare Cretaceous 

coal layer with thickness 35-40 cm (Figure 3.1.3.2; Aluminium S.A. – personal 

communication; Kalaitzidis et al., 2010). 
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Figure 3.1.3.2: The coal interstratified between the bauxite ore and the black to dark 

bituminous hanging wall limestone, at the mining front of Pera Lakkos underground mine. 

Lithostratigraphic column has been modified after Valeton et al., 1987 and Kalaitzidis et al., 

2010 and references therein. 
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The bulk chemical compositions of black (ALM0306_PL1_DLS1) to dark 

(ALM0306_PL1_DLS2) bituminous hanging wall limestone and the ordinary white footwall 

limestone (ALM0306_PL1_WLS), as well as the composition of the coal 

(ALM0807_PL1_COAL; including its relevant flying ash / ALM0807_PL1_ASH) interstratified 

between the bauxite ore and the hanging wall limestone at Pera Lakkos underground mine 

are presented in Tables 3.1.3.1 and 3.1.3.2, respectively. For comparison reasons, the 

chemical composition of the flying ash of coal is also illustrated. 

 

Table 3.1.3.1: Major and trace element concentrations of the black (ALM0306_PL1_DLS1) to 

dark (ALM0306_PL1_DLS2) bituminous hanging wall limestone and the ordinary white 

footwall limestone (ALM0306_PL1_WLS). 
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Table 3.1.3.2: Major and trace element concentrations of the coal (ALM0807_PL1_COAL) 

interstratified between the bauxite ore and the hanging wall limestone at Pera Lakkos 

underground mine. The bulk chemical composition of the flying ash (ALM0807_PL1_ASH) of 

coal is also depicted for comparison reasons. 

 

 

The bulk chemical compositions (with regard to the trace elements) of the geological 

materials composing the Pera Lakkos, normalized to UCC (Rudnick & Gao, 2003), are 

presented in Figure 3.1.3.3. It is obvious that both hanging wall and footwall limestones 

contain relatively low concentrations of trace elements. On the other hand, hanging wall 

limestone is slightly enriched in Sr, Mo, Se, Cd, whereas footwall limestone differs from the 

latter as is relative depleted in Sr, and Mo comparing to UCC (Rudnick & Gao, 2003). Similar 
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observation was reported by Spathi (1972) who analyzed footwall limestones for Pb, Cr, Cu, 

Co and Sr. It is noteworthy to mention that sulfur-bearing Fe-rich bauxite is highly enriched 

in As, and Sb, less enriched in metals (such as Ni, V, Cr, Pb, Co, Sn, and Hg) and, also, in 

actinides (Th, and U). Moreover, these sulfur bauxitic fragments are relative enriched in Sc, 

Zr, Ti, Ta, Nb, and REE. Furthermore, comparing the UCC-normalized spider diagram (Rudnick 

 

Figure 3.1.3.3: The UCC-normalized (Rudnick & Gao, 2003) spider diagrams for the studied 

dark (ALM0306_PL1_DLS2) and black (ALM0306_PL1_DLS1) hanging wall limestone, the coal 

layer (ALM0807_PL1_COAL) including the relevant flying ash (ALM0807_PL1_ASH), the Fe-

rich/sulfide-bearing bauxite (Fe-rich/S-bearing bauxite), the average of Fe-depleted bauxite 

(n=3), the average of Fe-rich bauxite (n=4), and the footwall limestone (ALM0306_PL1_WLS) 

in the Pera Lakkos mine. 
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Figure 3.1.3.3: continued. 
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Figure 3.1.3.3: continued. 
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Figure 3.1.3.3: continued. 
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Figure 3.1.3.3: continued. 

 

 

& Gao, 2003) of Fe-depleted and Fe-rich bauxite, significant enrichment and depletion 

differences in selected elements -among the two bauxitic types- can be confirmed. Hence, 

Fe-depleted bauxite is depleted in As, Sm, and Eu. Additionally, both bauxitic types are 

enriched in Th, U, REE, and Ti, whereas are depleted in Pb. The coal is highly enriched in Se, 

U, Mo, As, Sb, Ni, REE and Hg. Similar observations have been reported by Kalaitzidis et al. 

(2010) for most of elements, though there is no mention for elevated content of Se, REE and 

Hg. Moreover, the relevant flying ash, representing the “inorganic” part of the material, is 

exceptionally enriched in U, Mo, REE, Ni and Cr. That means U, Mo, Ni and REE are in either 

case concentrated in the above geological material. 

According to PXRD diagrams the studied footwall and hanging wall limestones contain 

only calcite as major crystalline phase, whereas most of the trace elements must be 

associated to detrital and authigenic crystalline phases such as chromites, magnetites, 

zircons, rutiles, clays, goethite, and pyrite (Figure 3.1.3.4 and Figure 3.1.3.5). The presence 
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of characteristic framboids and/or relevant pseudomorphs into the dark and black hanging 

wall limestone indicates potential anoxic palaeo-environment. 

 

Figure 3.1.3.4: Detrital and authigenic crystalline phases separated, by CH3COOH dissolution, 

from the white footwall limestones (ALM0306_PL1_WLS): chromite (left images); zircon 

(upper right); rutile (middle right); chromite with zircon and rutile crystal (lower right). 
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Figure 3.1.3.5: Detrital and authigenic crystalline phases separated, by CH3COOH dissolution, 

from the dark hanging wall (ALM0306_PL1_DLS2): goethite (upper left), its pseudomorph 

after pyrite (upper middle), and pyrite (upper right); magnetite crystals (middle left), 

magnetite with framboids (middle), and framboids (middle right); chromite (lower left); 

rutile (lower middle); clays with REE (lower left). 
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The REE chondrite-normalized (Haskin et al., 1968a; Haskin et al., 1968b; Haskin et al., 

1971; Wakita et al., 1971; Boynton, 1985; Taylor & McClennan, 1985; Korotev (1996a & 

1996b; see text above) diagrams for all geological materials for the Pera Lakkos profile are 

presented in Figure 3.1.3.6. It is more than evident that there is a remarkable variation in 

the Ce/Ce* (Ce anomaly / CeA) from negative to positive values and back, downwarding from 

hanging wall limestones to coal and bauxite, towards the footwall limestone (CeA: 0.44 -> 

0.49 -> 4.18 -> 1.70 -> 3.10 -> 1.18 -> 0.68). The Ce anomalies in marine limestones could 

indicate paleo-redox conditions in paleo-oceans, and particularly in Tethys (e.g., Liu et al., 

1988). According to the above authors, Tethyan middle-Triassic limestone in China yielded a 

CeA of 0.53 when U/Th was found to be 2.6. In the case of Parnassos-Ghiona B3 horizon 

Tethyan Cretaceous limestones, the hanging wall samples show CeA close to Chinese Triassic, 

but much higher U/Th ratios, in the range 11 to 20, and therefore CeA values should be 

carefully considered (Liu et al., 1988). It is also notable that other factors, including δ18O and 

δ13C values (see text below), might indicate that the hanging wall limestones have been 

subjected to significant alteration, due to epigenetic processes, and subsequently their 

composition does not reflect the primary Cretaceous Tethys seawater. On the other hand, 

the footwall limestones exhibits CeA = 0.68 and low U/Th = 2. However, also in this case the 

stable isotope measurements (see text below) indicated that the carbonate rock undergone 

through lithification related to diagenetic processes. Regarding Fe-depleted and Fe-rich 

bauxite occurring in Pera Lakkos underground mine, it is also rather hard to conclude on the 

paleo-redox conditions by using various redox-sensitive elements such as U, As, Mo and V, 

and geochemical parameters such as Ce/Ce*, U/Th and V/V+Ni (e.g. Hatch et al., 1992; Jones 

et al., 1994; Liu et al., 1988, see Figure 3.1.3.7). According to Mazumdar et al. (1999) positive 

CeA in early Cambrian chert-phosphorite assemblages indicate anoxic palaeo-conditions. If 

this is true for Cretaceous bauxites, Ce must exist in reduced state (Ce3+); in fact, this 

growing claim is strongly supported by the study of bauxites in microscale showed Ce3+ 

fluorocarbonate minerals (see text below). The precipitation of such phases in the karts-type 
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Figure 3.1.3.6: The REE chondrite-normalized (Haskin et al., 1968a; Haskin et al., 1968b; 

Haskin et al., 1971; Wakita et al., 1971; Boynton, 1985; Taylor & McClennan, 1985; Korotev 

(1996a & 1996b) diagrams for the studied dark (ALM0306_PL1_DLS2) and black 

(ALM0306_PL1_DLS1) hanging wall limestone, the coal layer (ALM0807_PL1_COAL) including 

the relevant flying ash (ALM0807_PL1_ASH), the Fe-rich/sulfide-bearing bauxite (Fe-rich/S-

bearing bauxite), the average of Fe-depleted bauxite (n=3), the average of Fe-rich bauxite 

(n=4), and the footwall limestone (ALM0306_PL1_WLS) in the Pera Lakkos mine. 
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Figure 3.1.3.6: continued. 
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Figure 3.1.3.6: continued. 
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Figure 3.1.3.6: continued. 
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Figure 3.1.3.6: continued. 

 

 

bauxites also requires alkaline conditions (Wang et al., 2010). In a more recent paper, 

Mongelli et al. (2014) have also discussed about oxic-anoxic conditions in bauxites on the 

basis of CeA, but for an open pit with periodic fluctuation of the groundwater table in an 

overall rising trend. Concerning the Pera Lakkos bauxite ore deposit, it is rather tricky to 

conclude whether precipitation of REE fluorocarbonates took place during diagenesis (when 

crystals of diaspore and/or boehmite together with primary Fe- & Ti-oxides were grown) or 

in the frame of further supergene/epigenetic processes. Nevertheless, it should be noted 

that the enrichment of the studied bauxites in rare earth elements has been recorded in all 

mass of the ore; thus, it is not necessarily related to the neighborhood of footwall limestone, 

where potential alkaline conditions (the so called “alkaline barrier”, Valeton et al., 1987; 

Skarpelis et al., 1989) might had occur during that enrichment. 
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Figure 3.1.3.7: Elemental and geochemical parameters in geological materials (from top to bottom: black hanging wall limestone; dark hanging 

wall limestone; coal; Fe-rich/sulfide-bearing bauxite; Fe-depleted bauxite; Fe-rich bauxite; white footwall limestone) from Pera Lakkos mine. 
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Figure 3.1.3.7: continued. 
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The whole rock oxygen and carbon stable isotopic compositions (Table 3.1.3.3) are rather 

typical for common limestones (after Hudson, 1977). However, taking into account the data 

for all Phanerozoic carbonates (including carbonates in clastics) and the carbonates 

reference domain (Knauth & Kennedy, 2009), it can be supported that the hanging wall 

limestones (dark: ALM0306_PL1_DLS2; black: ALM0306_PL1_DLS1), and particularly the 

black sample (ALM0306_PL1_DLS1) overlying the coal, are out of the marine and lithification 

fields related to marine deposition and diagenesis (Figure 3.1.3.8). These rocks have been 

subjected to intense alteration, due to epigenetic processes, in contrast to the footwall 

limestone (ALM0306_PL1_WLS) that seems to be, as mentioned above, an ordinary 

carbonate sedimentary rock subjected to diagenetic processes. 

 

Table 3.1.3.3: Whole rock oxygen and carbon stable isotopic compositions for the studied 

black (ALM0306_PL1_DLS1) to dark (ALM0306_PL1_DLS2) bituminous hanging wall 

limestones and ordinary white footwall limestone (ALM0306_PL1_WLS), from the Pera 

Lakkos underground mine. 

 

Sample Code Description δ18O (PDB) δ13C (PDB) 

ALM0306_PL1_DLS2 Hanging wall (dark) limestone -4.81 0.8 

ALM0306_PL1_DLS1 
Hanging wall (black) 

limestone overlying coal layer 
-6.85 -1.7 

ALM0306_PL1_WLS Footwall (white) limestone -4.81 -4.8 
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Figure 3.1.3.8: δ18O and δ13C of black (ALM0306_PL1_DLS1) to dark (ALM0306_PL1_DLS2) 

bituminous hanging wall limestones and ordinary white footwall limestone 

(ALM0306_PL1_WLS), from the Pera Lakkos underground mine, plotted in the diagram of 

Knauth & Kennedy (2009) and compared to Cretaceous carbonates from Greece (Steuber et 

al., 1994; Karakitsios et al., 2004; Tsikos et al., 2004; Steuber et al., 2005). 

 

 

It is evident someone can hardly find primary marine (Cretaceous) signatures in these 

carbonate rocks. In fact, the investigated Parnassos-Ghiona carbonate rocks are different to 

Cretaceous carbonates from western and north-western Greece derived from Pindos palaeo-

ocean and also to Cretaceous carbonates from Beotia area (Steuber et al., 1994; Karakitsios 

et al., 2004; Tsikos et al., 2004). Moreover, the B3 horizon carbonates from Pera Lakkos 

mine, in contrast to other Cretaceous carbonates from External Hellenides, seem not to 

deserve any isotopic signature from the Cretaceous seawater (Veizer et al., 1999). Thus, 

more work is needed towards determination of stable isotope ratios in fossil shells from the 
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bauxite-hosting carbonates, as presented by Veizer et al. (1999) for the globe and by Steuber 

et al. (2005) for Cretaceous of Greece (Figure 3.1.3.9). 

 

Figure 3.1.3.9: δ18O and δ13C of black (ALM0306_PL1_DLS1) to dark (ALM0306_PL1_DLS2) 

bituminous hanging wall limestones and ordinary white footwall limestone 

(ALM0306_PL1_WLS), from Pera Lakkos underground mine, compared to Cretaceous 

carbonates from Greece (Steuber et al., 1994; Karakitsios et al., 2004; Tsikos et al., 2004), 

Cretaceous seawater (Veizer at al., 1999) and Cretaceous fossil shells (rudist bivalves) from 

Greece (Steuber et al., 2005). 
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3.1.4. Hydrous components and thermal behavior (FTIR and TG-DTG/DSC) 

The hydrous components (fundamentally OH- and H2O) of the Parnassos-Ghiona bauxites, 

related to weight loss upon heating, were investigated by FTIR spectroscopy and thermal 

analytical techniques (TGA/DSC). This is important not only for the mineralogy and 

geochemistry point of view, but also for metallurgical and technological aspects. According 

to powder XRD and SEM-EDS study (see text above) the hydrous minerals correspond only to 

hydroxylated minerals, namely diaspore and boehmite (AlOOH polymorphs), goethite 

(FeOOH) and kaolinite (Al2Si2O5(OH)4). The FTIR spectra of representative diasporic Fe-rich 

and Fe-depleted bauxites are shown in Figure 3.1.4.1 and confirm the abundance of hydrous 

components represented mainly by OH- in Al- and/or Fe-hydroxylated mineral phases 

(AlOOH and FeOOH). The contribution of Fe-oxides (hematite), in the case of Fe-rich bauxite, 

is rather evident in low wavenumbers, while the slight shift of the Fe-rich spectrum to higher 

wavenumbers in the O-H stretching vibrations region can be attributed to the presence of 

kaolin-group minerals. Differences between theoretical vibrational spectra of AlOOH 

polymorphs (Kolesova & Ryskin, 1962; Wickersheim & Korpi, 1965; Bárdossy et al., 1977; 

Kloprogge et al., 2002; Demichelis et al., 2007) and the observed ones, can be attributed to 

metal ion impurities (Fe3+ and Cr3+ according to Mössbauer and XANES spectra; see text 

below) modifying the AlO6 octahedra of the structure. Thus, the bauxitic diaspore and 

boehmite show different spectra because they are, in fact, Fe-Cr-containing AlOOH 

compounds and not pure AlOOH. A small contribution of H2O molecules, most likely due to 

adsorbed (physisorbed) water, is related to H2O (H-O-H) bending vibrations and to 

broadening of O-H stretching vibrations. Thus, a small weight loss at low temperature should 

be expected in the corresponding TG-DSC curves (see text below). It should be noted that 

there are no peaks due to other volatile components, such as sulfates and carbonates, which 

could interfere in the thermal behavior the materials. 

 

 

 

 

http://en.wikipedia.org/wiki/Aluminium�
http://en.wikipedia.org/wiki/Silicon�
http://en.wikipedia.org/wiki/Oxygen�
http://en.wikipedia.org/wiki/Hydroxide�
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Figure 3.1.4.1: FTIR spectra of representative Fe-rich (ELM0206_DV_B1; red line) and Fe-

depleted (ALM0306_PL1_BS2; black line) bauxites. 

 

 

The TG-DTG curves together with the heat flow curves of the studied Fe-rich and Fe-

depleted bauxites are presented in Figure 3.1.4.2 and Figure 3.1.4.3. The weight loss 

recorded for all studied Parnassos-Ghiona bauxites has been recorded in the range 12 - 15 %, 

while the corresponding dehydroxylation peak has been recorded in the range 512 – 550 °C 

(Smykatz-Kloss et al., 2003). The higher temperature in the case of Fe-rich samples may be 

attributed to the kaolinite component (Paulik & Paulik, 1978; Smykatz-Kloss et al., 2003), not 

measured by PXRD in Fe-depleted, whereas the slightly higher temperature for certain Fe-

rich samples is attributed to the presence of boehmite (Laskou et al., 2006). Herein, it should 
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Figure 3.1.4.2: Simultaneous TG-DTG (left images) and the heat flow (right images) curves of 

the studied Fe-rich bauxites. 
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Figure 3.1.4.3: Simultaneous TG-DTG (left images) and the heat flow (right images) curves of 

the studied Fe-depleted bauxites. 
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be mentioned that the dehydroxylation temperature is disproportionally correlated to the 

AlOOH content, as shown in Figure 3.1.4.4. In contrast to the latter, it is also remarkable the 

fact that the weight loss is proportionally related with the Al2O3 content. The thermal 

behavior of the studied Fe-rich bauxites is rational to that reported for Balkan bauxites and 

Greek bauxites other than those of Parnassos-Ghiona (Zivkovic & Blecic, 1988; Zivkovic et al., 

1994; Laskou et al., 2006). However, the relatively low dehydroxylation temperature in the 

highly diasporic (ca. 98 %, see PXRD results in Table 3.1.1.1) Fe-depleted bauxites, might be 

attributed to to metal ion impurities (Fe3+ and Cr3+ according to Mössbauer and XANES 

spectra; see text below). 

 

Figure 3.1.4.4: Decrement of dehydroxylation temperature disproportional to AlOOH 

content increment (blue colored plot) and increment of weight loss proportional to Al2O3 

content (red colored plot) for the studied Parnassos-Ghiona industrial bauxite samples. 
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Finally, PXRD patterns obtained in the materials derived from TG/DSC measurements, 

indicated that in 1000 °C the major bauxite components are transformed to anhydrous Al 

and Fe oxides, namely to corundum (Al2O3), hematite (α-Fe2O3), whereas anatase is 

transformed to rutile (Figure 3.1.4.5). 

 

Figure 3.1.4.5: PXRD patterns of the Fe-rich (red patterns: ① ELM0206_KV_B1; ② 

SAB0306_SKR; ③ ALM0306_PL1_B2; ④ ELM0206_DV_B1) and Fe-depleted (black 

patterns: ⑤ ELM0206_SK_B1a; ⑥ ALM0306_PL1_WB; ⑦ ALM0306_BIW; ⑧ 

ALM0306_PL1_BIW) bauxite samples after thermal analysis (TG-DSC) at 1000 °C. 
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3.1.5. Bulk Fe solid-state speciation (Mössbauer and Fe K-edge XANES) and magnetic 

susceptibility 

Though Greek bauxite is a quite important industrial material, the number of publications 

dealing with the characterization by 57Fe Mössbauer spectroscopy is almost absent in the 

literature (Hill et al., 1978; Musić et al., 1980; Fysh & Clark, 1983; Cashion et al., 1986; Raj et 

al., 1993; Raj, et al., 2004; Murad, 2005; Kirwan et al., 2009). Therefore, the Mössbauer data 

presented herein absolutely concern the very first study that attempts to address 

Mössbauer investigation of Parnassos-Ghiona industrial bauxites. Mössbauer spectroscopy is 

ideal for the 

determination of the Fe 

solid-state speciation and 

specifically for the 

identification of Fe2+ and 

Fe3+ mineral phases (Figure 

3.1.5.1; Dyar et al., 2006). 

The investigation of Fe-

rich (high grade) bauxite 

samples using 57Fe 

Mössbauer spectroscopy 

(Figures 3.1.5.2-3.1.5.5 

and Table 3.1.5.1) 

revealed that Fe occurs 

predominantly as Fe3+ 

(Fe3+/ΣFe in the range 92 – 

100 %) due to hematite 

and goethite. On the other 

hand the presence of Fe2+ 

could be associated with 

detrital micron-sized 

chromites (Cr-spinel 

Figure 3.1.5.1: Room temperature isomer shift versus 

quadrupole splitting data for common rock-forming minerals 

(Dyar et al., 2006). 
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grains: FeCr2O4) as well as with minor Fe-containing aluminosilicate and silicate phases. Even 

kaolinite may contain Fe2+ and provide with relevant Mössbauer effect (e.g., Fysh et al., 

1983). The presence of mixed valence Fe-oxides, i.e. magnetite detected by powder XRD, is 

not clear may be due to overlapping with the rest Fe phases. 

 

Figure 3.1.5.2: Characteristic 57Fe Mössbauer spectra measured at room temperature (300 

K) of Fe-rich bauxite samples (i.e., ALM0306_PL1_B1; ALM0306_PL1_B2; ALM0306_PL1_B3; 

ALM0306_PL1_B4) from Parnassos-Ghiona mining area. 
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Figure 3.1.5.3: Characteristic 57Fe Mössbauer spectra measured at room temperature (300 K; 

left-column) and at 77 K (right-column) of Fe-rich bauxite samples (SAB0306_SKR: upper 

series; SAB0306_ASV: lower series) from Parnassos-Ghiona mining area. 
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Figure 3.1.5.4: Characteristic 57Fe Mössbauer spectra measured at room temperature (300 K; 

upper image), at 200 K (middle image), and at 77 K (lower image) of a Fe-rich bauxite sample 

(ELM0206_2H1) from Parnassos-Ghiona mining area. 

 

 

 

 



167 
 

PhD Thesis Platon N. Gamaletsos September 2014 

Figure 3.1.5.5: Characteristic 57Fe Mössbauer spectra measured at room temperature (300 K; 

upper series), at 180 K (middle series), and at 77 K (lower series) of Fe-rich bauxite samples 

(ALM0306_PL1_B4: left-column images; ELM0206_SK_B2: right-column images) from 

Parnassos-Ghiona mining area. 
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Table 3.1.5.1: 57Fe Mössbauer fitted parameters for all the Fe-rich (low grade) bauxite 

samples from Parnassos-Ghiona mining area. 
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Table 3.1.5.1: continued. 
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Mössbauer spectroscopy results for the Fe-depleted (high grade) diasporic karst-type 

bauxite sample are presented in Figures 3.1.5.6 – 3.1.5.8 and Table 3.1.5.2. The spectra 

were analyzed using a combination of two quadrupole split doublets and two magnetically 

split components. The quadrupole doublets are well resolved, but the magnetic components 

posses large line broadening (we allowed a spreading of hyperfine magnetic fields ΔBhf for 

each component to describe this broadening), indicating that they correspond to Fe 

containing phases with either reduced particle size and/or low crystallinity. That implies the 

presence of Fe mineral nanoparticles and/or Fe nanominerals as also supposed by electron 

microscopy in nanoscale (see text below). The isomer shift (IS-given relative to α-Fe at 300 K) 

values indicate that the main contribution originates from paramagnetic Fe3+ ions, while the 

second paramagnetic minor component is attributed to Fe2+ ions and that both magnetic 

components correspond to Fe3+ ions (e.g., Hill et al., 1978; Fysh and Clark, 1983; Raj et al., 

1993; Cornell and Schwertmann, 2003; Kuzmann et al., 2003; Murad, 2005; Dyar et al., 

2006). It is therefore argued that the recorded major Fe3+ (up to 65 %) components 

correspond to Fe-Cr-diaspore (Fe-Cr-AlOOH where Fe3+ substitutes for Al3+ ions in octahedral 

sites, i.e. [6]Fe3+ ↔ [6]Al3+) and to potential occluded Fe mineral nanoparticles and/or 

nanominerals (see text below). The latter might be responsible for the magnetic component 

with the high hyperfine field (Bhf), coming from contribution of a ferrimagnetic mineral with 

large Fe content, which is probably maghemite-type phase (γ-Fe2O3), and also for the 

collapsing magnetic component attributed to either not well crystallized nano-maghemite or 

Fe3+ dispersed in amorphous minor phases not detected by powder XRD. The possible 

influence by microcrystal fragments of trace chromite could be excluded, due to the rarity of 

the phase detectable only by careful SEM-EDS/WDS investigation (see text below), but it 

could also be used to explain the existence of Fe2+ (ca. 4 %). 
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Figure 3.1.5.6: 57Fe Mössbauer spectra measured at room temperature (300 K; left image) 

and at 10 K (right image) of a representative Fe-depleted bauxite sample 

(ALM0306_PL1_BIW) from Parnassos-Ghiona mining area. 

  

 

Figure 3.1.5.7: Characteristic 57Fe Mössbauer spectra measured at room temperature (300 

K) of other Fe-depleted bauxite samples (ELM0206_SK_B1a: left image; ELM0206_SK_B1b: 

right image) from Parnassos-Ghiona mining area. 
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Figure 3.1.5.8: Characteristic 57Fe Mössbauer spectra measured at room temperature (300 

K) of other Fe-depleted bauxite samples (ALM0306_BIW: upper image; ALM0306_PL1_WB: 

middle image; ALM0306_PL1_BS2: lower image) from Parnassos-Ghiona mining area. 
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Table 3.1.5.2: 57Fe Mössbauer fitted parameters for all the Fe-depleted (high grade) bauxite 

samples from Parnassos-Ghiona mining area. 

 

 

The characterization of the Fe solid-state speciation by XAFS spectroscopy (Fe K-edge 

XANES) has been performed for representative Parnassos-Ghiona bauxite samples (i.e., Fe-

depleted diasporic bauxite: ALM0306_PL1_BIW; Fe-rich diasporic: SAB0306_ASV; Fe-rich 

boehmitic: ELM0206_2H1; see Figures 3.1.5.9 – 3.1.5.13). A similar study has been applied 

for soils (Regelink et al., 2014), atmospheric particles (Oakes et al., 2012), historical iron inks 

(Proost et al., 2004; Arčon et al., 2007; Wilke et al., 2009), ancient Roman glasses (Quartieri 

et al., 2002), ancient “Maya blue” pigments (Sánchez del Río et al., 2005), geological 

samples, such as silicate melts and lavas (Hurai et al., 2008), and natural minerals (e.g., 
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Waychunas et al., 1983; Bajt et al., 1994; Dyar et al., 1998; England et al., 1999; Galoisy et 

al., 2001; Wilke et a., 2001; Di Benedetto et al., 2010; Figueiredo et al., 2010), as well as for 

synthesized crystals, materials and silicate glasses (e.g., Calas & Petiau, 1983; Manceau & 

Gates, 1997; Kim et al., 1998; Galoisy et al., 2001; Berry et al., 2003; Heijboer et al., 2004; 

Berry et al., 2010; Sigrist et al., 2011), even for proteins (e.g., Shulman et al., 1976). 

Accordingly, the determination of Fe oxidation state of the studied bauxite has never been 

approached since the present dissertation. 

 

Figure 3.1.5.9: Normalized Fe 

K-edge XANES spectra of 

representative Parnassos-

Ghiona bauxites, together with 

the Fe3+ natural (hematite), and 

synthetic (goethite) measured 

references, comparing to the 

Fe2+ synthetic standards (Fe(II)-

chloride, Fe(II)-sulfate). A 

normalized XANES spectrum of 

a natural mixed-valence iron 

oxide (magnetite: Fe2+Fe3+
2O4), 

is also depicted. All spectra are 

offset for clarify (a); the energy 

shift at the main rising of the K 

absorption edge assigning to 

the 1s→4s transition of the 

normalized Fe K-edge XANES 

spectra of the references and 

the studied bauxites (b). 
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Figure 3.1.5.9: continued: The 

zoom at the pre-edge region 

illustrate the characteristic pre-

edge features, and the 

characteristic energy 

separation between them 

related to the differences of 

their Fe oxidation state. The 

energy site of each of the Fe2+ 

and Fe3+ references is marked 

by a vertical grey and orange 

dashed line, respectively. 

These lines indicate the outer 

boundaries of the energy grid, 

within the Fe valence of the 

studied bauxites varies (c); the 

Fourier transform (FT) of χ(k) 

of the experimental Fe K-edge 

EXAFS signals of the references 

and the studied bauxites (d). 

 

It is known that Fe K-edge XANES spectra exhibit significant differences in the energy 

position of characteristic features at the pre-edge region below the threshold, as the energy 

position sensitively shifts toward to higher values in proportion to the increment of Fe 

oxidation state (e.g., Shulman et al., 1976; Calas & Petiau, 1983; Bajt et al., 1994; Manceau & 

Gates, 1997; Westre et al., 1997; England et al., 1999; Galoisy et al., 2001; Wilke et al., 2001; 

Quartieri et al., 2002; Arčon et al., 2007; Hurai et al., 2008; Berry et al., 2010; Oakes et al., 

2012; Henderson et al., 2014) with linear correlation among them (Bajt et al., 1994; Berry et 

al., 2003). The Fe K-edge XANES features are primarily ascribed to several transitions to 

bound states; especially the pre-edge features are due to transition from 1s core state to 3d 
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crystal field levels (1s→3d transition) and, eventually, to final electron states (Shulman et al., 

1976; Calas & Petiau, 1983; Waychunas et al., 1983; Bajt et al., 1994; Westre et al., 1997; 

Wilke et al., 2001; Berry et al., 2003). This electron transition, particularly in the case of Fe3+ 

and Fe2+ in sites with Oh symmetry, gains intensity through the allowed electric quadrupole 

transition giving rise to weak pre-edge features, in contrast to the more intense pre-edge 

features for Fe in tetrahedral environment (Westre et al., 1997; Wilke et al., 2001; Berry et 

al., 2003). Furthermore, the energy of the shoulder at the K absorption edge (i.e., the main 

rising part above the threshold, primarily due to the absorbing Fe atom) is ascribed to the 

1s→4s transition (Shulman et al., 1976; Waychunas et al., 1983; Berry et al., 2003), while at 

higher energies the 1s→4p electronic transition contribute to the edge crest of the XANES 

spectrum (Shulman et al., 1976; Westre et al., 1997; Wilke et al., 2001; Berry et al., 2003). 

The latter is followed by the EXAFS region dominated by either SS and/or MS processes. In 

conclusion, the energy position of the pre-edge features, ascribed to the 1s→3d transition, 

was used for the qualitative determination of Fe oxidation state. On the other hand, spectral 

similarities of the oscillations of the studied sample, compared to those of known standards 

existing at higher energies above the threshold in the edge, the near-edge, and the post-

edge region can only be useful for the determination of structural characteristics of the 

material. This comparison method is also known as “fingerprinting” (Henderson et al., 2014 

and references therein). The usage of this powerful tool can be supported by the statement 

previously suggested (Waychunas et al., 1983) that the shape of the edge crest, its 

broadness, and its energy variation in the near-edge region are closely related to the first 

neighbor interatomic distances, to the Fe site symmetry, and the bond length, respectively. 

Based on these implications (Waychunas et al., 1983), observed differences and similarities 

between the edge crest of the measured reference materials (see images a, b, and c of 

Figure 3.1.5.9), and references from the literature (e.g., Waychunas et al., 1983; Bajt et al., 

Manceau & Gates, 1997; Dyar et al., 1998; England et al., 1999; Wilke et al., 2001; Quartieri 

et al., 2002; Sánchez del Río et al., 2005; Arčon et al., 2007; Hurai et al., 2008; Sigrist et al., 

2011; Oakes et al., 2012; Regelink et al., 2014) can be logically attributed to analogous 

differences and similarities of the shape, broadness, and energy variation of edge crest, and 

the different experimental conditions. 
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The experimental spectra of the ferrous compounds (Fe(II)-chloride, and Fe(II)-sulfate; 

see images a and b of Figure 3.1.5.10, respectively) exhibit two very weak pre-edge features 

split by ~2 eV. A predicted third pre-edge feature is undistinguishable in the experimental 

spectra due to site distortion effect that impacts to this feature in the pre-edge region 

decreasing its intensity (e.g., Wilke et al., 2001; Henderson et al., 2014). The observed two 

very weak features at the pre-edge region imply that Fe2+ atoms occupy centrosymmetric 

octahedral sites surrounded by 6 O2 atoms (Westre et al., 1997; Arrio et al., 2000; Wilke et 

al., 2001; Henderson et al., 2014). The lower energy pre-edge feature is more intense 

relative to the second feature that exists at higher energy positioned at almost the same 

energy grid of the trivalent references. It is noteworthy to mention that theoretical 

calculations based on the ligand field theory predict three pre-edge peaks (Westre et al., 

1997; Arrio et al. 2000; Galoisy et al., 2001; Wilke et al., 2001; Henderson et al., 2014) 

contrary to the visible two very weak pre-edge features in the experimental pre-edge region. 

 

Figure 3.1.5.10: Expanded views focusing in the 1s → 3d pre-edge region of the 

experimental Fe K-edge XANES spectra of selected synthetic ferrous standards (a: Fe(II)-

chloride; b: Fe(II)-sulfate), natural mixed-valence (Fe3+/ΣFe≠1) iron oxide (magnetite: c), 

synthetic and natural ferric crystalline references (goethite: d; hematite: e), and the 

representative bauxite sample (f: Fe-rich boehmitic; g: Fe-rich diasporic: h: Fe-depleted 

diasporic bauxite). All pre-edge features are indicated by arrows. 
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It is known that the lowest energy peak is ascribed to 4T1g electron state, whereas the 4T2g 

and 4T1g states, predicted by ligand field analysis, give rise to two peaks at higher energy 

values in the pre-edge region (Westre et al., 1997). Any transition to the 4A2g state is not 

expected (Galoisy et al., 2001). 

Furthermore, it is well known (e.g., Manceau & Gates, 1997; Wilke et al., 2001) that 

magnetites consist of [6]Fe2+, [4]Fe3+ and [6]Fe3+ atoms. Theoretical calculations (Wilke et al., 

2001) predict three pre-edge components that may contribute to the high intensity pre-edge 

feature at the pre-edge region of Fe K-edge XANES spectra of magnetites. The component 

that mainly affects the intensity of the pre-edge feature is ascribed to tetrahedrally 

coordinated atoms ([4]Fe3+) confirming that its relative high intensity is sensitively influenced 

by tetrahedral symmetry site (e.g., Waychunas et al., 1983; Wilke et al., 2001). In addition, 

the lower and the higher components from the theory are due the impact of the presence of 
[6]Fe2+ and [6]Fe3+ atoms, respectively. Potential energy shift in the position of the pre-edge 

feature between different magnetites reported in other papers (e.g., Bajt et al., 1994; 

Manceau & Gates, 1997; Wilke et al., 2001; Quartieri et al., 2002) can also be attributed to 

the Fe3+/ΣFe ratio. In the present dissertation, the magnetite used for interpretation of the 

Fe oxidation state (see image c of Figure 3.1.5.10) is consistent with previous papers 

mentioned herein. 

The 1s→3d pre-edge features of the bulk recorded normalized Fe K-edge XANES spectra 

of the bauxite samples (see images f, g, and h of Figure 3.1.5.10) were compared with the 

pre-edge features of the XANES spectra of the trivalent (goethite, hematite; see images d, 

and e of Figure 3.1.5.9), mixed-valence (magnetite; see image c of Figure 3.1.5.10) 

references, and the divalent compounds (Fe(II)-chloride, Fe(II)-sulfate; see images a, and b of 

Figure 3.1.5.10). The evaluation of the Fe oxidation state can be based on the potential 

energy shift of the pre-edge features of the studied bauxites compared with the energy 

values of the pre-edge features of the hematite, and the goethite putting them almost to the 

same energy grid, and residing them at significantly higher energy position than that of the 

mixed-valence reference (magnetite), but far away from that of the Fe2+ compounds (see 

image c of Figure 3.1.5.9). The potential energy shift could be attributed to different 

structural modulation (Di Benedetto et al., 2010) and can also be assigned to the possible 
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presence of fraction of Fe2+ content. In our case, the latter justification seems to be more 

reliable viewing the fact that, according to previously Mössbauer study, Fe depleted 

diasporic bauxite contains a small proportion of divalent iron. Besides, as magnetites and 

hematites can be precisely used as energy reference standards (Berry et al., 2003), a 

supplementary spectral comparison involving them and the studied bauxites was 

approached for further investigation of the valence of iron in the studied samples. For this 

reason, based on the published Fe K-edge XANES data (Bajt et al., 1994; Berry et al., 2003) 

that defined that Fe3+/ΣFe ratio in magnetites varies from 0.72 to 0.94, the interpretation of 

them, judging against the energy site of the pre-edge peak of the studied bauxites (see 

image b of Figure 3.1.5.9), fosters the argument that iron in the studied bauxites is most 

probably a mixture of traces of divalent and abundances of trivalent components, with 

specific Fe3+ content to be quantified to an order of value above the upper limit of published 

magnetites (94 %). In conclusion, our Fe K-edge XANES evaluation revealed that the 

dominant component of iron in the investigated bauxite samples is the trivalent (see images 

a, b, and c of Figure 3.1.5.9). In particular, Fe3+ seems to be exclusively present in the Fe-rich 

diasporic and boehmitic samples. However, a very small contribution of Fe2+ atoms as minor 

component in the Fe-depleted diasporic investigated sample cannot be excluded reportedly 

by the Mössbauer study. Consequently, the Fe K-edge XANES study of the representative 

bauxite samples is in line with the Mössbauer results. 

Complementary, it is known that the energy of the shoulder at the K absorption edge (i.e., 

the main rising part above the threshold; see image b of Figure 3.1.5.9), appearing as a tip of 

the peak of the first derivative (Manceau & Gates, 1997; Berry et al., 2003; Arčon et al., 

2007; see Figure 3.1.5.11), is assigned to the known forbidden 1s→4s electron transition 

(Shulman et al., 1976; Berry et al., 2003). Besides, the examination of the Fe valence based 

on the energy position of the shoulder in the main rising part of the K absorption edge (see 

image b of Figure 3.1.5.9), excluding the usage of the pre-edge features, resulted in some 

differences compared with the study of the energy position of the 1s→3d pre-edge features 

characteristics (e.g., Quartieri et al., 2002; Berry et al., 2003; Oakes et al., 2012). These 

deviations are most probably due to some Fe coordination changes related with different 

kind of sample preparation (Berry et al., 2003). Nevertheless, resemblances of the spectral 

features (joining with additional resemblances of their shape, broadness, and energy 



180 
 

PhD Thesis Platon N. Gamaletsos September 2014 

variation of the edge crests; Waychunas et al., 1983) between the investigated Fe-rich 

boehmitic and Fe-rich diasporic bauxites, the hematite, and the goethite at their main rising 

parts of the K absorption edge (see image b of Figure 3.1.5.9) provide evidence for further 

spectral similarities between them. These matches can be fortified by the spectral 

similarities between oscillations of the studied Fe-rich samples, the hematite, and the 

goethite existing at higher energies above the threshold, particularly, in the edge, the near-

edge, and the post-edge region (see text below; image d of Figure 3.1.5.9). 

 

Figure 3.1.5.11: The first derivative spectra of the Fe K-

edge XANES of the measured studied bauxite samples 

and the reference standards. 

 

 

Focusing in the pre-edge region, both the experimental Fe K-edge XANES spectra of the 

goethite and hematite (see images d, and e of Figure 3.1.5.10) exhibit one distinct low 

intensity pre-edge feature with a very weak shoulder at slightly lower energy, matching with 

the examined hematite and goethite from the literature (Manceau & Gates, 1997). 

Additionally, their spectral pre-edge features seem to be quite similar to those from the low-

spin centrosymmetric octahedral ferric complexes (Westre et al., 1997). Accordingly, as the 

experimental low intensity pre-edge feature of the bauxites (see images f, g, and h of Figure 
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3.1.5.10) is similar to that of goethite (see image d of Figure 3.1.5.10) and hematite (see 

image e of Figure 3.1.5.10), containing a very weak shoulder difficult to split at slightly lower 

energy, it can be implied that Fe3+ atoms occupy octahedral centrosymmetric sites in the 

structure of the measured ferric references and, most probably, occupy similar octahedral 

sites in the structure of the studied bauxites. The comparison between the heights of the 

experimental pre-edge feature of the bauxites, and the octahedral ferric references, reveal 

local structural similarities of their centrosymmetric sites of the octahedra Fe3+ atoms, 

inasmuch as the height of the pre-edge feature of the Fe-rich boehmitic bauxite seems to be 

equal to that of goethite, and the pre-edge feature of the Fe-rich diasporic bauxite seems to 

be equal to that of hematite. These similarities indirectly indicate that Fe3+ atoms site 

symmetry in the studied Fe-rich boehmitic and diasporic bauxites resemblance to that of 

goethite and of hematite, respectively. In contrast to the ferric references of the present 

dissertation, a distinguishable splitting of the pre-edge feature was appeared in the pre-edge 

region of hematite and goethite examined by Wilke et al. (2001) due to crystal-field splitting. 

Based on previously remarks (Westre et al., 1997), this wide splitting indicates that the 

published references (Wilke et al., 2001) could be ranked as “high-spin” in contradiction to 

the measured “low-spin” octahedral ferric compounds of the present dissertation. In either 

case, the totally undetectable two different well-splitting pre-edge features, as in the case of 

other octahedrally coordinated Fe3+ published references such as andradite (Wilke et al., 

2001), presumptively signifies that the octahedral units of O2 atoms surrounding Fe3+ atoms, 

in both the measured (present dissertation) and the previously examined (Wilke et a., 2001) 

hematite and goethite, may not be distorted, too. Since the pre-edge features of all the 

investigated bauxites (see images f, g, and h of Figure 3.1.5.10) are similar to those of the 

measured ferric references (see images d, and e of Figure 3.1.5.10), the latter assumption 

also stands for the studied bauxite samples. 

In the case of low-spin octahedral ferric complexes (such as the measured hematite, 

goethite, and the studied Fe-rich bauxites), it is known that the ligand field theory predicts 

three pre-edge peaks that mainly contribute to the pre-edge feature and, also, to the 

neighboring weak shoulders (Westre et al., 1997). The lowest energy pre-edge peak is 

ascribed to 4A1g state appearing as a very weak shoulder just below the centroid position of 

the pre-edge feature, while the 1T2g electron state appears as a very weak shoulder between 



182 
 

PhD Thesis Platon N. Gamaletsos September 2014 

the centroid position of the pre-edge feature and the threshold, as can be more observed in 

the case for the measured goethite (see image d of Figure 3.1.5.10), but less in the case for 

the hematite (see image d of Figure 3.1.5.10) and all the studied bauxites (see images f, g, 

and h of Figure 3.1.5.10). Besides the 3T1g, 3T2g, and 1T1g, electron states give rise to the main 

pre-edge feature (Westre et al., 1997). In contrast to our results, it can be supported that the 

visible distinguishable splitting of the pre-edge feature of the high-spin octahedral hematite 

and goethite from the literature (Wilke et al., 2001) attributed to the two pre-edge peaks 

yielded by the theoretical calculations (Westre et al., 1997). In this case, it is known (Westre 

et al., 2001) that ligand field theory predicts that these peaks are ascribed to the 5T2g and 5Eg 

states, respectively. The latter is also supported by other published work (Galoisy et al., 

2001). On the other hand, one to three extra theoretical contributions at higher energies just 

above the centroid position, which are not predicted by theory, were previously noticed 

(Wilke et al., 2001). In line with published results (Wilke et al., 2001), these extra pre-edge 

theoretical peaks may give some contribution and, consequently, cause considerably 

enhancement of the intensity of the very weak shoulder just above the pre-edge feature 

making it somehow visible in the pre-edge characteristics of both the measured ferric 

references (see images d, and e of Figure 3.1.5.10), and the studied bauxites (see images f, 

g, and h of Figure 3.1.5.10). These extra contributions could be related to possible Fe 

clustering phenomenon (Wilke et al., 2001) directly attributed to Fe-Fe contribution 

(Heijboer et al., 2004) and, particularly, could be interpreted as Fe-O-Fe multiple scattering 

as previously suggested (Hurai et al., 2008). It is noteworthy to mention that exactly the 

same argument can indirectly be applied for the measured hematite and, especially, for the 

goethite and, consequently, the same also stands for the resembled bauxite samples. 

To stress potential structural relationships between the studied bauxite samples and the 

measured hematite and goethite, a comparison method -known as “fingerprinting” 

(Henderson et al., 2014) mentioned above- has been successfully applied. In the beginning, 

the Fourier transform (FT) of χ(k) of the experimental Fe K-edge EXAFS signals of all the 

studied bauxite samples were compared with EXAFS signals of the hematite, the goethite, 

and the magnetite as well as with EXAFS signals of the divalent standards (see image d of 

Figure 3.1.5.9). Whereupon, further comparison between the FT of χ(k) of the Fe K-edge 

EXAFS signals of the “Fe-rich diasporic bauxite – hematite” pair (see image a of Figure 
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3.1.5.12) and the “Fe-rich boehmitic bauxite – goethite” pair (see image b of Figure 

3.1.5.12), addressed significant spectral similarities between the Fe-rich diasporic sample 

and the hematite and, further, between the Fe-rich boehmitic sample and the goethite, 

respectively, as their FT χ(k) EXAFS signals match perfectly each other. 

 

Figure 3.1.5.12: The Fourier transform (FT) of χ(k) of the experimental Fe K-edge EXAFS 

signal of the studied Fe-rich diasporic bauxite comparing with the EXAFS signal of the 

hematite (a), and experimental FT of χ(k) Fe K-edge EXAFS signal of the studied Fe-rich 

boehmitic bauxite comparing with the EXAFS signal of the goethite (b). The experimental FT 

of χ(R) Fe K-edge EXAFS plots in the magnitude (c and f), the real (d and g), and the 

imaginary part (e and h) stressing the observed spectral similarities, using the ATHENA 

software package (Ravel & Newville, 2005). 
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In general, a distinguishable well-formed first peak is appeared, while a splitting 

phenomenon at higher interatomic distance, dividing the next to the first neighbor Fe-Fe 

atomic shell into two sub-shells, is also observed creating the second and the third peak, 

respectively (see images c, and f of Figure 3.1.5.12). This split is common for Fe oxides and 

oxyhydroxides (e.g., Manceau & Combes, 1988; Manceau & Drits, 1993; Singh et al., 2000; 

Cornell & Schwertmann, 2003, and references therein). It is noteworthy to mention that the 

ratio of the second to third peak intensity varies depending on the studied material 

(Manceau & Combes, 1988), and its intensity is equally enhanced both in the Fe-rich 

diasporic bauxite and the hematite. In contrast, this ratio is proportionally lesser in the Fe-

rich boehmitic bauxite and the goethite FT EXAFS signals. Since the experimental FT of χ(R) in 

the magnitude part of the Fe K-edge EXAFS signal of the Fe-rich diasporic bauxite strongly 

resemble with that of hematite (see image c of Figure 3.1.5.12), significant structural 

similarities between them can be extrapolated. This hypothesis can alternatively be 

supported by the similarities appearing at the experimental FT plot in the real (see image d 

of Figure 3.1.5.12) and the imaginary part (see image e of Figure 3.1.5.12) of χ(R) of their 

comparative Fe K-edge EXAFS signals. Proportionally, the latter assessment also stands for 

the “Fe-rich boehmitic bauxite – goethite” pair (see images f, g, and h of Figure 3.1.5.12) 

driving to the similar conclusion. Intensity and shape differences between the peaks of the 

measured hematite and those of literature (Manceau & Combes, 1988; Manceau & Drits, 

1993; Singh et al., 2000) can be attributed to different type of hematite (i.e., present sample 

is a natural pure-grey hematite type contrary to the natural or synthetic red hematite type 

usually was used), to transition metals incorporation into hematite structure (Singh et al., 

2000) and to different experimental conditions. The above peak-to-peak comparison of the 

FT of χ(R) of the EXAFS signals directly illustrates that the first peak of the Fe-rich diasporic 

bauxite matches with the first peak of hematite corresponding to an O2 first neighbor (Fe-O 

shell) surrounding by Fe atoms, while the Fe-rich boehmitic bauxite matches with the first 

peak of goethite corresponding to an O2 and/or OH- first neighbors (Fe-O and/or Fe-OH shell) 

surrounding by Fe atoms, too (e.g., Manceau & Combes, 1988; Manceau & Drits, 1993; Singh 

et al., 2000; Cornell & Schwertmann, 2003). In both cases, the presence of second and third 

peaks establishes the existence of extended local environment around the Fe absorbing 

atom beyond its first coordination shell in the Fe-rich bauxites (either diasporic or 

boehmitic). The resemblances of the second strongest and third peaks between the FT of 
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χ(R) EXAFS signal of Fe-rich diasporic bauxite and hematite (see image c of Figure 3.1.5.12) 

can be attributed to the structural similarities between the Fe-Fe shells corresponding to the 

nearest and the next-to-nearest Fe neighboring atom, respectively (e.g., Manceau & 

Combes, 1988; Manceau & Drits, 1993; Singh et al., 2000; Cornell & Schwertmann, 2003). 

Similar resemblances of the second and third peaks between the FT of χ(R) EXAFS signal of 

Fe-rich boehmitic bauxite and goethite (see image f of Figure 3.1.5.12) drive to the 

argument that the local environment around the absorbing Fe atoms of the Fe-rich 

boehmitic bauxite resembles to that of goethite. Hence, the latter comparative finding 

denotes that the first peak of the Fe-rich boehmitic bauxite can be related not only to the 

first O2- neighbor anion (as in the previous case of hematite structure) but, also, to an OH- 

neighbor anion (as in the case of goethite structure), while the presence of Fe-Fe 

configuration in the local structural environment around the absorbing atoms of the Fe-rich 

boehmitic bauxite is affirmed by the depiction of the second and third peaks corresponding 

to edge- and corner-sharing linkages (case of goethite structure; e.g., Manceau & Combes, 

1988; Manceau & Drits, 1993; Cornell & Schwertmann, 2003). Conclusively, in both cases the 

spectral similarities of the experimental Fe K-edge EXAFS signals testify that the signal of the 

Fe-rich diasporic bauxite is strongly influenced by hematite component, while the Fe-rich 

boehmitic is strongly influenced by goethite component, too. Under this statement, this 

specifies that ferric octahedral basic structural units of the investigated Fe-rich diasporic 

bauxite correspond to the Fe(O)6 octahedra of hematite, whereas in the case of the studied 

Fe-rich boehmitic bauxite the [6]Fe3+ structural units match to the FeO3(OH)3 octahedra of 

goethite. Besides, on the basis of local structural differences between well-crystalline 

hematite and goethite (Manceau & Drits, 1993) and the proved spectral similarities, the 

latter implication can, consequently, drive to the assumption that the [6]Fe3+ basic structural 

units of the Fe-rich diasporic bauxite are linked to each other by face-linkages (due to 

structural similarities of this bauxite sample with hematite; see images a, c, d, and e of 

Figure 3.1.5.12), whereas the other two type of linkages (corner- and edge-sharing) exist 

only in Fe-rich boehmitic bauxite local structure (due to structural similarities between this 

bauxite sample and the goethite; see images b, f, g, and h of Figure 3.1.5.12). Nevertheless, 

the differences in the intensity between the third peak of the Fe-rich boehmitic bauxite and 

the third peak of the goethite FT EXAFS signal (see image f of Figure 3.1.5.12) could be 

circuitously attributed to a possible less proportion of ferric octahedra linked by corner-
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linkages. This assumption is based on the fact that the second and the third peaks at the FT 

plot of χ(R) of goethite correspond to different type of linkage of octahedra and, particularly, 

to edge- and to corner-sharing, respectively (Manceau & Drits, 1993); interatomic distances 

across edge- and face-sharing octahedra are too close to be separated by EXAFS (Manceau & 

Combes, 1988). 

The comparison between the FT of χ(k) of the Fe K-edge EXAFS signals of the Fe-depleted 

diasporic bauxite, the hematite, the goethite, and the magnetite (see image a of Figure 

3.1.5.13) revealed that significant spectral differences can be inferred between the 

investigated Fe-depleted diasporic bauxite sample and the measured references, and no 

spectral similarities can be observed as their FT χ(k) EXAFS signals cannot match each other. 

 

Figure 3.1.5.13: The Fourier 

transform (FT) of χ(k) of the 

experimental Fe K-edge EXAFS signal 

of the studied Fe-depleted diasporic 

bauxite comparing with the EXAFS 

signal of the hematite, goethite, and 

magnetite (a), and experimental FT 

of χ(k) Fe K-edge EXAFS signal of the 

studied Fe-depleted diasporic 

bauxite comparing with the EXAFS 

signal of the hematite, and the 

goethite (b). The experimental FT of 

χ(R) Fe K-edge EXAFS plots in the 

magnitude (c and f), the real (d and 

g), and the imaginary part (e and h) 

using the ATHENA software package 

(Ravel & Newville, 2005). 
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This is enhanced by the demonstration of the experimental FT of χ(R) in the magnitude part 

of the Fe K-edge EXAFS signal of the Fe-depleted diasporic bauxite, which strongly differ to 

that of hematite, and goethite (see image b of Figure 3.1.5.12). Thus, significant structural 

differences between them can be confirmed. This statement can be supported by the 

spectral differences appearing at the experimental FT plot in the real (see image c of Figure 

3.1.5.13) and the imaginary part (see image d of Figure 3.1.5.13) of χ(R) of their comparative 

Fe K-edge EXAFS signals. 

In conclusion, the spectral similarities between the Fe-rich boehmitic bauxite 

(ELM0206_2H1) and the goethite as well as between the Fe-rich diasporic (SAB0306_ASV) 

and the hematite can be profoundly described in terms of the structural relationships 

between the studied bauxite samples, the goethite, and the hematite components. The 

consideration about the structural similarities between the Fe-rich bauxites (either 

boehmitic or diasporic) and the ferric reference standards is in accordance with the 

previously mentioned PXRD (see text above; Table 3.1.1.1) and Mössbauer results (see text 

above; Table 3.1.5.1). Fe-rich diasporic sample has been found to contain only hematite, 

whereas in the case of Fe-rich boehmitic bauxite the existence of goethite, the possible 

presence of maghemite traces, and the totally absence of hematite has been proved. On the 

other hand, based on the Mössbauer study, minor mounts of hematite cannot be excluded 

to be present in the latter bauxite sample. The demonstrated structural differences between 

the Fe-depleted diasporic bauxite and the measured magnetite, goethite, and hematite, are 

in line with the PXRD (see text above; Table 3.1.1.1) and Mössbauer data (see text above; 

Table 3.1.5.2) that proved the absence of Fe-oxides and -oxyhydroxides (see text above) in 

microscale, as Fe-depleted diasporic sample (ALM0306_PL1_BIW) has been found to contain 

Fe3+ atoms possibly substituting Al3+ in diaspore (according to FEG TEM-EDS with EELS 

observations; see text below), whereas minor quantities of Fe3+ most likely can be possibly 

occluded in maghemite-type phase, in nano-maghemite and/or in amorphous phases. In 

either case, the presence of Fe nanominerals in the Fe-depleted diasporic bauxite, detected 

by FEG TEM-EDS with EELS (see text below) and influenced both by Mössbauer and Fe K-

edge XANES study, indicates that Fe3+ is not exclusively present in novel Fe-Cr-AlOOH (see 

text below), but also in novel Fe nanoparticles of unknown structure and crystallinity. 
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The examination of magnetic transitions during temperature cycling is a diagnostic 

method to observe even low concentration of magnetic minerals.  These transitions manifest 

as abrupt increases or decreases in magnetization and/or magnetic susceptibility when the 

sample is heated or cooled through a critical temperature.  The primary feature of the mass-

normalized magnetic susceptibility measurement for Fe-depleted bauxite, presented in 

Figure 3.1.5.14, is the irreversibility of the susceptibility after heating the sample to 

approximately 700 °C.  When heating above 500 °C, susceptibility begins to increase before 

dropping sharply just below 600 °C.  During the cooling run, susceptibility increases as the 

sample is cooled through 600 °C and remains higher than its initial values.  There is a similar 

but smaller and less abrupt increase as the sample cools through approximately 235 °C; a 

small deviation at a similar temperature can be observed in the heating run but magnitude 

has been greatly enhanced by the time at high temperature. The two abrupt changes in 

magnetic susceptibility described above indicate two magnetic phases, which either increase 

in quantity or undergo some magnetic enhancement as a function of heating.  The lower 

temperature transition (~235 °C) is very close to the Curie temperature of Fe2CrO4 

(Francombe, 1957), i.e. chromite which was observed directly with SEM-EDS/WDS analyses 

(see text below).  The Curie temperature as calculated by point of maximum slope (Tauxe 

1998) is slightly above 200 °C, that of pure Fe2CrO4, suggesting a slight deviation from 

endmember composition.  The phase that shows a high-temperature transition is more 

uncertain. The Curie temperature of the phase produced during heating is indistinguishable 

from that of pure magnetite, and there are notably no further magnetic transitions above 

600 °C that would indicate the presence of hematite or maghemite, which can be stable to 

high temperatures with the presence of Al.  Neither the initial (unheated) low-temperature 

measurements nor those acquired after the high-temperature run show any magnetic 

transitions below room temperature that would indicate primary or secondary magnetite or 

end-member hematite.  The Verwey transition at ~-150 °C (~120 - 125 K; Verwey, 1939) is 

diagnostic of magnetite, but is difficult to observe in susceptibility measurements of single-

domain carriers (Muxworthy, 1999).  It may also be suppressed by even small degrees of 

cation substitution (Kakol et al., 1992) or non-stoichiometry (Aragon et al., 1985) so the 

inability to identify any inflections in the susceptibility curve in this temperature range does 

not rule out magnetite as the phase created at high-temperature.  The Morin transition of 

hematite, which occurs at approx. -10 °C (Morin, 1950) is likewise diagnostic of the presence 
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of that mineral; the lack of any magnetic transitions at this temperature or at the Neel 

temperature of 675 °C indicate that there is little hematite initially present or generated 

during the heating run. The lower image of Figure 3.1.5.14 shows the repeat of the 

susceptibility measurements by cycling to increasing temperature in order to observe the 

point at which alteration in the sample becomes irreversible.  The heating and cooling curves 

appear similar up to a maximum temperature of 510 °C, after which increasing amounts of 

ferromagnetic material is produced and the susceptibility curves become dissimilar.  The 

onset of alteration occurs at a notably higher temperature than that of the dehydroxylation 

of potential Fe-oxyhydroxide precursors, such as lepidocrocite, ferrihydrite, and goethite, 

which has been observed at temperatures as low as 200 °C (e.g. Gendler et al., 2005).  This 

higher temperature is similar to that of the inversion of maghemite and titanium-substituted 

maghemite; while a range of inversion temperatures have been reported, the onset above 

510 °C corresponds precisely to the values reported in at least one study (Özdemir & 

Banerjee, 1984). The Curie temperature of the ferromagnetic phase generated at high 

temperatures is strongly suggestive of magnetite, but the precursors are less certain.  The 

increase in susceptibility suggests either a compositional or crystallographic change, and the 

nature of that change would indicate the starting material.  The susceptibility curves are 

qualitatively very similar to magnetization measurements acquired during the inversion of 

titanium-substituted maghemite (Readman & O'Reilly, 1970; Özdemir, 1987), a process 

which produces pure magnetite and a weakly magnetic second phase.  A second possibility 

for the development of magnetite is a minor crystallographic change from a non-magnetic 

magnetite precursor. This lack of magnetic signal could be caused by the phase being 

amorphous or with a sufficiently defect-rich lattice that magnetization is reduced and the 

particle exhibits superparamagnetic behavior. Upon heating, the development of crystalline 

ordering from a previously amorphous phase would create a new single-domain phase.  

Alternatively, enhancement of magnetization by the annealing of lattice defects would 

effectively increase the relaxation time of superparamagnetic particles so generating a 

single-domain magnetic phase can be observed laboratory timescales.  This final possibility, 

while unproven is suggestive of the Fe nanominerals implied by the Mössbauer spectroscopy 

and directly observed by the study of Fe-depleted bauxite in nanoscale (FEG TEM-EDS & 

EELS; see text below). 
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Figure 3.1.5.14: Magnetic susceptibility versus temperature measurements. Upper image: 

Full temperature run, illustrating measurement protocol of heating run from -192 °C to 700 

°C, followed by cooling to room temperature. Both magnetite and chromite (chrome-spinel) 

are present after heating to high-temperature, indicating a chemical or structural change 

from some Fe-containing precursor (most likely the Fe nanominerals; see text below).  Lower 

image: Recursive heating of the same sample to progressively higher temperatures to 

establish critical temperature of magnetite development. Heating up to 510 °C produces 

little irreversible change, but the successive run to 560 °C (of which a total of 13 min 

between 510 - 560 °C) causes the formation of magnetite, a process which continues in 

further runs to yet higher temperatures. 
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Figure 3.1.5.14: continued. 

 

 

 

3.1.6. Bulk radionuclide content (γ-ray spectrometry) 

The studied bauxites contain significant amounts of natural actinides (U, Th) as well as K. 

According to bulk geochemical data, the materials contain avg. 48.8 ppm Th and avg. 8.8 

ppm U. Potassium is preferentially concentrated in Fe-rich bauxites (avg. 754.7 ppm), while 

the content of Fe-depleted is practically insignificant. It is obvious that the studied Greek 

bauxites from Parnassos-Ghiona active mining area exhibit high natural radionuclides 

concentration, mainly due to 232Th (calculated by 228Ac and 208Tl), 238U (calculated by 234Th 

and 234Pa), 226Ra, and 40K, related to considerable radioactivity. It is worthy to mention that 

both the radioactivity (due to 228Ac; Bq/Kg) and the Th concentration (in bulk; ppm) are 

significant higher in the metallurgical residue (red mud; see text below), and totally 
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inexistent (practically equal to zero) in the alumina product compared to those of the 

bauxite ore deposit (Figure 3.1.5.14). Results of the bulk radionuclide content for 

representative Fe-rich and Fe-depleted samples are presented in Table 3.1.5.3, compared to 

those of the alumina (Al2O3) industrial product derived from bauxite ore and, also, to that of 

the metallurgical residue (red mud; see text below) after the Bayer process at the Aluminium 

S.A. industrial plant at Antikyra bay (Table 3.1.5.4). The average activity corresponding to 
232Th-series for Fe-depleted bauxites was found to be 210 Bq/kg (max. 229 Bq/kg), as 

compared to an average of 175 Bq/kg for Fe-rich bauxite (max. 203 Bq/kg). The total average 

of 232Th, for all types of Greek bauxite examined, is 182 Bq/kg (n = 10), in general agreement 

with data from a previous investigation (216 Bq/kg, n = 2; Papatheodorou et al., 2005). This 

value is lower than the average of Hungarian bauxite (256 Bq/kg, n = 46) and much lower 

than the international average (400 Bq/kg; Somlai et al., 2008, and references therein). The 

summary of γ-ray spectrometry measurements is presented in Table 3.1.5.5. 

 

Figure 3.1.5.14: Binary plot of 228Ac (Bq/Kg) versus Th (ppm) of the studied Parnassos-Ghiona 

bauxites relative to their metallurgical residues (red mud; see text below) and to alumina 

production after the Bayer process. 
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Table 3.1.5.3: Bulk radionuclide content for representative Fe-rich (ALM0306_PL1_B1; upper image) and Fe-depleted (ALM0306_PL1_BIW; 

lower image) bauxite samples from Parnassos-Ghiona active mining area. 
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Table 3.1.5.4: Bulk radionuclide content for the alumina (Al2O3; upper image) industrial product derived from bauxite ore and the red mud 

(lower image; see text below) after the Bayer process at the Aluminium S.A. industrial plant at Antikyra bay. 
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Table 3.1.5.5: Natural radionuclides (Bq/kg) and total dose rate (nGy/h) of the studied Greek bauxites compared with relevant values from 

literature. 
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3.2. Mineralogy and geochemistry of bauxite in microscale 

 

3.2.1. Optical microscopy investigation 

 

The optical microscopic study has shown that the major mineral phases in the 

investigated bauxite samples from the Parnassos-Ghiona deposits are the two common 

AlOOH polymorphs diaspore / α-AlOOH (see image ① of Figure 3.2.1.1) and boehmite / γ-

AlOOH (see image ⑧ of Figure 3.2.1.1), the typical Fe oxide (e.g., hematite; see images ②-

⑦ of Figure 3.2.1.1) and oxyhydroxide (goethite; see image ⑦ of Figure 3.2.1.1), and the 

TiO2 polymorph anatase (see inset of image ① of Figure 3.2.1.1), in accordance to bulk 

characterization. Iron sulphides, such as pyrite, have also been detected (see image ⑥ of 

Figure 3.2.1.1). Patches and veins of metallic minerals consisting of Fe oxides and few 

isolated sulfides (lighter areas; see image ⑥ of Figure 3.2.1.1) are included in diasporic 

matrix (darker areas containing also pisoliths). Most of the characteristic bauxitic pisoliths 

contain mainly diaspore together with finely dispersed hematite. Under the light of optical 

microscopic study, hematite can be present as smaller (see image ④ of Figure 3.2.1.1) or 

larger crystals (see image ⑤ of Figure 3.2.1.1) crystals close to pisoliths rims, and also as 

dispersed aggregates into (see image ③ of Figure 3.2.1.1) and nearby (see image ⑧ of 

Figure 3.2.1.1) the diasporic/boehmitic pisoliths. 

 

 

 

 

 

 

 



198 
 

PhD Thesis Platon N. Gamaletsos September 2014 

Figure 3.2.1.1: Representative microscopic images (x10 and x20) from Fe-
depleted diasporic (ELM0206_SK_B1a: ①; inset image: ALM0306_PL1_BS2) and 
typical Fe-rich diasporic (ALM0306_PL1_B1: ② -④; ELM0206_DV_B1: ⑤-⑦) 
as well as Fe-rich boehmitic (ALM0306_PL1_B2: ⑧) bauxite s amples using 
transmitted and reflected light. 
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3.2.2. AlOOH polymorph identification (Laser μ-Raman) 

 

Conventional chemical methods are not recommended to characterize AlOOH 

polymorphs in bauxite samples. Thus powder XRD is fundamentally used in laboratory 

conditions. However it is rather difficult to use XRD for in-situ measurements in the field and 

in underground mining areas because portable XRD equipments are not greatly 

commercialized up to now. Therefore, it is important to suggest convenient spectroscopic 

methods, such as Laser μ-Raman, which can be easily used for phase determination in any 

case. The instrument is a bench system capable of confocal imaging with high spectral and 

spatial resolution. Representative Laser μ-Raman spectra of diasporic bauxite samples 

investigated during the present dissertation, both Fe-depleted (high grade) and Fe-rich (low 

grade), together with standard Raman spectra from the Mineral Spectroscopy Server of 

CalTech (© Prof. G. Rossman, 2006), are shown in Figure 3.2.2.1. It should be noted that the 

 

Figure 3.2.2.1: Representative Laser μ-Raman spectra of diasporic bauxite samples 

in the low-wavenumber region (a: Fe-depleted and b: Fe-rich sample). The lower 

spectrum corresponds to the Mineral Spectroscopy Server diaspore and the upper 

one to a hematite standard. 
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spectra were obtained by focusing the laser beam on the diasporic matrix away from 

microscopically detectable metallic minerals including anatase grains. The diaspore bands 

are observed in the low-wavenumber region, namely between 200 cm-1 and 600 cm-1. The 

most prominent are the 705 cm-1, 446 cm-1 and 260 cm-1, which are assigned to symmetric 

stretching modes (Ruan et al, 2001; Ruan et al., 2002). In the Fe-depleted diasporic bauxite 

samples the main α-AlOOH band appears at 448 cm-1 (black arrow in Figure 3.2.2.2), which is 

assigned to Al-O-Al stretching bend, and it is in good agreement with the results from the 

literature (Ruan et al., 2001; Ruan et al., 2002; see Figure 3.2.2.2). A number of strong peaks 

 

Figure 3.2.2.2: Raman spectra of different AlOOH polymorphs (after 

Ruan et al., 2001). It is clearly marked the difference of the diasporic 

Raman band at 446 cm-1 from the one of the boehmite at 360 cm-1, at 

the low-wavenumber region between 250 cm-1 and 600 cm-1. 

 

 

are also observed in the band range between 1000 and 2000cm-1 which are attributed to 

fluorescence from the 633nm He-Ne laser. Fluorescence peaks are wavelength-dependent 

and they should disappear when another laser is used, such as a Nd:YAG laser at 1064 nm.  

In synthetic diaspore a number of broad bands are observed with the 1064nm laser in the 

2800-3700 cm-1 region, attributed to the ν(OH) stretching. These bands were not observed in 



201 
 

PhD Thesis Platon N. Gamaletsos September 2014 

our spectra. The Fe-rich bauxite samples along with diaspore contain hematite (white arrows 

in Figure 3.2.2.1) with Raman bands at 612 cm-1, 496 cm-1, 412 cm-1, 293 cm-1 and 225 cm-1 

(Faria et al., 1997; Bersani et al., 1999; Chamritski & Burns, 2005; Zoppi et al., 2005; Zoppi et 

al., 2006). 

Representative Laser μ-Raman spectra of boehmitic samples (Fe-rich bauxites) are shown 

in the low-energy region of Figure 3.2.2.3. According to the literature, the more intense 

boehmite peaks at the low-wavenumber region are at 674 cm-1, 495 cm-1 and 360 cm-1 and 

they correspond to the hydroxyl translational modes. In our samples, we observe the 362 

cm-1 band (Ruan et al., 2001; Ruan et al. 2002; see Figure 3.2.2.3). The spectrum (a) from 

Figure 3.2.2.3 corresponds to the boehmitic matrix of the sample, at an area where metallic 

minerals, such as rounded hematite aggregates are not optically visible. This band (black 

arrow in Figure 3.2.2.3) is observed between the 412 cm-1 and 293 cm-1 hematite bands and 

it could be used as a rule of thumb to easily distinguish it from the diasporic peak, which is 

observed outside these hematite peaks (Faria et al., 1997; Bersani et al., 1999; Chamritski & 

Burns, 2005; Zoppi et al., 2005; Zoppi et al., 2006). 

 

Figure 3.2.2.3: Representative Laser μ-Raman spectra of boehmitic bauxite 

samples in the low-wavenumber region (a, b, c: Fe-rich bauxites). The lower 

spectrum corresponds to the Mineral Spectroscopy Server hematite. 
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At this point one could suggest that the hematite Raman bands differ evidently to that of 

goethite, which may also be present in Fe-rich bauxites (either diasporic or boehmitic). In 

this case, the AlOOH polymorph bands (either at 448 cm-1 or at 362 cm-1) are most probably 

expected to be distinguishable at the opposite sides of the main goethite band around 385 

cm-1 (Faria et al., 1997; Bersani et al., 1999). Furthermore, it is also expected that diaspore 

and boehmite low-wavenumber Raman bands will be apparent if kaolinite is present, under 

the laser beam spot, inasmuch the main -very intense- kaolinite band appears at 140 cm-1 

(Johnston et al., 1984; Frost et al., 1993). 

In conclusion, the Laser μ-Raman spectroscopy could be applied for the fast 

determination of the AlOOH polymorphs and, as a consequence, the “type” of bauxite of the 

Parnassos-Ghiona active mining area (central Greece). In the case of the Fe-depleted (high-

grade) diasporic bauxite, there is a clear diaspore Raman band at 448 cm-1 to be used as the 

characteristic band, while in the case of the typical red-brown diasporic bauxite the same 

band is  accompanied by the unavoidable bands of  hematite (Table 3.2.2.1). Besides, for the 

 

Table 3.2.2.1: Summary of the Laser μ-Raman data. 

 

  

Fe-rich boehmitic bauxite, the main Raman band of boehmite appears at 362cm-1, between 

two major hematite bands. It is, therefore, demonstrated that both diasporic and boehmitic 

bauxites can easily be characterized by recording Raman spectra in the 250 cm-1 – 600 cm-1 

region. In this low-wavenumber region the bands of the AlOOH polymorphs do not interfere 

with bands from other bauxite minerals. A portable Raman system with a CCD acquisition 
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camera and with a laser operating at the wavelength of 1064nm could be used to rapidly 

acquire the narrow spectra range between 250cm-1 and 600cm-1. The He-Ne laser with a 

wavelength of 633nm introduces significant fluorescence which might suppress the Raman 

peaks and make them invisible. However, it still can be used when the CCD is centred to 

cover the low wavenumber region but it may require longer integration times. The use of a 

powder XRD or of another time-consuming technique is not necessary in order to distinguish 

the type of bauxite (diasporic or boehmitic). This could be particularly useful in 

characterising similar in appearance samples, such as the massive red-brown samples (e.g., 

SAB0306_ASV and SAB0306_SKR) which could be of diasporic or boehmitic type. Future 

work could employ direct tests on site with a portable Raman system that has the above 

characteristics. Furthermore, one could proceed into calibrating a portable system to acquire 

quantitative or semi-quantitative information for precise quality assessment during 

production. 

 

3.2.3. Chemical composition and element distribution and speciation in microscale (SEM-

EDS/WDS, LA-ICP-MS, SR μ-XRF, μ-XAFS) 

The SEM-EDS/WDS investigation proved the optical microscopy and spectroscopic 

observations, indicating that the major phases are Al-oxyhydroxides (diaspore/boehmite), 

Fe-oxides (mainly hematite), and Ti-oxides dispersed into the diasporic matrix (Figure 

3.2.3.1). Remarkable minor quantities of Fe and Ti are always detectable in this diasporic 

matrix (see text below). 

Furthermore, detailed SEM-EDS study on diaspore microcrystals revealed that they 

contain measurable quantities of Fe and Cr (Table 3.2.3.1) implying a novel low-T natural Fe-

Cr-AlOOH. This is supported by Al, Cr, and Fe linescans and Fe/Al variations, showing rather 

homogeneous Cr and Fe distribution in microscale and also positive correlation of Fe and Al 

(Figure 3.2.3.2). Occasionally, the Fe contents are different in between the analyzed regions 

within a diaspore nodule. As shown in the Figure 3.2.3.2, the difference of Fe contents of 40 

- 50 % at maximum is observed between their analyzed points. These observations suggest 

that though we propose the possibility of the presence of Fe in the structure of diaspore,
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Figure 3.2.3.1: SEM-EDS data for major mineral phases into the studied bauxites. Upper-left /-right images: pisoliths containing AlOOH 

microcrystals with Fe, and Ti detectable quantities; upper-right image: hematite crystal; lower images: various usually fragmented anatase 

grains into diasporic matrix with Fe, and Ti detectable quantities (the EDS spectrum indicating only Ti is included in anatase). 
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some Fe portion would exist in the form of Fe mineral nanoparticles and/or Fe nanominerals. 

To meet this need, further rational microscopic study in nanoscale (FEG TEM-EDS & EELS; 

see text below), was performed to examine the above preliminary findings. 

As it is mentioned above, Ti is inhomogeneously dispersed into the diaspore matrix, 

resulting always in a negative relationship to Al, and trivial Fe/Ti ratios (Figure 3.2.3.2). This 

can be attributed to occluded Ti minerals in microscale (TiO2 polymorphs) or even Ti mineral 

nanoparticles or nanominerals, rather than to a distinct Fe-Cr-Ti-AlOOH phase. Thus, there is 

no particular relationship between the Fe and Ti contents, giving evidence for the absence of 

Fe-Ti oxides, and the presence of solely TiO2 polymorphs which normally do not contain Fe. 

 

Table 3.2.3.1: Chemical composition in microscale (SEM-EDS/WDS) of 

diaspore nodules in the Fe-depleted diasporic bauxite from Parnassos-

Ghiona mining area (see Figure 3.2.3.2). 

 Al (at%) Fe (at%) Ti (at%) Cr (at%) O (at%) 

Region 1 (10) 38.44 0.52 0.82 0.06 60.16 

Region 2 (6) 38.32 0.86 0.62 0.09 60.12 

Region 3 (2) 37.12 1.32 1.21 0.12 60.24 

Region 4 (8) 36.03 0.98 2.42 0.09 60.49 

Region 5 (3) 37.87 1.09 0.76 0.13 60.15 

Region 6 (5) 37.21 1.16 1.27 0.11 60.25 

Region 7 (3) 38.34 1.02 0.46 0.09 60.09 

The number in brackets shows analyzed data points and each concentration 

was obtained by averaging them. 
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Figure 3.2.3.2: SEM-WDS linescan analyses for Al, Fe, Ti, and Cr, in selected regions of diaspore nodules, including variation of normalized Fe/Al 

and Fe/Ti as a function of position. 

   

  
 

Region 1 Region 2 Region 4 
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In contrast to the latter, in some cases, Fe-Ti-oxides (predominantly determined as 

ilmenite), intergrown with Fe-oxides (hematite) can be rarely confirmed by SEM-EDS (Figure 

3.2.3.3). A more careful investigation revealed the presence of detrital (clastic) zircons and 

chromites (Figures 3.2.3.4 and 3.2.3.5). 

 

Figure 3.2.3.3: Upper-left image: SEM-EDS of Fe-Ti-oxide laths (lighter areas) intergrown 

with Fe-oxides (less light areas) into diaspore matrix with detectable amounts of Fe, Ti, and 

Si (darker areas); Upper-right image: Fe-Ti-oxide laths (darker areas) intergrown with Fe-

oxides (lighter areas); Lower-left image: Fe-Ti-oxide laths (less light areas) intergrown with 

Fe-oxides (lighter areas) into diaspore matrix with detectable amounts of Fe, Ti, and Si 

(darker areas). Lower-right image: Zoom of the lower-left image. The measured amounts of 

Si in the diasporic matrix could be attributed to the presence of kaolin-group mineral phases. 
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Figure 3.2.3.4: SEM-EDS data for minor (detrital) mineral phases in polished sections of 

bauxites (upper images: chromites; lower images: zircons). Abbreviations (Whitney & Evans, 

2010): “dsp” for diaspore; “chr” for chromite; “zrn” for zircon. 
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Figure 3.2.3.5:  SEM-EDS/WDS data (a: X-ray spectrum, b, c: BSE images, and d-f: elemental 

maps) for a representative Fe-depleted diasporic karst-type bauxite from Parnassos-Ghiona 

mining area. Abbreviations (Whitney & Evans, 2010): “dsp” for diaspore; “ant” for anatase; 

“zrn” for zircon; “chr” for chromite. 
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The detrital chromite micro-grains appear fractured, with several cracks and fissures 

(highly cataclastic) and therefore, the precise elucidation of their chemical composition in 

microscale by SEM-EDS/WDS is rather difficult. In points where the polished surface of the 

crystals is appropriate for microanalyses, a set of data were collected for further evaluation. 

The overall suggestion is that part of the chromite grains are to some extent altered towards 

Fe-chromites, whereas there are also rather unaltered grains which fall in the fields of Al-

chromite and Cr-spinel derived from alpine-type peridotites (Figures 3.2.3.5 and 3.2.3.6). In 

general, it is rather difficult to conclude regarding the exact parent ophiolites, though some 

grains lie close to the Othrys field. The observed alteration, if it is not exclusively related to 

primary higher P-T metamorphic processes (i.e., serpentinization) it can be due to 

transportation from parent peridotites, or due to in-situ lateritic weathering in tropical 

climate conditions, or perhaps due to further diagenetic (in fact low-grade metamorphism) 

and later epigenetic processes. A combination of all above geochemical processes could also 

be very likely. Similar altered detrital chromites, which however fall into the field of typical 

Fe-chromite, have been reported in the case of Greek laterites (Michailidis et al., 1984; 

Valeton et al., 1987; Michailidis, 1990; Eliopoulos & Economou-Eliopoulos, 2000). 

 

Figure 3.2.3.5: 

Ternary plot of the 

cations Cr, Al, and 

Fe3+ contents of the 

chromites from the 

Parnassos-Ghiona 

bauxites (Stevens, 

1944). 
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Figure 3.2.3.6: Chemical composition, in terms of Cr# [100 Cr/ (Cr+Al)] against Mg# [100 

Mg/(Mg+Fe2+)], of detrital chromites occurring in Parnassos-Ghiona bauxites and 

comparison with spinels in ophiolitic rocks from Greece and the globe (after Karipi et al., 

2007 and references therein). 

  

 

The SEM-EDS investigation, aiming to detection of lanthanide (REE) and actinide (Th, U) 

minerals, prior to LA-ICP-MS studies (see text below), revealed the significant concentrations 

of Th into REE-fluorocarbonate minerals (mostly bastnäsite-/parisite-group; Grice et al., 

2007; Maksimović & Pantó, 1996) with up to 2.5 wt.% ThO2 (Figures 3.2.3.7 – 3.2.3.9). 

Previous microscopic studies about REE-phases in Greek bauxites have not reported the 

presence of Th (Ochsenkühn-Petropoulou & Ochsenkühn, 1995), while Th-containing Y-

phosphates (Laskou & Andreou, 2003) have not been clearly approved in the frame of the 

present study. It is noteworthy that the obtained SEM-EDS results concerning the existence 

of Th in LREE-minerals in Greek bauxites are presented for the first time in the literature. It 

should also be emphasized that Th was not detected in AlOOH matrix or in any other Fe-, Ti-  
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Figure 3.2.3.7: SEM-EDS of Th-containing LREE minerals overgrown on Fe-oxide octahedral 

crystals into geode of Fe-rich bauxite. 

 

 

and Fe-Ti-phase. Besides, there are few isolated Ce-Al-hydroxyphosphate grains 

corresponding to florencite (Figure 3.2.3.10). Finally, there are REE-phases coexisting with 

detrital Fe-Ni-sulfides and Co-Fe-Ni-sulfides and particularly pentlandite and Co-pentlandite 

(Figure 3.2.3.11). It should be noted that this is the first time in literature that such Ni-

phases are demonstrated with regard to Parnassos-Ghiona bauxites. 
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Figure 3.2.3.8: SEM-EDS data for REE fluorocarbonate minerals 

(REE)3+Ca2+F(CO3)2. 
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Figure 3.2.3.9: SEM-EDS elemental maps concerning REE minerals of Parnassos-Ghiona bauxites with Th up to 2.5 wt.%. 

 

 



215 
 

PhD Thesis Platon N. Gamaletsos September 2014 

Figure 3.2.3.9: continued. 
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Figure 3.2.3.9: continued. 
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Figure 3.2.3.9: continued. 
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Figure 3.2.3.9: continued. 
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Figure 3.2.3.10: Florencite (Ce-Al-hydroxyphosphate) into the studied 

bauxites. 
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Figure 3.2.3.11: Pentlandite and Co-pentlandite together with REE-phases into Parnassos-Ghiona bauxites. 
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In the case of polished sections, the μ-XAFS spectra were obtained in micro-areas 

previously selected on the basis of optical microscopy, Laser μ-Raman and elemental maps 

from SR μ-XRF. The μ-XAFS spectra were recorded, in order to investigate the distribution 

and solid-state speciation of Cr and Th in Fe-depleted bauxite, as well as of As, V and Ga in 

Fe-rich samples. 

Inasmuch the state of Fe into Fe-Cr-diaspore illustrated by the Mössbauer spectra, the 

samples were further subjected to Synchrotron-based techniques in microscale, in order to 

elucidate the nature of Cr previously detected by SEM-EDS/WDS. Prior to SR micro-XRF 

measurements proper micro-areas on polished sections were logged using an optical 

microscope in reflected light (Figure 3.2.3.12 – upper left image). Particular micro-areas 

were also checked by means of Laser micro-Raman spectroscopy, in order to ensure pure 

diaspore regions for the acquisition of micro-XANES/-EXAFS spectra (see text below). The 

obtained micro-Raman spectra were compared to a standard Raman spectrum (red and 

black lines respectively in Figure 3.2.3.12 – upper right image) from the Mineral 

Spectroscopy Server of CalTech (© Prof. G. Rossman, 2006). Laser micro-Raman 

investigation has been suggested, in the frame of this dissertation, as quick and accurate 

laboratory method for distinguishing diaspore from boehmite in the low-wavenumber 

region (200 cm-1 – 600 cm-1) with distinct bands of the natural AlOOH polymorphs at 448 cm-

1 for diaspore and 362 cm-1 for boehmite (see text above). 

The SR micro-XRF maps for major elements (Al, Ti, Cr, and Fe) in the studied Parnassos-

Ghiona bauxites are shown in the above Figure 3.2.3.12. It is clearly evident that the Al, Fe, 

and Cr are intercorrelated, whereas Ti exhibits a contrasting behavior especially at the 

center of pisoliths. The Cr K-edge micro-XANES spectra, obtained in diasporic regions and 

aiming in the elucidation of Cr oxidation state in diaspore, are presented in Figure 3.2.3.13. 

The processing of the spectra and the comparison with reference Cr3+- and Cr6+-materials 

results that Cr is present as trivalent, logically occupying octahedral sites in the structure of 

diaspore. 
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Figure 3.2.3.12: Optical microscopic -reflected light- image of diasporic pisoliths (upper left), 

previously checked for AlOOH polymorphs by Laser micro-Raman spectroscopy (upper right), 

studied into the ANKA SUL-X beamline vacuum chamber by means of SR micro-XRF 

spectroscopy for the achievement of Al, Ti, Cr, and Fe elemental maps (middle and lower 

images) and the acquisition of consequent micro-XANES/-EXAFS spectra (see text below). 
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Figure 3.2.3.13: Normalized 

Cr K-edge micro-XANES 

spectra with regard to Al-Fe-

Cr-rich (diasporic) micro-areas 

of pisoliths of Fe-depleted 

bauxite together with Cr 

reference materials. Upper 

image: The diaspore 

spectrum (blue-colored line) 

is depicted with all references 

of Cr3+ (FeCr2O4/chromite: 

green-colored line; Cr(NO3)3: 

red-colored line), Cr6+ 

(K2Cr2O7: orange-colored line) 

and grimaldiite-type material 

(Cr-oxyhydroxide: violet-

colored line; Middle image: 

The similarity of diaspore 

spectrum to Cr3+ reference 

materials is shown; Lower 

image: Enlarged view of the 

pre-edge region of the 

normalized Cr K-edge XANES 

spectrum of the studied 

sample focusing on the twin 

distinct pre-edge shoulders 

prior to the main absorption 

edge. 

The Fourier transform (FT) 

of χ(k) of the Cr K-edge micro-

EXAFS spectrum of diasporic  
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Figure 3.2.3.14: Upper image: 

The Fourier transform (FT) of 

χ(k) of the Cr K-edge micro-

EXAFS spectrum of diasporic 

pisoliths of Fe-depleted 

bauxite (blue-colored line); 

Middle image: The 

experimental FT plot in the 

magnitude part of χ(R) of the 

Cr K-edge EXAFS signal of the 

studied bauxite sample (blue-

colored line); Lower image: 

The experimental FT of χ(R) of 

the Cr K-edge EXAFS signal of 

the studied bauxite sample 

(blue-colored line) compared 

with the FT EXAFS signal of 

the Cr-oxyhydroxide 

(grimaldiite-type) reference 

material (violet-colored line). 

All the Cr K-edge micro-EXAFS 

spectra have been processed 

using the ATHENA software 

package (Ravel & Newville, 

2005). 

pisoliths (Figure 3.2.3.14) 

indicates structural 

similarities of the studied 

sample and the Cr-

oxyhydroxide (grimaldiite-

type) reference material. The interpretation of radial distribution functions – RDF spectra 
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(Figure 3.23.15) indicated that the first-shell fitting of Cr3+ in Cr3+-(Fe3+)-AlOOH can 

adequately be performed using crystalline grimaldiite reference (Christensen et al., 1976; 

Christensen et al., 1977). The fitting gives for the interatomic distance, between the central 

atom of Cr and the first neighbor of O, a value of 1.965 Å which is reasonable for grimaldiite 

(Cr-O: 1.92 – 2.07 Å) and also for Al-O bond length in diaspore referred to vary from 1.851 to 

1.982 Å (Busing & Levy, 1958; Hill, 1979). Thus, it is demonstrated that Cr exists as Cr3+ in the 

structure of diaspore, substituting Al3+ in octahedral sites ([6]Cr3+ ↔ [6]Al3+) as stands in the 

case of Fe3+. This is observed for the first time in the literature for low-T (sedimentary) 

diaspore from karst-type bauxite active mines of the Medit erranean bauxite belt (e.g., 

Valeton, 1972; Bárdossy, 1982; Valeton et al., 1987). It should be noted that previous EXAFS 

 

Figure 3.2.3.15: The first shell, corresponding to Cr-O bond, EXAFS fit 

(Radial Distribution Function – RDF) plotted in χ(k) space (upper 

image), and also in the real part (lower image) of χ(R), using the 

ARTEMIS software package (Ravel & Newville, 2005). 
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Figure 3.2.3.15: continued. 

 

 

measurements for diaspore concerned only Fe3+ (Hazemann et al., 1992), and not Cr3+, in 

green single crystal of “Anatolian” diaspore (zultanite), formed in higher T, and occurring in 

diasporite at the Muğla metabauxite deposit of Turkey (e.g., Hatipoğlu et al., 2010). 

Nevertheless, the SR μ-XRF elemental maps supplying direct evidence that Th is 

associated with Ti- and Fe/Ti-containing phases into distinct pisoliths of Fe-depleted bauxite, 

presented in Figure 3.2.3.16. These phases, according to the present XRD and SEM-EDS data 

(see text above) and taking into account the data about Ti-phases in karst-type bauxites of 

the world (Valeton, 1972; Bárdossy, 1982), should be anatase and/or rutile and ilmenite. Our 

data are in line with previous bulk (Filippidis et al., 1997; Haridasan et al., 2008), SR μ-XRF 

(Garrett et al., 2001; Kappen et al., 2007), and LA-ICP-MS (Zack et al., 2002; Klemme et al., 

2005) studies with regard to Th in synthetic and natural TiO2 phases (rutile), as well as 

ilmenite occurring in geological materials other than bauxite (e.g., black sands). 
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Figure 3.2.3.16: SR μ-XRF 

elemental maps of Fe-

depleted (diasporic) 

Parnassos-Ghiona bauxite, 

indicating the regions (spot 

2 & spot 3) where μ-XAFS 

spectra were obtained (see 

text below). 

 

The SR μ-XRF data about 

Th partitioning in Fe-

depleted bauxite were 

complementary checked by 

applying LA-ICP-MS on seven 

selected anatase grains (up 

to 20 μm, see also anatase 

grains of Figure 3.2.3.1). The 

results shown in Table 

3.2.3.2 and Figure 3.2.3.17 

confirmed that Th 

concentration varies in the 

range of 13-117 ppm 

together with abundant Nb 

(947-11,865 ppm), Ta (55-

982 ppm) and U (6-97 ppm). 

It is therefore demonstrated 

that Th is associated with Ti- 

and Fe/Ti-containing phases 

in microscale despite the 
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fact that bulk analyses (see text above) indicated no correlation of Th to Ti (effect of “scale-

factor”; Bárdossy, 2007). 

 

Table 3.2.3.2: LA-ICP-MS analyses of 

selected anatase (TiO2) crystals from Fe-

depleted bauxite from Parnassos-Ghiona 

(units in ppm). 

 

 

 

 

Figure 3.2.3.17: LA-ICP-MS results of selected anatase grains from Fe-depleted bauxite. 
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The recorded Th LIII-edge XAFS μ-XAFS spectra from Spot 3 (see SR μ-XRF maps in the 

above Figure 3.2.3.16) of Fe-depleted bauxite, together with bulk Th LIII-edge XAFS of 

bauxite and reference materials, are presented in Figure 3.2.3.18. The Th LIII-edge XAFS 

spectra of bauxite (bulk, and in microscale) show a shift towards higher energy in the first 

EXAFS oscillation as compared to Th(NO3)4*4H2O possessing 12-coordinated Th ions (Charpin 

et al., 1987). This indicates, according to methodology of Harfouche et al. (2005), who 

studied the coordination of Zr4+ to zircon using Zr LII/III-edge XANES spectra, that Th most 

possibly undergoes to a coordination number lower than twelve (CN<12). At the same time, 

there is a higher similarity to ThO2 hosting 8-coordinated Th-ions (e.g., Figueiredo & Mirão, 

2002). That means, Th in bauxite most likely reduces to a coordination number close to eight 

(CN≈8), i.e., higher than six (CN>6), as well. The above data show that Th4+ ions do not 

replace 6-coordinated Ti4+ ions in distorted [TiO6] fundamental octahedral units (framework) 

 

 

Figure 3.2.3.18: Th LIII-edge (μ)-XAFS spectra of Fe-depleted diasporic 

bauxite -micro (red line) and bulk (blue line)- compared to spectra of 

reference materials: Th(NO3)4*4H2O, ThO2 and zircon (ZrSiO4). 

 
 

of anatase (Horn et al., 1972) and ilmenite lattice. It is known that Th is incorporated as 

impurity (from 0.5 to >5000 ppm; e.g., Poller et al., 2001) in natural zircon together with 
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several other trace elements (such as Hf, Y, P, U and REE; e.g., Poller et al., 2001; Grimes et 

al., 2007). According to Muñoz et al. (2003), Zr↔Th substitution is possible because thorite 

(ThSiO4) and zircon are isostructural (I41/amd). Additionally, Harfouche & Farges (2009) have 

mentioned a local expansion around actinides substituting for Zr, which is a function of the 

metamictisation degree. Thus, zircon hosts 8-coordinated Th ions in radiation-undamaged 

structure whereas their coordination drops to seven in the damaged structures. The 

similarity of Th LIII-edge XAFS spectra of bauxite to that of reference zircon (Figure 3.2.3.18), 

as well as to ThO2, indicates that Th ions (predominantly contained in anatase) are 

coordinated by about 7-8 oxygen atoms and therefore the coordination number is seven or 

eight (CN=7 or 8). This is supported by the evaluation of the EXAFS signals (Figure 3.2.3.19). 

 

Figure 3.2.3.19: Experimental Th LIII-edge EXAFS signals (left image) and their Fourier 

transform (right image) using the EDA software package (Kuzmin, 1995). 

 
 

The best-fits of the first peak contribution by one-component Gaussian model are shown in 

Figure 3.2.3.20. As one can see the agreement is acceptable, though a short k-space range 

strongly limits the resolution in R-space and also makes the values of coordination numbers -

CN- to be strongly correlated with that of Debye-Waller factors σ2. In this case, the use of 

two models resulted in slightly different Radial Distribution Functions -RDFs- (Figure 

3.2.3.21). The observed difference is due to the asymmetric shape of the RDF, which cannot 

be reproduced by the Gaussian model (Table 3.2.3.3). 

The coordination number value, which is between seven and eight (CN=7.4 as revealed by 

regularization method), strongly supports the statement that Th4+ does not replace Ti4+ 

(CN=6) in anatase, and even ilmenite, framework. 
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Figure 3.2.3.20: First shell EXAFS fit using single-shell Gaussian model. 

  

  

 

 

Figure 3.2.3.21: Radial Distribution Function -RDF- using conventional Gaussian model (left 

image) and regularization method (right image) of the studied bauxite (Kuzmin & Purans, 

2000). 
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The formation of Th-polyhedra (perhaps distorted) by occupation of either extraframework 

sites or of defected/vacant (�) sites is more probable (Figure 3.2.3.22). This is likely 

explained by the difficulty of Th4+ to replace directly Ti4+ in [6]-coordinated (octahedral) sites 

due to the large difference in the relevant ionic radii (0.940 Å and 0.605 Å respectively; 

Shannon, 1976). The above results give new aspects into mineral-chemistry of Th in karst-

type bauxite and reveal the geochemical mechanisms allowing Ti- and Ti-Fe oxides, that 

deposited into cavities on karstic surfaces of 

carbonate platforms at low-temperature 

environments, together with insoluble 

chemical compounds (mostly Al-

oxyhydroxides), to control the immobilization 

of dissolved Th ions. 

 

Table 3.2.3.3: Structural parameters obtained 

from the processing of the Th LIII-edge EXAFS 

signals using the EDA software package 

(Kuzmin, 1995). 

 

Figure 3.2.3.22: [6]Ti4+ sites (left) and possible extraframework position of Th4+ into anatase 

structure (right). 
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The distribution of As in the studied bauxites cannot be sufficiently supported by means 

of SEM-EDS/WDS, in contrast to Greek laterites where this issue can be easily addressed 

using electron microprobe (Eliopoulos et al., 2012). Thus, the SR μ-XRF study revealed that 

As is associated to Fe-Cr-Ti into pisoliths, but not to S attributed to sulfides (Figure 3.2.3.23).  

 

Figure 3.2.3.23: SR μ-XRF and μ-XAFS data, with regard to As K-edge XAFS study, of Fe-

rich Parnassos-Ghiona bauxite. 
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Figure 3.2.3.23: continued. 

 

 

The solid-state speciation was also adequately investigated by means of μ-As K-edge XANES, 

indicated the presence of As5+ (Figure 3.2.3.24). Furthermore, though V is the most 

abundant trace element in the studied bauxites, it cannot be detectable by means of SEM-

EDS/WDS microscopic investigation. However, the combined SR μ-XRF & μ-XAFS study in 

selected micro-areas between Fe-Cr-Ti and Al-(Ga) pisoliths of the studied Parnassos-Ghiona 

bauxite directly indicated that high-valence V (most likely V5+ though contribution of V4+ 

cannot be excluded) is related to Ca and K, but also possibly to Sc (Figures 3.2.3.25 and 

3.2.3.26). Further processing of the XAFS data (i.e., EXAFS spectra) seems to be hardly 

reliable because REE L3- and L2-edges, as well as Cr K-edge, interfere with the V K-edge. Bulk 
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Figure 3.2.3.24: 

Normalized As K-edge 

XANES spectrum of the 

studied bauxite compared 

with spectra of natural 

minerals (annabergite, 

and scorodite) and, also, 

with spectrum of a 

selected synthetic 

arsenite (arsenolite) used 

as reference materials. 

 

Figure 3.2.3.25: Representative SR μ-XRF data, with regard to V K-edge XAFS study, for Fe-

rich Parnassos-Ghiona bauxite. 
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XAFS measurements of bauxite samples did not also give details for V due to the 

aforementioned effect. However, micro-XAFS spectra, measured at bauxite points, 

previously mapped by micro-XRF, were more reliable. In this case, the interference of Ti Kb-

edge and Cr Ka-edge, led us to the usage of V Kb-edge for spectra acquisition. 

 

Figure 3.2.3.26: Representative SR μ-XRF and μ-XANES data, with regard to V K-

edge XAFS study, for Fe-rich Parnassos-Ghiona bauxite. 
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Finally, Synchrotron-based data with regard to Ga K-edge XANES study of Parnassos-

Ghiona bauxites, related fundamentally to Al, are finally presented to Figure 3.2.3.27. 

 

Figure 3.2.3.27: Representative SR μ-XRF and μ-XAFS data, with regard to Ga K-edge XAFS 

study, for Fe-rich Parnassos-Ghiona bauxite. 
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3.3. Mineralogy and geochemistry (phase identification, element distribution 

and solid-state speciation) of bauxite in nanoscale (FEG TEM-EDS & EELS) 

 

Bright-field images of the studied bauxite obtained with FEG TEM-EDS, together with 

SAED patterns, EELS spectra, and elemental maps in nanoscale, are presented in Figure 3.3.1 

and Figure 3.3.2. 

 

Figure 3.3.1: Ti mineral nanoparticles (TiO2 polymorphs) occluded into diaspore of Fe-

depleted karst-type bauxite, revealed by the FEG TEM-EDS & EELS data (BF images, SAED 

patterns, EDS elemental maps, and EELS spectra). 
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Figure 3.3.1: continued. 

 

 

The geological material consists of a diaspore matrix containing α-AlOOH grains with 500-

2000 nm in size. This is the first in the literature high-resolution TEM study of AlOOH 

polymorphs in karst-type bauxite, after the historical rough images taken by Bárdossy & 

Mack (1967) and some data reported by Bárdossy & White (1979). In particular, SAED 

pattern obtained from region 04 of Figure 3.3.1 corresponds to diaspore [210], whereas the 

EELS spectra show signals of O (532 eV) and Fe (708 eV). The spectra from regions 08-10 

were obtained from diaspore with a beam size of ~10 nm, which all show the presence of Fe, 

which was detected by SEM-EDS/WDS and recorded in the Mössbauer spectra (see text 

above). However, there are no detectable Fe nanoparticles in the above regions. The regions 

with brighter contrast appear to be pits or voids. It is noteworthy that Cr mineral 

nanoparticles and/or Cr nanominerals have not been identified in the TEM study. Thus, it is 

stated that Cr exists as Cr3+ ion (like Al3+) in the diaspore structure. In contrast, Ti, except for 
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Figure 3.3.2: Fe nanominerals (25 - 45 nm), together with TiO2 mineral nanoparticles, 

into diaspore of Fe-depleted karst-type bauxite, revealed by the FEG TEM-EDS data (BF 

images and EDS elemental maps). 
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the occurrence of anatase in microscale, it also appears in the form of both TiO2 polymorphs 

in nanoscale. Relatively large, needle-like rutile is clearly observed in the diaspore matrix and 

SAED pattern, obtained from region 03 of Figure 3.3.1, corresponds to rutile [113]. This 

indicates that probably some of the Ti-oxide phases observed in the SEM-EDS/WDS study 

might be rutile, inasmuch the few rutile crystals observed in the TEM are elongated towards 

the microscale in the c-axis. Moreover, it is notable that EELS spectra, obtained from rutile, 

approved the presence of a Ti oxide but without a Fe signal. On the other hand, anatase 

crystals distribute widely into the diaspore matrix, and have a rounded shape with < ~500 

nm in size. A SAED pattern obtained from region 07 of Figure 3.3.1, corresponds to anatase 

[131]. The EELS spectra obtained from the same region, shows signals of Ti (456, 462 eV) and 

O (532 eV), which also suggest the presence of anatase. Although EELS may allow 

distinguishing rutile and anatase (Brydson et al., 1989), it would be difficult to do it with the 

current spectra because of a little difference between two phases. However, the interesting 

point is that EELS of anatase also show that there are no Fe contents. 

Therefore, the FEG TEM-EDS & EELS study confirms the absence of Fe-Ti oxides, and the 

presence of solely TiO2 polymorphs which normally do not contain Fe. We could, therefore, 

demonstrate that Ti mineral nanoparticles (Waychunas, 2001; Udubasa et al., 2007; Hochella 

et al., 2008a; Hochella et al., 2008b; Wauchunas & Zhang, 2008; Plathe et al., 2010; Hochella 

et al., 2013) exist in karst-type bauxite, a significant Al-ore, from Greece. In a relevant recent 

study, Gan et al. (2013) have also reported TEM images of potential anatase grains 

(elemental maps in nanoscale and SAED patterns were not published) in the size 150 - 500 

nm, but not rutile, in karst-type bauxites from northern Europe. The co-existence of two TiO2 

polymorphs in bauxite rises questions about the origin of rutile. Rutile is usually formed in 

high-T and -P, so it is common accessory mineral in metamorphic rocks (e.g., Goldsmith & 

Force, 1978) and is among the most stable detrital minerals in sedimentary systems (e.g. 

Zack et al., 2004). It may be also formed from conversion of metastable anatase at low-P and 

600 °C (Jamieson & Olinger, 1969). However, according to Bárdossy (1982), rutile in karst-

type bauxites, except for the form of clastic (detrital) grains in the size 10 to 200 μm, can 

also be low-T authigenic and rarely epigenetic in μm-sized veins along with anatase. Anatase 

is a typical low-T authigenic phase, which can be syngenetic (to diaspore) and early 

diagenetic (Bárdossy, 1982). It is obvious that, in contrast to anatase, the formation of rutile 
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in low-T Al-ore deposits has been remained questionable for a long time. However, it is now 

known that the process of anatase transformation to rutile may be take place in low-T at 

nanoscale, and thus there are particle size effects on transformation kinetics and phase 

stability in nanocrystalline TiO2 (Gribb & Banfield, 1997; Smith et al., 2009; Zhou & Fichthorn, 

2012). Taking into account all the above, we can also support the observations by Bárdossy 

(1982) and the “scale-effect” in bauxite minerals (Bárdossy, 2007) and suggest that rutile in 

can be authigenic at microscale and surely in nanoscale. 

In order to characterize Fe nanoparticles in diaspore, more than 15 regions were 

thoroughly studied by electron nanoscopy and three of them were found to contain such 

materials. The precise phase identification was not feasible, because of aggregation with 

other phases, which make their lattice fringes totally invisible, or due to semi-

amorphous/disordered or completely amorphous character. Thus, the study by FEG TEM-

EDS &EELS revealed rounded Fe oxide nanoparticles between 25 and 45 nm in size (Figure 

3.3.2). The EDS point analysis for a distinct Fe oxide particle with size 28 nm (Figure 3.3.2 – 

middle images) clearly proved significant Fe, while a region next to it does not comprise of 

Fe. That confirms that the detected Fe signal comes from the nanoparticle and not from the 

TEM specimen holder or the pole-piece. The results prove that Fe in the studied bauxite is 

present in the both forms, i.e., into the diaspore structure and also as nanoparticles 

occluded in the diaspore matrix. The exact nature of these Fe oxide nanoparticles is not 

absolutely clarified, but we can assume that they are not well-crystallized counterparts in 

nanoscale of typical Fe minerals such as magnetite and hematite, or even crystalline FeOOH 

polymorphs (goethite, lepidocrocite, akaganeite). The evaluation of the Mössbauer spectra 

gave proofs for the presence of maghemite, not localized by Laser micro-Raman and 

electron microscopic and nanoscopic techniques. Furthermore, magnetic susceptibility 

measurements gave evidence for probable existence of Al-maghemite. However, it is very 

reasonable to have semi-amorphous/disordered Fe nanoparticles, such as ferrihydrite-type 

phases (e.g., Gilbert et al., 2013) or completely amorphous phases, which can further 

undergo to crystalline Fe nanoparticles (e.g., Echigo et al., 2013). In another recent work Gan 

et al. (2013) reported TEM images of Fe phases in karst-type bauxites, and presumed to be 

typical crystalline mineral nanoparticles, and particularly hematite 80 nm in size. 

Nevertheless, the Fe nanoparticles of the present paper refer to untypical Fe minerals which 
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can be described as Fe nanominerals (Waychunas, 2001; Udubasa et al., 2007; Hochella et 

al., 2008a; Hochella et al., 2008b; Wauchunas & Zhang, 2008; Plathe et al., 2010; Hochella et 

al., 2013) and they can be crystalline, semi-amorphous/disordered or completely amorphous 

phases. 

An overview of the nano-mineralogy and -geochemistry of Fe-depleted (high grade) 

diasporic karst-type bauxite from Parnassos-Ghiona mining area, revealed by a combination 

of spectroscopic, microscopic, and nanoscopic techniques, is graphically illustrated in Figure 

3.3.3. According to this graphical depiction, the main conclusions concerning the nano-

mineralogy and -geochemistry of the examined Greek industrial bauxite can be summarized 

as follows: 

● The main crystalline mineralogical phase, comprising in fact the Al-matrix of the ore, is a 

novel type of Fe-Cr-diaspore, and particularly Fe3+-Cr3+-AlOOH  (α-AlOOH) where [6]Fe3+ and 
[6]Cr3+substitute for [6]Al3+ in the α-AlOOH structure. 

● Except for Al, Fe and Cr, Ti is also a major metal in the ore, occurring in the form of TiO2 

polymorphs (anatase and rutile) detectable in microscale, as well as in nanoscale in the form 

of Ti mineral nanoparticles. 

● In the case of Fe, except for Fe3+ ions in diaspore, there are also Fe oxide nanominerals, 

exhibiting most likely a maghemite-type composition or even a ferrihydrite-type character, 

implying semi-amorphous/disordered or completely amorphous nanoparticles. 

●   The Ti mineral nanoparticles and Fe nanominerals occluded into the Fe-Cr-diaspore, 

and described for first time in the literature with regard to karst-type bauxite deposits, 

illustrate the importance of nano-mineralogy, nano-geochemistry and, in general of 

nanogeoscience, in the exploration and exploitation of major Al mineral resources of the 

world. 
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Figure 3.3.3: Overview of the nano-mineralogy and -geochemistry of Fe-depleted (high 

grade) diasporic karst-type bauxite from Parnassos-Ghiona mining area, Greece, based on a 

combination of spectroscopic (Laser micro-Raman, Mössbauer & magnetic susceptibility, SR 

micro-XRF, micro-XANES/-EXAFS), microscopic (SEM-EDS/WDS) and nanoscopic (FEG TEM-

EDS & EELS) data. 
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3.4. Impact of mineralogy and geochemistry to the origin of the deposits 

 

The host carbonates of karst bauxites are typical marine limestones and therefore, their 

dissolution to leave an insoluble residue is not considered a feasible bauxitization process 

(Bárdossy et al., 1977). This is also clear from the results of the present dissertation, 

indicating that Parnassos-Ghiona bauxites have practically nothing to do with the host 

carbonate rocks of Parnassos-Ghiona geotectonic zone. Thus, the studied bauxites from the 

current mines are evidently “allochthonous”, meaning that geological formations from other 

areas provided with Al-(and Fe-, Ti-, and Si)-rich materials filling the karst cavities. In fact, 

according to the results of the present dissertation, the avg. content of all studied bauxites 

for major elements (Al, Fe, Ti, Si, Mg, K, P, Cr, Mn, plus hydrous components expressed as 

LOI) is ~99.5 wt.% (min: ~97.6 wt.%; max: ~100 wt.%), and therefore the avg. of all trace 

elements is roughly below ~0.5 wt.%, i.e. < ~5000 ppm (generally, only V, Zr, Ni, Ce and Ga 

exceed 100 ppm; see text above). Evidently, major elements may reflect the origin of bauxite 

 

Figure 3.4.1: The main ophiolite outcrops, and their ages, of the Hellenides (Liati et al., 2004; 

Papanikolaou, 2009). 
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deposits, but, trace elements, though in low content, may provide with certain information 

by using various discrimination geochemical diagrams (e.g., Rollinson, 1993). 

The vital contribution of the pre-Cretaceous (Middle-Upper Jurassic) ophiolites of the 

Hellenides (Liati et al., 2004; Papanikolaou, 2009; Figure 3.4.1) is more than obvious, due to 

the presence of detrital chromite grains, of possible zircon crystals from the basic members 

(gabbros) and the plagiogranites, and also of positive geochemical anomalies for relevant 

compatible elements (Ti, Cr, V, Ni, Sc). This is in accordance to all previous observations (e.g., 

Valeton, 1987; Petrascheck, 1989). It is evident that the enrichment in other trace elements, 

 

Figure 3.4.2: Binary correlation diagram of TiO2 versus Al2O3 (after Valeton et al., 1987 and 

references therein; in wt.%) for karst bauxites from Parnassos-Ghiona active mining area 

(present dissertation) as well as for karst bauxites from Balkan, and Hungarian active mines 

for comparison (present dissertation; Bárdossy† – personal communication). 
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namely some HFSE (Zr, Ce) and actinides (U, Th), can hardly be attributed to contribution of 

ophiolites and must be derived from pre-existing acidic geological formations. Thus, it should 

be mentioned that the co-existence of ophiolitic and acidic/felsic components is more than 

obvious, completely supporting the previous assumptions by Valeton (1985), Valeton (1987) 

and Papastavrou & Perdikatsis (1987). 

 

Figure 3.4.3: Binary correlation diagram of Fe2O3 versus Al2O3 (after Valeton et al., 1987 and 

references therein; in wt.%) for karst bauxites from Parnassos-Ghiona active mining area 

(present dissertation) as well as for karst bauxites from Balkan, and Hungarian active mines 

for comparison (present dissertation; Bárdossy† – personal communication). 

 

 

From the bulk geochemical point of view, various discrimination diagrams based on major 

elements and transition metals (Fe-Al: Figure 3.4.3; V-Fe: Figure 3.4.4) and also rational (Ni-
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Cr: Figure 3.4.5; LogCr-LogNi: 3.4.6, La/Th-Hf; Figure 3.4.7) and contrasting trace elements 

(Zr-Cr-Ga: Figure 3.4.8; Th/Sc-Zr/Sc and Th/Sc-Cr/Th: Figure 3.4.9), clearly support the origin 

of bauxites from multiple (mixed) geological sources (Figures 3.4.6 – 3.4.9). 

 

Figure 3.4.4: Binary correlation diagram of V – Fe2O3 (after Valeton et al., 1987 and 

references therein) for karst bauxites from Parnassos-Ghiona active mining area (present 

dissertation) as well as for karst bauxites from Balkan, and Hungarian active mines for 

comparison (present dissertation; Bárdossy† – personal communication). 

 

 

The differences in the Ni/Cr ratio between the studied Parnassos-Ghiona industrial bauxites 

and bauxites from other Greek areas (Laskou, 1991; Laskou et al., 2011; Laskou & 

Economou-Eliopoulos, 2013) are clearly shown in the upper image of Figure 3.4.5. 

Additionally, analogous differences in the Ni/Cr ratio between the studied Parnassos-Ghiona 
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industrial bauxites, the studied Bosnian industrial bauxite (Jajce deposit; Bárdossy† – 

personal communication), the studied Montenegrin industrial bauxite (Niksic deposit; 

Bárdossy† – personal communication), the studied Hungarian bauxite (Halimba deposit; 

Bárdossy† – personal communication), other karst bauxites from the Parnassos-Ghiona area 

(Ochsenkühk & Parissakis, 1977; Laskou, 1991; Laskou & Economou-Eliopoulos, 2007; 

Eliopoulos & Economou-Eliopoulos, 2010; Laskou et al., 2011; Laskou & Economou-

Eliopoulos, 2013), and the karst bauxites from other localities of the Mediterranean bauxite 

belt (Italian bauxites: Mongelli, 1997; MacLean et al., 1997; Mameli et al., 2007; Mondillo et 

al., 2011; Boni et al., 2013; Mongelli et al., 2014; Turkish bauxites: Özlü, 1978; Öztürk et al., 

2002; Karadağ et al., 2009; Hanilçi, 2013; Hungarian bauxites: Maksimović et al., 1991) are 

illustrated in the lower image of Figure 3.4.5. 

 

Figure 3.4.5: Ni versus Cr binary diagrams (after Mongelli et al., 2014 – personal 

communication) illustrating the differences in the Ni/Cr ratio of the karst bauxites from the 

Mediterranean bauxite belt. 
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Figure 3.4.5: continued. 

 

Figure 3.4.6: Binary diagram of Cr versus Ni (after Valeton, 1972 and references therein) for 

bauxites from Parnassos-Ghiona area (present dissertation), together with karst bauxites 

from Balkan (see legend), and Hungarian (see legend) active mines for comparison reason 

(present dissertation; Bárdossy† – personal communication). 
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Figure 3.4.7: Binary correlation diagram of La/Th versus Hf (ppm) for karst bauxites from 

Parnassos-Ghiona active mining area. The value of UCC (Rudnick & Gao, 2003) is indicated 

for comparison reason. 

 

 

Figure 3.4.8: Triangular Zr-Cr-Ga 

diagram showing the parental 

affinity of Parnassos-Ghiona 

karst bauxites (after Özlü, 1983). 

The areas influenced by 

ultramafic, mafic, intermediary 

or argillaceous and acidic parent 

rocks are represented by I, II, III, 

and IV indexes, respectively 

(Özlü, 1983 and references 

therein). 
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Figure 3.4.9: Binary correlation diagrams of Log(Th/Sc) vs Log(Zr/Sc) and Log(Th/Sc) vs 

Log(Cr/Th) indicating the provenance of karst bauxites from Parnassos-Ghiona active mining 

area (after Rollinson, 1993; Muftah et al., 2013 and references therein). The values of DMM 

(Depleted MORB Mantle; Salters & Stracke, 2004), avg. MORB (Sun & McDonough, 1989; 

Rollinson, 1993 and references therein), avg. diabase (Mason & Moore, 1982; Krauskopf & 

Bird, 1994), avg. crustal (Mason & Moore, 1982), UCC (Rudnick & Gao, 2003), avg. shale 

(Krauskopf & Bird, 1994), pelagic clays (Li, 1991 and references therein), and avg. granite 

(Mason & Moore, 1982; Krauskopf & Bird, 1994), are indicated for comparison. 
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Figure 3.4.9: continued. 

 

 

Furthermore, specific information about the origin of the studied Parnassos-Ghiona 

bauxites sampled from active mines, can be obtained using discrimination geochemical 

diagrams based on REE and REE anomalies, i.e., Eu/Eu* and Ce/Ce* (e.g., Rollinson, 1993; 

Alexander et al., 2000; Mameli et al., 2007; Leybourne & Johannesson, 2008 and references 

therein; Mondillo et al., 2011; Mongelli, et al., 2014; Mongelli, 2014 – personal 

communication; see Figures 3.4.10 – 3.4.17). The REE discrimination diagrams, in 

accordance to the previous trace element diagrams, clearly support the fact that bauxites 

concern mature (intensively re-processed) geological materials of multiple (mixed) sources 

(Figures 3.4.6 – 3.4.9). In particular, EuN values of the studied Parnassos-Ghiona bauxite 

samples (Figures 3.4.13 – 3.4.14), are demonstrated between the avg. volcanic, the avg. 

shale and the NASC symbols (after Leybourne & Johannesson, 2008 and references therein) 

and, particularly, into the “sediment-total”, the “sediment-partial” and the volcanic” field. In 

accordance to the previous statements about the provenance of the studied samples, this 

reflects the multiple sources of the studied Parnassos-Ghiona bauxites, too. For the first time 

in the literature, in these diagrams the studied Parnassos-Ghiona bauxites are illustrated to- 
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Figure 3.4.10: Binary plot of LaN/YbN versus CeN (normalized to chondrite; Haskin et al., 

1968a; Haskin et al., 1968b; Haskin et al., 1971; Wakita et al., 1971; Boynton, 1985; Taylor & 

McClennan, 1985; Korotev, 1996a; Korotev, 1996b) showing the relation between the 

degree of REE fractionation (Rollinson, 1993) and the provenance (Alexander et al., 2000) for 

karst bauxites from Parnassos-Ghiona active mining area. The values of DMM (Depleted 

MORB Mantle; Salters & Stracke, 2004), avg. MORB (Sun & McDonough, 1989; Rollinson, 

1993 and references therein), UCC (Rudnick & Gao, 2003), avg. crustal (Mason & Moore, 

1982), avg. shale (Krauskopf & Bird, 1994), and pelagic clays (Li, 1991 and references 

therein), are indicated for comparison. Ce anomalies calculated as: Ce/Ce* = 

3(Ce/CeCh)/{2(La/LaCh)+(Nd/NdCh)} after German & Elderfield (1990). Some of the studied 

Parnassos-Ghiona bauxite samples cannot be illustrated into the depicted field that is limited 

by the LaN/YbN and CeN values. This is due to their enormous CeN values (see blue semi-

transparent arrow). 

 

 

gether with other bauxites from Parnassos-Ghiona area from the literature (Ochsenkühn-

Petropoulou et al., 1994; Ochsenkühn et al., 1995; Laskou et al., 2011; Laskou & Economou-
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Eliopoulos, 2013), together with bauxites derived from other Greek localities (excluding 

those of Parnassos-Ghiona mining area: Laskou et al., 2011; Laskou & Economou-Eliopoulos, 

2013, and including one isolated sample from Amorgos Island Laskou & Economou-

Eliopoulos, 2013), for comparison reason. Furthermore, the studied Greek bauxites are addi- 

 

Figure 3.4.11: Binary diagram of TiO2/Al2O3 versus Eu anomalies (normalized to chondrite; 

Haskin et al., 1968a; Haskin et al., 1968b; Haskin et al., 1971; Wakita et al., 1971; Boynton, 

1985; Taylor & McClennan, 1985; Korotev, 1996a; Korotev, 1996b) for the studied bauxites 

from Parnassos-Ghiona active mining area (after Mameli et al., 2007 and Mondillo et al., 

2011). The values of avg. granite (Mason & Moore, 1982; Krauskopf & Bird, 1994), avg. 

basalt (Mason & Moore, 1982; Krauskopf & Bird, 1994), UCC (Rudnick & Gao, 2003), avg. 

crustal (Mason & Moore, 1982), avg. shale (Krauskopf & Bird, 1994), and pelagic clays (Li, 

1991 and references therein), are indicated for comparison. Eu anomalies calculated as: 

Eu/Eu* = 2(Eu/EuCh)/{(Sm/SmCh)+(Gd/GdCh)} after Liu et al. (2013). 
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tionally depicted together with karst bauxites from the Mediterranean bauxite belt, such as 

Hungarian (Halimba deposit: present dissertation; Bárdossy, 2011 – personal 

communication), Bosnian (Jajce deposit: present dissertation; Bárdossy, 2011 – personal 

communication), Montenegrin (Niksic deposit: present study; Bárdossy, 2011 – personal 

communication) and Italian (Mondillo et al., 2011; Boni et al., 2013; Mongelli et al., 2014), as 

Figure 3.4.12: Binary diagram of Eu anomaly (normalized to chondrite; Haskin et al., 1968a; 

Haskin et al., 1968b; Haskin et al., 1971; Wakita et al., 1971; Boynton, 1985; Taylor & 

McClennan, 1985; Korotev, 1996a; Korotev, 1996b) versus Al2O3 showing the negligible 

changes during intense weathering phenomena (Mameli et al., 2007; Mondillo et al., 2011) 

for karst bauxites from Parnassos-Ghiona active mining area. Eu anomalies calculated as: 

Eu/Eu* = 2(Eu/EuCh)/({Sm/SmCh)+(Gd/GdCh)} after Liu et al. (2013). 

 

 

well as Turkish (Karadağ et al., 2009; Hanilçi et al., 2013). Karst-type bauxites from the Irano-

Himalayan bauxite belt (i.e., Iran: Zarasvandi et al., 2008; Esmaeily et al., 2010) as well as 

from the East Asian bauxite belt (i.e., Chinese Salento-type karstic bauxites: Liu et al., 2010, 
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and Chinese Permian karst-type bauxites: Li et al., 2013; Liu et al., 2013) are illustrated for 

comparison reasons. Despite the significant multiple source of the studied bauxites, it is 

noteworthy to mention the differences between them and other Greek bauxites (especially 

that of Amorgos Island, and those of Iran and China). Turkish, Italian, Balkan, and Hungarian 

karst bauxitic samples seem to have less or more the same provenance (Figure 3.4.14 and 

Figure 3.4.15). 

 

Figure 3.4.13: Bivariate plots of Eu versus Ce anomalies (normalized to NASC; Gromet et al., 

1984) for the studied bauxites from Parnassos-Ghiona active mining area (after Leybourne & 

Johannesson, 2008 and references therein). Eu anomalies calculated as: Eu/Eu* = 

2(Eu/EuNASC)/({Sm/SmNASC)+(Gd/GdNASC)} from Liu et al. (2013). Ce anomalies calculated as: 

Ce/Ce* = 3(Ce/CeNASC)/({2 La/LaNASC)+(Nd/NdNASC)} after German & Elderfield (1990). 
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Figure 3.4.14: Bivariate plot (after Leybourne & Johannesson, 2008 and references therein) 

of Eu versus Ce anomalies (normalized to NASC; Gromet et al., 1984) for the studied 

Parnassos-Ghiona bauxites in comparison with other Greek bauxites from literature, 

together with karst bauxites from the Mediterranean bauxite belt, and with Chinese and 

Iranian karst-type bauxites. Eu anomalies calculated as: Eu/Eu* = 

2(Eu/EuNASC)/({Sm/SmNASC)+(Gd/GdNASC)} after Liu et al. (2013). Ce anomalies calculated as: 

Ce/Ce* = 3(Ce/CeNASC)/({2 La/LaNASC)+(Nd/NdNASC)} after German & Elderfield (1990). 

 

 

Nevertheless, it should be noted that La/Gd as a measure of LREEs/HREEs, plotted versus 

to Eu/Eu*, is useful in the classification of REE deposits and the interpretation of their origin 

(Castor & Hedrick, 2006; see Figures 3.4.16 and 3.4.17). Carbonatites are considered to be 

mantle-derived rocks with little or no contribution from the crust, while monazite placer de- 
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posits plot in a region with high La/Gd and low Eu/Eu*, due to contribution from crustal 

rocks. Moreover, the Fe-REE deposits occupy a linear region giving the impression to link the 

carbonatite and peralkaline HREE deposit regions, proposing mixed crustal and mantle 

sources. In accordance, the studied Parnassos-Ghiona bauxites exhibit a similar mixed 

parental affinity (Figure 3.4.16). In general, the majority of karst-type bauxite from the Medi- 

 

Figure 3.4.15: Binary diagram of Sm/Nd versus Eu anomalies (normalized to NASC; Gromet 

et al., 1984) indicating the position of the karst bauxites from Parnassos-Ghiona active 

mining area between the mixing curves of standard lithologies (after Mongelli, et al., 2014; 

Mongelli, 2014 – personal communication). Eu anomalies calculated as: Eu/Eu* = 

2(Eu/EuNASC)/({Sm/SmNASC)+(Gd/GdNASC)} after Liu et al. (2013). Ce anomalies calculated as: 

Ce/Ce* = 3(Ce/CeNASC)/({2 La/LaNASC)+(Nd/NdNASC)} after German & Elderfield (1990). The 

values of felsic volcanic (Condie, 1993), cratonic sediments (Condie, 1993), PAAS (Taylor & 

McClennan 1985), and andesite (Taylor & McClennan 1985) as well as the values of hanging 

wall limestone and bedrock limestone (present dissertation), are indicated for comparison in 

order to be consistent with that of Mongelli et al. (2014). 
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Figure 3.4.16: Bivariate plots of La/Gd versus Eu anomalies (normalized to NASC; Gromet et 

al., 1984) for the studied bauxites from Parnassos-Ghiona area as compared to samples from 

various REE deposits (after Castor & Hedrick, 2006, and references therein). Eu anomalies 

were calculated as: Eu/Eu* = 2(Eu/EuNASC)/({Sm/SmNASC)+(Gd/GdNASC)} from Liu et al. (2013). 

 

 

terranean, Irano-Himalayan, and East Asian belt, show a mixed origin. However, some karst-

type bauxites from Irano-Himalayan belt show a rather different affinity, lying closer to 

carbonatites region (Figure 3.4.17). 
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Figure 3.4.17: Bivariate plots (after Castor &Hedrick, 2006 and references therein) of La/Gd 

versus Ce anomalies (normalized to NASC; Gromet et al., 1984) for the studied Parnassos-

Ghiona bauxites, for other Parnassos-Ghiona bauxites from the literature (Ochsenkühn-

Petropoulou et al., 1994; Ochsenkühn et al., 1995; Laskou et al., 2011; Laskou & Economou-

Eliopoulos, 2013), for other Greek bauxites (except Parnassos-Ghiona ones; Laskou et al., 

2011; Laskou & Economou-Eliopoulos, 2013), for one significant bauxitic sample from 

Amorgos Island (Laskou & Economou-Eliopoulos, 2013), together with karst bauxites from 

the Mediterranean belt (Hungary – Halimba deposit: present dissertation; Bosnia – Jajce 

deposit: present dissertation; Montenegro – Niksic: present dissertation; Italy: Mondillo et 

al., 2011; Boni et al., 2013; Mongelli et al., 2014; Turkey: Karadağ et al., 2009; Hanilçi et al., 

2013). Karst-type bauxites from the Irano-Himalayan bauxite belt (Iran; Zarasvandi et al., 

2008; Esmaeily et al., 2010) and from the East Asian bauxite belt (i.e., Chinese Salento-type 

karstic bauxites: Liu et al., 2010; Chinese Permian karst bauxites: Li et al., 2013; Liu et al., 

2013) together with as well as major REE deposits (see REE legend of the figure above) are 

also illustrated for comparison reasons. Eu anomalies calculated as: Eu/Eu* = 

2(Eu/EuNASC)/({Sm/SmNASC)+(Gd/GdNASC)} from Liu et al. (2013). 
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Taking into account all the above, it is evident that acidic igneous rocks, predominantly 

volcanic, also contributed, besides ophiolites, to the formation of Parnassos-Ghiona bauxite 

deposits (Figure 3.4.18). 

 

Figure 3.4.18: 

Geological 

formations provided 

with chemical 

elements in karst 

bauxites of 

Parnassos-Ghiona 

area. 

 

 

However, the 

exact source and age 

of the acidic rocks is 

still questionable. 

Regarding Italian 

karst-type bauxites, 

it has been proposed 

that may have 

formed from 

windblown acidic-intermediate pyroclastic material (volcanic ash) which covered the 

carbonate platform(s) as a thin blanket and was subjected to lateritization and local 

remobilization (Bárdossy et al., 1977). Accordingly, Boni et al. (2012) reported, on the basis 

of zircon U-Pb isotopic data, contemporary Cretaceous volcanic sources, indicating remote 

origin (Figure 3.4.19) from the Dinaric and Carpatho-Balkan orogenic belts (Pamić et al., 

2000). 
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Figure 3.4.19: Dinaric and Carpatho–Balkan Cretaceous volcanic sources of Italian karst 

bauxites (Boni et al., 2012) 

 

 

In the case of Greek bauxites, and particularly of Parnassos-Ghiona bauxites, the 

aforementioned contemporary remote Cretaceous volcanic sources seem not to be 

particularly involved; inasmuch there must be neighboring pre-Cretaceous sources 

(Papanikolaou 2014 – personal communication; present dissertation). These sources concern 

most probably Triassic volcanic rocks showing a variable composition, from sub-alkaline 

basalts to rhyolite (Pe-Piper, 1982; Pe-Piper, 1998; Monjoie et al., 2008; Tsikouras et al., 

2008, Barth & Gluhak, 2009; Koutsovitis et al., 2012; Figure 3.4.20), volcano-sedimentary 

complexes formed during the rifting stage of Permo-Triassic age (Papanikolaou, 2009; 

Papanikolaou, 2013), and perhaps also Paleozoic igneous rocks (~ 300 Ma) occurring in the 

pre-Alpine basement of areas such as the central Evia Island (Papanikolaou, 2009; 

Papanikolaou, 2013; Papanikolaou 2014 – personal communication). 
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Figure 3.4.20: Triassic volcanic 

rocks of Greece and eastern 

Mediterranean (upper image: 

Pe-Piper, 1998; lower image: 

Monjoie et al., 2008). 

 

Therefore, it can be 

concluded that pre-Cretaceous 

(Middle-Upper Jurassic) 

ophiolitic rocks (in particular 

basaltic minerals provided with 

Al), as well as pre-Jurassic 

acidic igneous rocks (in 

particular volcanic glass 

provided also with Al), may 

have contributed to later 

(Jurassic-Cretaceous) bauxites 

of Parnassos-Ghiona. The 

suggested structures of 

Hellenides involved in the 

genesis of the Parnassos-

Ghiona bauxites are shown in 

Figure 3.4.21 (Papanikolaou, 

2009; Papanikolaou, 2013; 

Papanikolaou, 2014 – personal 

communication; present dissertation), where the parent rocks, which had been tectonically 

emplaced prior to the genesis of the Parnassos-Ghiona bauxites, are illustrated. These 

geological multi-sources provided with bauxitic material that filled the paleo-karst carbonate 

cavities of the Parnassos-Ghiona geotectonic zone. 
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Figure 3.4.21: Schematic representation of the complex geological structures of Hellenides 

involved in the genesis of the Parnassos-Ghiona bauxites (Papanikolaou, 2014 – personal 

communication; present dissertation). Upper image: sources of Parnassos-Ghiona bauxites 

that supplied with material, which subsequently was transferred and trapped in the palaeo-

karst cavities of carbonate platforms prior to the genesis of bauxites (modified after 

Papanikolaou, 2009); Lower image: Illustration of the volcano-sedimentary complex, the 

ophiolite complex the Mesozoic carbonate platforms formed the Parnassos-Ghiona 

carbonate sequence, and the flysch deposits of the two tectonostratigraphic models of the 

Hellenic terranes from which the karst carbonate cavities were being supplied by: 

continental/platforms (a) and oceanic (b) (Papanikolaou, 2013). 
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Figure 3.4.21: continued. 
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3.5. Comparison of bauxite with red mud 

 

3.5.1. Red mud characterization in bulk, microscale and nanoscale 

According to powder-XRD patterns (upper image of Figure 3.5.1.1) red mud contains 

hematite (α-Fe2O3), calcite (CaCO3), gibbsite & diaspore (AlOOH-polymorphs) and Na-Ca-Al-

silicate-carbonate & Ca-Al-hydroxysilicate phases (cancrinite- & “hydrogarnet”-type phases). 

“Hydrogarnet” may correspond to katoite (Ca3Al2(SiO4)3-x(OH)4x, x=1.5-3.0 or 

{Ca3}[Al2](�3)(OH)12; Grew et al., 2013), on the basis of previous measurements (Pontikes et  

 

Figure 3.5.1.1: PXRD pattern of the studied red mud from Greece (raw material: upper 

image; acetic acid-leached coarse fraction sample: lower image; fine fraction sample: inset 

of the lower image). 
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Figure 3.5.1.1: continued. 

 

 

al., 2006). It should be noted that the same crystalline phases have also been detected in red 

mud from Ajka alumina plant accident (Burke et al., 2012). The same phases have been 

detected in the case of seawater-treated samples. On the other hand, carbonate minerals (at 

least calcite), and also Ca-Al-hydroxysilicate phases, are practically absent in red mud 

samples leached with acetic acid solutions. There is also a severe decrease in intensity of 

cancrinite [Na6Ca2Al6Si6O24(CO3)2] peaks, in accordance to previous observations, for acid-

treated red mud, by Liang et al. (2014). At the same time, distinct peaks of anatase, quartz 

and phyllosilicates/clay-like phases are revealed in the powder-XRD patterns of the acetic 

acid-leached red mud (inset of the lower image of Figure 3.5.1.1). 
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Thus, Fe-oxides, Ti-oxides, AlOOH-polymorphs and clay-like phases are resistant in 

seawater and acetic acid solutions (see also Liang et al., 2014 and Smičiklas et al., 2014). 

Concerning the raw material, Fe, Al, Ca, Ti, Na and Si, and also O and H, are the elements 

corresponding to XRD-detected 

solids, while phases related to 

other elements of interest, such 

as actinides (namely Th), Cr, V, As, 

Pb, as well as REE, are not 

detectable. The same stands for 

seawater- and acid-treated red 

mud. However, Cr, together with 

above major elements, are 

additionally indicated by SEM-EDS 

data (Figure 3.5.1.2), into an “Al-

Fe-Ca-Ti-Si-Na-Cr matrix” 

appearing in microscale. It is 

notable that all microareas of the 

material checked by SEM-EDS 

follow the same spectral pattern, 

and therefore there is an 

apparent homogeneity, in terms 

of composition, in microscale. 

 

Figure 3.5.1.2: Morphology and 

chemical composition (major 

elements) of raw red mud, in 

microscale, obtained using 

conventional SEM-EDS. 
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Taking into account PXRD, it could be assumed that this matrix is an admixture of 

nanocrystalline phases and potential amorphous and/or poorly crystalline phases. The Fe 

oxidation state in the material was 

measured using Fe K-edge XANES 

spectroscopy (Figures 3.5.1.3 – 3.5.1.7), 

which showed that Fe exists in trivalent 

state corresponding evidently to the XRD-

detected crystalline α-Fe2O3 (hematite). 

However, the further evaluation of the 

spectra, focusing in the 1s → 3d pre-edge 

region (e.g., Waychunas et al., 1983; Bajt et 

al., 1994; Westre et al., 1997; Galoisy et al., 

2001; Wilke et al., 2001; Berry et al., 2003; 

Regelink et al., 2014; Henderson et al., 2014 

and references therein), revealed that 

except Fe3+, assigned to hematite and 

goethite component, there is also a minor 

ferrous Fe contribution. That could be due 

to small amounts of magnetite component 

 

Figure 3.5.1.3: Normalized Fe K-edge 

XANES spectrum of red mud together with, 

Fe3+, Fe2+ and mixed-valence reference 

materials (a); zoom of the pre-edge region 

also illustrating Fe2+ and Fe3+ boundaries 

(b); the energy shift at the main rising part 

of the K absorption edge (c); the Fourier 

transform (FT) of χ(k) of the experimental 

Fe K-edge EXAFS signals (d). 
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(Fe3+Fe2+O4), not detectable by powder-XRD, as concluded from the Linear Combination 

Fitting procedure (LCF), dispersed into the “Al-Fe-Ca-Ti-Si-Na-Cr matrix” in nanoscale. 

However, in general, the solid-state structural environment of Fe atoms in red mud shows 

similarities with that in hematite and goethite. To stress structural relationships of Fe 

between the studied red mud and the measured Fe3+ reference materials (hematite and 

goethite, containing relevant hematite- and goethite-type [6]Fe3+ components), a comparison 

method, known as “fingerprinting” (Henderson et al., 2014, and references therein) and the 

Linear Combination Fitting (LCF) procedure (e.g., Regelink et al., 2014), has been successfully 

applied. 

Primarily, the Fourier transform (FT) of χ(k) of the experimental Fe K-edge EXAFS signal of 

the studied red mud was compared with the EXAFS signals of hematite, goethite, and 

magnetite as well as with EXAFS signals of the divalent standards (image d of Figure 3.5.1.3). 

 

Figure 3.5.1.4: Expanded views focusing in the 1s → 3d pre-edge region of the experimental 

Fe K-edge XANES spectra of selected synthetic ferrous standards (Fe(II)-chloride: a; Fe(II)-

sulfate: b), natural mixed-valence (Fe3+/ΣFe≠1) iron oxide (magnetite: c), synthetic and 

natural ferric crystalline references (goethite: d; hematite: e), and of the studied red mud 

sample (f). All pre-edge features are indicated by arrows. 
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Afterwards, further comparison 

among the FT of χ(k) of the Fe K-

edge EXAFS signals of the red 

mud – hematite pair (image a of 

Figure 3.5.1.6) addressed 

significant spectral similarities 

among the first comparative 

pair, as their EXAFS signals 

match perfectly each other. 

Analogous spectral similarities 

between the red mud and the 

goethite were revealed, as 

resemblances at the red mud – 

goethite pair were depicted (image b of Figure 3.5.1.6). In principal, a distinguished well-

formed first peak was appeared, while a splitting phenomenon at higher interatomic 

distance, dividing the next to the first neighbor Fe-Fe atomic shell into two sub-shells, was 

also observed creating the second and the third peak, respectively (images c & f of Figure 

3.5.1.6). This split is common for Fe oxides and oxyhydroxides (e.g., Manceau & Combes, 

1988; Manceau & Drits, 1993; Singh et al., 2000; Cornell & Schwertmann, 2003, and 

references therein). It is noteworthy to mention that the ratio of the second to third peak 

intensity varies depending on the studied material (Manceau & Combes, 1988), and its 

intensity is equally enhanced both in the red mud and the hematite, and significantly lesser 

in goethite FT EXAFS signals. Since the experimental FT of χ(R) in the magnitude part of the 

Fe K-edge EXAFS signal of the red mud strongly resemble with that of hematite (image c of 

Figure 3.5.1.6), possible structural similarities between them can be extrapolated. This 

hypothesis can alternatively be supported by the similarities appearing at the experimental 

FT plot in the real (image d of Figure 3.5.1.6) and the imaginary part (image e of Figure 

3.5.1.6) of χ(R) of their comparative Fe K-edge EXAFS signals. Intensity and shape differences 

between the peaks of the measured hematite and those of literature (Manceau & Combes, 

1988; Manceau & Drits, 1993; Singh et al., 2000) can be attributed to different type of 

hematite reference (i.e., present sample is a natural pure -grey- hematite type contrary to 

the natural or synthetic red hematite type usually was used), to transition metals 

Figure 3.5.1.5: The first derivative spectra of the Fe K-

edge XANES of the measured references and the studied 

red mud. 
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incorporation into hematite structure (Singh et al., 2000) and to different experimental 

conditions. The above peak-to-peak comparison of the FT of χ(R) of the EXAFS signals 

directly illustrates that the first peak of the red mud matches perfectly with the first peak of 

hematite corresponding to an O2 first neighbor (Fe-O shell) surrounding by Fe atoms (e.g., 

Manceau & Combes, 1988; Manceau & Drits, 1993; Singh et al., 2000; Cornell & 

Schwertmann, 2003). Besides, the above confirmatory evidence of the presence of a second 

 

Figure 3.5.1.6: The Fourier transform (FT) of χ(k) of the experimental Fe K-edge EXAFS signal 

of the studied red mud comparing with EXAFS signals of pure-grey hematite (a), and goethite 

(b). Respectively, the experimental FT plots in the magnitude (c and f), the real (d and g), and 

the imaginary part (e and h) of χ(R) stressing spectral similarities between the Fe K-edge 

EXAFS signals of the red mud and the ferric references (hematite and goethite), using the 

ATHENA software package (Ravel & Newville, 2005). The second and the third peaks at the 

FT plot of χ(R) of the goethite (f) correspond to edge- and to corner-sharing (Manceau & 

Drits, 1993). 
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and a third peak establishes the existence of extended local environment around the Fe 

absorbing atom beyond its first coordination shell in the red mud and, predominantly, the 

resemblances of the second strongest and third peaks between the FT of χ(R) EXAFS signal of 

red mud and hematite can be attributed to the structural similarities among the Fe-Fe shells 

corresponding to the nearest and the next-to-nearest Fe neighboring atom, respectively 

(e.g., Manceau & Combes, 1988; Manceau & Drits, 1993; Singh et al., 2000; Cornell & 

Schwertmann, 2003). Nevertheless, since the experimental FT of χ(R) in the magnitude part 

(image f of Figure 3.5.1.6) of the Fe K-edge EXAFS signal of the red mud is not far away from 

that of goethite-type [6]Fe3+ component, possible structural similarities, also, between them 

cannot be excluded. This can be yielded by the experimental FT plot in the real (image g of 

Figure 3.5.1.6) and the imaginary part (image h of Figure 3.5.1.6) of χ(R) of the compared Fe 

K-edge EXAFS signals. Proportionally to the comparison of red mud to hematite component, 

the previous assessment also stands for the comparison of red mud to goethite component. 

Hence, the latter comparative finding denotes that the first peak of the red mud can be 

related not only to the first O2- neighbor anion (as in the previous case of hematite-type 
[6]Fe3+ component) but, also, to a OH- neighbor anion (as in the case of goethite-type [6]Fe3+ 

component), while the presence of Fe-Fe configuration in the red mud local structural 

environment is confirmed by the depiction of the second and third peaks corresponding to 

edge- and corner-sharing linkages, likewise also as in the case of goethite (e.g., Manceau & 

Combes, 1988; Manceau & Drits, 1993; Cornell & Schwertmann, 2003). Despite slight 

differences of the second peak between the red mud and the goethite reference (image f of 

Figure 3.5.1.6), the spectral similarities indicate that the majority of Fe atoms in red mud 

occupy hematite- and goethite-type octahedra ([6]Fe3+). The first ones correspond primarily 

to hematite (detected by both XRD and STEM-EDS/EELS) whereas the second ones have not 

been undoubtedly ascribed in a particular crystalline phase either in microscale or in 

nanoscale. Furthermore, on the basis of local structural differences between well-crystalline 

hematite and goethite (Manceau & Drits, 1993) and the established spectral similarities, the 

latter suggestion can drive to the assumption that part of the ferric basic structural units of 

the red mud can be linked to each other by face-linkages (due to structural similarities of red 

mud with hematite components), in addition to the other two type of linkages, while 

proportionally the rest of them might be linked only through corner- and edge-linkages 

existing only in goethite local structure (due to structural similarities between the red mud 
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and the goethite component). Since the second and the third peaks at the FT plot of χ(R) of 

the goethite correspond to different type of linkage of octahedra and, particularly, to edge- 

and to corner-sharing, respectively (Manceau & Drits, 1993), differences in the intensity 

between the second peak of the red mud and the second peak of the goethite FT EXAFS 

signal (image f of Figure 3.5.1.6) could be indirectly attributed to a possible less proportion 

of ferric octahedra linked by edge-linkages, though it is known that interatomic distances 

across edge- and face-sharing octahedra are too close to be separated by EXAFS (Manceau & 

Combes, 1988). Besides, and taking into account the structural characteristics of both 

hematite and goethite local environment (e.g., Cornell & Schwertmann, 2003, and 

references therein), it can be also assumed that apart from the Fe3+ ions in red mud 

surrounded by O2- anions producing pairs of Fe(O)6 octahedra (as in the case of hematite-

type structure; see Cornell & Schwertmann, 2003, and references therein), a substantial part 

of this cation can be surrounded by three O2- and three OH- anions forming FeO3(OH)3 

octahedra in the local environment of red mud (as in the case of goethite-type structure; see 

Cornell & Schwertmann, 2003, and references therein). Complementary to the depicted 

hematite-type structural characteristics of the red mud, the considerable amount of 

goethite-type structural signature approved by the “fingerprinting” method, can 

alternatively be 

explained by 

potential epitaxial 

growth of goethite 

onto hematite 

resulting from the 

structural relation-

ships between the 

(003) plane of 

hematite and the 

(100) goethite 

planes (Cornell & 

Schwertmann, 2003, 

and references 

Figure 3.5.1.7: Linear Combination Fitting (LCF) of the normalized Fe 

K-edge XANES of the studied red mud sample. 
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therein). The above polyhedral approach can be semi-quantitatively reflected and affirmed 

by the LCF procedure of the Fe K-edge XANES analysis using the Athena software package 

(Ravel & Newville, 2005). The LCF procedure (R-factor=0.0000475; chi-square=0.00206; 

Reduced chi-square=0.0000139; see: Figure 3.5.1.7) yielded Fe atoms corresponding 80.9 % 

to hematite component (attributed fundamentally to hematite XRD-detectable crystals -in 

fact nano-hematite proved by STEM-EDS/EELS), 17.3 % to goethite component (belonging to 

rather unknown phase either in microscale or nanoscale), and 1.8 % to magnetite 

component (in fact nano-magnetite, as indicated by STEM-EDS/EELS). 

Regarding chemical composition of red mud, XRF and ICP-OES/MS measurements proved 

major Fe, Al, Ca, Si, Ti, Na, C, and significant volatiles (LOI) comprise 86.5 wt.% and 13.6 wt.% 

of the composition respectively. Concerning trace elements, when normalized to average 

Greek bauxites, UCC (Rudnick & Gao, 2003) and chondrites (McDonough & Sun, 1995), the 

material is depleted in Ga (following the chemical behavior of Al) and enriched -among 

others- in Cr (2403 ppm), V (1081 ppm), Ni (903 ppm), As (164 ppm), Pb (120 ppm), as well 

as in Cd, but also in Nb, Y, Ta, and REEs (Table 3.5.1.1 and Figure 3.5.1.8). 

 

Table 3.5.1.1: Major and trace element concentrations in the studied red mud according to 

XRF and ICP-OES/MS measurements. Commonly, the elements comprise the LREE and HREE 

groups are arbitrary defined (Mariano & Mariano, 2012; Gambogi, 2013; Zepf, 2013). 
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Figure 3.5.1.8: Spider diagrams of the red mud elemental content normalized: (a) to the avg. 

of the chemical composition of Greek bauxites from Parnassos-Ghiona area, solid circles; (b) 

to the reference values of Upper Continental Crust/UCC (Rudnick & Gao, 2003), solid 

squares; (c) to chondrite (McDonough and Sun, 1995), solid triangles. 

 

 

Moreover, remarkable amount of Th (111 ppm) has been determined. The latter, and also 

minor U (15 ppm), are responsible for radioactivity (352 and 134 Bq Kg-1 for 232Th and 238U 

respectively) with total dose rate 285 nGy h-1 (Table 3.5.1.2). It should be mentioned that 

the radioactivity of Greek red mud due to Th is relevant to that of similar materials from the 

globe, except the Australian red mud reaching 1900 Bq kg-1 (Beretka & Mathew, 1985; 

O’Connor, 2005). The studied red mud shows higher Th radioactivity in comparison with the 

average of Greek bauxites from Parnassos-Ghiona mines (av. 188 Bq Kg-1, av. total dose rate: 

155 nGy h-1, n=10). The same stands for radioactivity due to U whereas both materials 

exhibit similar values due to 40K. 
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Table 3.5.1.2: Natural radionuclides (Bq/Kg) and total dose rate (nGy/h) of the studied red 

mud and typical Greek bauxites compared with relevant values from literature. 

 

 

According to STEM-EDS/EELS study (Figures 3.5.1.8 – 3.5.1.12), one of the nanoscale Ti-

phases, constituting the microscale “Al-Fe-Ca-Ti-Si-Na-Cr matrix”, is a perovskite-type phase 

with a major composition Ca0.8Na0.2TiO3 (e.g., Connelly et al., 2005). Several other elements, 

namely Ce, Nb, Zr, Cr, and maybe Sr, are additionally hosted as impurities, implying a minor 

contribution of a loparite-type phase (Ce(Ti,Nb)O3). It is noteworthy to emphasize that this 

phase also hosts detectable amounts of Th (estimated to ca. 100 ppm) and is commonly 

observed close to nanoscale -Th-free- Fe-oxides, namely nano-hematite/Ti-hematite and 

nano-magnetite/Ti-magnetite (Figures 3.5.1.8 – 3.5.1.9). The Ti content in both nano-Ti-

hematite and -magnetite has been measured up to 5 wt.%. Small amounts of Ti, Si, Al, Cr and 

probably P, also occur. Concerning intergrown nano-perovskite, the viewing directions used 

for achievement of electron diffraction patterns, consistent with the perovskite structure, 

were [100] and [101] (sample tilted by 45°). According to the diffraction patterns, the 

observed nano-perovskite exhibits significant twinning. Subsequently, the presence of Ca, Ti, 
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Figure 3.5.1.8: STEM-

EDS/EELS data of Ca-Na-

(Ce-Nb-Zr-Cr)-nano-

perovskite. Nano-

perovskites are 

illustrated in the BF 

images (a, and d). The 

viewing directions for 

their electron 

diffraction patterns -

SAED- are the [100] (b), 

and the [101] (e), 

respectively. A sharp 

peak at 2.77 KeV is due 

to the Si escape peak 

for Ti Kα (c). 

Representative EELS 

spectrum (f) of the 

nano-perovskite 

showing the presence 

of Ca, Ti, and O, as well 

as the absence of N. 

STEM-EDS integrated 

intensity elemental 

maps of the nano-

perovskite. 

Abbreviation (Whitney 

& Evans, 2010): “mgt” 

for magnetite. 
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and O. On the contrary, it confirmed the absence of N (N K edge: 401 eV), which was 

“artificially” detected in the EDS. The EELS measurement supports the phase to be CaTiO3 

(Calvert et al., 2006). Since there is no evidence for other phases, neither in microscale nor in 

 

Figure 3.5.1.9: STEM-EDS data concerning nano-Fe-oxides. Representative BF images of 

nano-hematite/Ti-nano-hematite (a) and nano-magnetite/Ti-nano-magnetite intergrown 

with nano-perovskite (b). STEM-EDS integrated intensity elemental maps of the nano-

magnetite with the nano-perovskite; Na signals on the nano-magnetite come from 

background noise. Abbreviations (Whitney & Evans, 2010): “hem” for hematite; “mgt” for 

magnetite. 
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Figure 3.5.1.10: STEM-EDS/EELS data of nano-Ti-oxides (nano-anatase). Representative 

nano-anatase particles are illustrated in the BF images (a, b, and c). The viewing direction for 

their electron diffraction patterns -SAED- are the [111] (d), the [001] (e), and the [111] (f), 

respectively. Several planar defects, common in anatase, can be seen in the HRTEM image 

(g). STEM-HAADF (h) and HR-STEM-HAADF (i) images show no apparent sign of Th. STEM-

EDS integrated intensity elemental maps of the nano-magnetite with the nano-anatase. 

Abbreviation (Whitney & Evans, 2010): “Ant” for anatase. 
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nanoscale, hosting Th, it can be considered that the aforementioned nano-perovskite is the 

carrier of the whole Th (and the related radioactivity) of the studied Greek red mud. Except 

the nano-Ca-Na-Ti-oxide and nano-Fe-Ti-oxides, distinct -Th free- nano-Ti-oxides have been 

revealed. In particular, three TiO2 nanoparticles were studied and all were identified to be 

nano-anatase (Figure 3.5.1.10). They have rounded shapes with a smooth surface and some 

planar defects common for anatase. Besides, Th-free nano-AlOOH corresponding to nano-

diaspore (Figure 3.5.1.11), and Th-free clay-like nanoparticles, as well as minor titanite, in 

association with nano-Fe-oxides and nano-Ca-Na-Ti-oxide have also been confirmed. These 

clay-like phases look to contain Si, Al, Ca, Ti and O as major elements and C, P and S as minor 

elements (Figure 3.5.1.12). Thus, the STEM-EDS & STEM-EELS study revealed that both the 

initial and acid-treated “Al-Fe-Ca-Ti-Si-Na-Cr matrix”, as appeared in microscale, is actually 

an aggregate of several Al-, Fe-, Ca-, Ti-, Si-, Na-, Cr- (and also S-, P-, Ce-, Nb-, Zr-, and maybe 

Sr-) nanoparticles, including the Th-hosting nano-perovskite. 

 

Figure 3.5.1.11: HRTEM data including BF image (a) and SAED pattern (b) concerning the 

nano-AlOOH phase (nano-diaspore). The viewing direction for the electron diffraction 

pattern is [100]. Abbreviation (Whitney & Evans, 2010): “Dsp” for diaspore. 
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Figure 3.5.1.12: STEM-EDS 

data of clay-like 

nanoparticle together with 

nano-perovskites and 

nano-Fe-oxides. BF image 

(a), SAED pattern (b), and a 

STEM-EDX spectrum of 

clay-like nanoparticles are 

illustrated. STEM-EDS 

elemental maps from an 

observed similar area are 

depicted, using the 

integrated intensity (c) as 

well as the qualification 

method (d), indicate the 

existence of titanite as Si 

and Ca are present. Ca 

distribution does not 

match with Si or Al, 

meaning that it might exist 

not only in the form of the 

clay-like mineral but also in 

titanite. In these maps (c, 

and d), from the top, Fe-

oxide, clay-like and nano-

diaspore nanoparticles can 

be observed. 
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Details on the structural characteristics of Th, assigned to nano-perovskite, have been 

obtained by XAFS (Th LIII-edge XANES and EXAFS) spectra and processing using the ATHENA 

and EDA software packages (Ravel & Newville, 2005; Kuzmin, 1995). Th LIII-edge bulk XANES 

of red mud together with bulk & micro-XANES of Greek bauxite (see text above), in 

comparison with spectra of reference materials, indicated that the valence of Th is typical 4+ 

(see Figure 3.5.1.13).  The experimental Th LIII-edge EXAFS spectrum of the studied red mud, 

 

Figure 3.5.1.13: Th LIII-edge bulk XANES of red mud together with 

bulk & micro-XANES of Greek bauxite (see text above) compared with 

spectra of reference materials. 

 

 

which was measured in the fluorescence mode, is rather noisy above k=6 Å-1 (upper image of 

Figure 3.5.1.14). This fact limits the accuracy of the analysis, as well as it reduces its 

resolution in the R-space. The EXAFS spectrum does not also show any evidence for 

significant high frequency contributions. This fact is consistent with the shape of the EXAFS 

spectrum Fourier transform (lower image of Figure 3.5.1.14) which consists of a single broad 

peak located at 1.6 Å. Thus, the contribution of outer coordination shells around thorium is 
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smeared out, and only analysis of the nearest environment can be performed. The first peak 

contribution into the total EXAFS spectrum was singled out by the Fourier filtering procedure 

 

Figure 3.5.1.14: Experimental Th LIII-edge EXAFS spectrum (upper 

image) and its Fourier transform – FT (lower image) for the red mud 

sample. 
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and best fitted using two different approaches: the one-component Gaussian model 

(Aksenov et al., 2006) and the regularization method (Kuzmin & Purans, 2000). It is 

considerable that in the second method the radial distribution function (RDF) could has an 

arbitrary shape and, thus, may possibly account for anharmonicity and disorder effects. In 

the both models, the theoretical backscattering amplitude and phases shift functions for the 

Th-O atom pair were calculated by the ab initio real-space FEFF8 code (Ankudinov et al., 

1998) using a complex Hedin-Lundqvist exchange-correlation potential accounting for inela- 

 

Figure 3.5.1.15: Best-fit results for the first shell Th LIII-edge EXAFS in red 

mud using the one-shell Gaussian model (a), and the regularization 

method (b). Comparison of the radial distribution functions (RDF's), 

obtained from the first shell Th LIII-edge EXAFS (c) using the one-shell 

Gaussian model (dashed line) and the regularization method (solid line). 

The blue bars indicate the position of the Ca-O distances in CaTiO3 

perovskite (Buttner & Maslen, 1992). 
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Figure 3.5.1.15: continued. 
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stic effects. The results of the best fits, obtained within the two models (i.e., Gaussian and 

regularization method) in the k-space range from 2 to 6 Å-1, are shown in the upper and 

middle images of Figure 3.5.1.15, respectively, and the corresponding RDF's of them are 

given in the lower image of Figure 3.5.1.15. The regularization method results better 

agreement, suggesting a deviation of the RDF shape from the Gaussian form. The numerical 

values of structural parameters for both models are given in Table 3.5.1.3. For the sake of 

discussion it is noteworthy that due to the short k-range interval of the EXAFS spectrum 

there is a strong correlation between the value of the coordination number N and that of the 

Debye-Waller factor σ2. The local environment of Th ions in red mud is not very far from that 

in Fe-depleted bauxite (see text above), but is significantly more disordered as is evidenced 

by the larger value of the Debye-Waller factor in the Gaussian model and broad RDF's in 

Figure 3.5.1.15. 

 

Table 3.5.1.3: Th structural parameters for the studied red mud, in 

comparison with Greek bauxite values (see text above), obtained 

from the processing of the EXAFS signals using the EDA software 

package (Kuzmin, 1995). 

 

 

As in the case of Fe-depleted bauxite (see text above), the Th ions in red mud are 

coordinated by about 7-8 oxygen atoms. This coordination number of thorium is smaller 
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than that in Th-nitrate (N=12), being in agreement with the difference in the mean Th-O 

distances. However, it is notable that in the case of bauxite, being the parent material of red 

mud, Th is hosted in microscale anatase (TiO2 polymorph), and there is no evidence for any 

perovskite phase. It is known that Th4+ in the structure of CaSiO3 perovskite, synthesized at 

high temperature (and occasionally at high pressure), may fundamentally occupy “large” Ca 

dodecahedral sites ([12]Ca2+) or “small” Si octahedral sites ([6]Si4+) (Gréaux et al., 2012). On the 

other hand, in the structure of CaTiO3 perovskite8, Ti appears as [6]Ti4+, whereas Ca may be 
[8]Ca2+, or even [7]Ca2+, compared to [12]Ca2+ in the ideal perovskite structure. As one can see 

in the lower image of Figure 3.5.1.15, the distribution of the Ca-O distances in CaTiO3 

perovskite agrees well with the shape of the Th-O RDF in red mud, obtained by the 

regularization method. 

 

Figure 3.5.1.16: The experimental (solid line) and the calculated (blue 

dashed line – Th at the Ca site; grey dash-dotted line – Th at the Ti 

site) Th LIII-edge EXAFS spectra for the red mud and Th-substituted 

CaTiO3 perovskite, respectively. 
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Therefore, we decided to simulate the Th LIII-edge EXAFS signal by the FEFF8 code for the 

case of Th absorbing atom substituting calcium or titanium in CaTiO3 perovskite.  The 

calculated Th LIII-edge EXAFS signals are compared with the experimental one for red mud in 

Figure 3.5.1.16. In the frame of this simulation, the atom positions were fixed as in 

orthorhombic CaTiO3 perovskite-type structure (Buttner & Maslen, 1992), and all Debye-

Waller factors were set to zero that explains smaller damping of the calculated EXAFS 

amplitude at larger k-values. As one can see, the model of Th at the Ca site (Ca(Th)TiO3) gives 

the overall amplitude and the main frequency of the EXAFS signal close to the experimental 

one, whereas the model of Th at the Ti site (CaTi(Th)O3) differs from the experiment 

significantly both in amplitude and frequency.  Unfortunately, the weak contribution of the 

outer shells in the experimental Th LIII-edge EXAFS spectrum (upper image of Figure 3.5.1.14) 

in red mud does not allow us to make unambiguous conclusion on the Th location. However, 

taking into account the above in conjunction with the best-fit EXAFS results (R=2.42-2.48 Å 

and CN=7-8), we could presume that Th, hosted in the low-T & low-P novel Ca-Na-(Ce-Nb-Zr-

Cr)-nanoperovskite of red mud, occupies Ca2+ sites rather than Ti4+ sites (lower image of 

Figure 3.5.1.17). 

 

Figure 3.5.1.17: The structure of 

orthorhombic CaTiO3 perovskite 

(Buttner & Maslen, 1992) with 

Th substituting Ca. Oxygen, 

titanium, and calcium atoms are 

illustrated by red-, blue-, and 

magenta-colored balls, 

respectively, whereas the 

thorium atom is indicated by 

green-colored ball. 
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3.5.2. Leaching experiments for red mud and bauxites 

Leaching experiments for red mud, in conjunction with SF-ICP-MS, using Mediterranean 

seawater from Greece, indicated significant release of V, relatively to seawater composition 

(Li, 1991), depending on solid/liquid (S/L) ratio (Figure 3.5.2.1). Thus, V appears to be the 

most mobile element, perhaps due to its main association with rather soluble phases. This is 

in accordance to previous leaching NEN7341 tests concerning red mud calcined in inert and 

reducing atmosphere (Pontikes at al., 2006), as well as in good agreement with recent 

studies about V in red mud from the accident of Ajka alumina plant (Burke et al., 2012; Burke 

et al., 2013). According to the above studies, presenting V K-edge XANES spectra, the 

element in red mud from Ajka is pentavalent associated with a Ca-Al-hydroxysilicate phase 

corresponding to “hydrogarnet”-type phase. We can, therefore, assume that in Greek red 

mud, having the same phase composition with the Hungarian one, V is present most likely as 

VO4
3- anions, which are mobile in seawater. On the other hand, V in Australian red mud has 

been reported as tetravalent and/or trivalent related to ilmenite and/or goethite (Gräfe et 

al., 2011). However, ilmenite has not been detected in the studied Greek red mud either by 

XRD or STEM-EDS/EELS (see text above), whereas the actual presence of goethite, either in 

microscale or nanoscale, cannot completely be confirmed. Traces of As and Cr have also 

been detected, relatively to seawater composition (Li, 1991), after prolonged exposure in 

lower S/L, while Pb is practically immobile. Based on previous Cr K-edge XANES and TEM, Cr 

is associated to hematite (Gräfe et al., 2011; Burke et al., 2012) showing less solubility. The 

most interesting point is that Th, related to radioactivity, seems to be remarkably immobile 

in seawater, at least after 12 months leaching tests (Figure 3.5.2.1). However, taking into 

account XRD and microscopic study in microscale (SEM-EDS), one can say that there is no 

clear evidence of the Th-hosting phase(s) into red mud. That was finally realized by 

combination of STEM-EDS/EELS and Th LIII-edge EXAFS spectroscopy, as mentioned above. 

Analogous leaching experiments with Mediterranean seawater from Greece carried out for 

comparison reasons, regarding the basic parent material (Parnassos-Ghiona industrial 

bauxite), showed negligible V, As, Cr, Pb, and Th release (typical Fe-rich bauxite: see Figure 

3.5.2.2; Fe-depleted high grade bauxite: see Figure 3.5.2.3). The effect of solid/liquid ratio is 

also depicted, indicating that the lower S/L ratio causes a relative increase on the 

solubilization of heavy metals in Greek industrial bauxites, during the experiment. 
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Figure 3.5.2.1: Results from leaching experiments for red mud, with Mediterranean 

seawater and variable solid/liquid (S/L) ratios, concerning V, As, Cr, Pb and Th. 
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Figure 3.5.2.1: continued. 

 
 

Figure 3.5.2.2: Results from leaching experiments showing the V, As, Cr, Pb, and Th 

negligible release from typical Fe-rich (low grade) bauxite leached by Greek seawater. 
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Figure 3.5.2.2: continued. 
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Figure 3.5.2.3: Results from leaching experiments showing the V, As, Cr, Pb, and Th 

negligible release from Fe-depleted (high grade) bauxite leached by Greek seawater. 
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Figure 3.5.2.3: continued. 

 

 

Additional acetic acid-leaching experiments with red mud, indicated significant release of 

V, as in the case of seawater, and much more release of Cr (Figure 3.5.2.4), a phenomenon 

also mentioned by Rubinos et al. (2013). Nevertheless, it is worthy to note that the release 

of REE is quite remarkable (for LREE release: see Figure 3.5.2.5; for HREE release: see Figure 

3.5.2.6), giving facts for potential recovery technologies inasmuch future availability of REEs 

is of great concern due to monopolistic supply conditions, environmentally unsustainable 

mining practices, and rapid demand growth (e.g., Catinat et al., 2010; Alonso et al., 2012). 

This is in line with previous relevant works for Greek red mud with regard to acid-recovery of 

lanthanides and Y (Ochsenkühn-Petropulu et al., 1994; Lymperopoulou, 1996; Ochsenkühn-

Petropulu et al., 1996; Ochenkühn-Petropoulou et al., 2002). In either case, the negligible 

effect of solid/liquid (S/L) ratio is also presented indicating that the percentage of released 

elements -including the rare earth elements- from leached red mud is not severely affected 
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Figure 3.5.2.4: Results from leaching experiments showing the release of ΣLREE, and 

ΣHREE, together with Cr, V, Th, As, Pb, Nb, and Ta from Greek red mud leached by 

concentrated acetic acid. 
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Figure 3.5.2.5: Results from leaching experiments showing the LREEs (La, Ce, Pr, Nd, Sm, 

Eu, and Gd) release (g) per 1 ton of Greek red mud leached by concentrated acetic acid. 
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Figure 3.5.2.6: Results from leaching experiments showing the HREEs (Tr, Ho, Er, Tm, Yb, 

Lu, and Y) release (g) per 1 ton of Greek red mud leached with concentrated acetic acid. 
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by the S/L ratio, during the experiment. Similar leaching experiments with the Fe-rich (low 

grade) and Fe-depleted (high grade) Parnassos-Ghiona bauxites, presented for first time in 

the literature, also indicated significant recovery of REE (Figures 3.5.2.7 – 3.5.2.10). In the 

case of bauxites, the mobility of REE in acid is due to presence of LREE-minerals (mostly 

bastnäsite/parisite-group; see text above). Despite the fact that the mobility of Th in acid-

treated red mud is enhanced, as it is compared to its negligible mobilization in seawater 

environment, considerable amount of this actinide element seems to remain in this residue. 

 

Figure 3.5.2.7: Results from leaching experiments, relative to S/L ratio effect, showing the 

LREEs (La, Ce, Pr, Nd, Sm, Eu, and Gd) release from Greek Fe-rich (low grade) bauxite 

leached by concentrated acetic acid. 
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Figure 3.5.2.7: continued. 

 
 

Figure 3.5.2.8: Results from leaching experiments, relative to S/L ratio effect, showing the 

HREEs (Tr, Ho, Er, Tm, Yb, Lu, and Y) release from Greek Fe-rich (low grade) bauxite 

leached by concentrated acetic acid. 
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Figure 3.5.2.8: continued. 

 
 

Figure 3.5.2.9: Results from leaching experiments, relative to S/L ratio effect, showing the 

LREEs (La, Ce, Pr, Nd, Sm, Eu, and Gd) release from Greek Fe-depleted (high grade) 

bauxite leached by concentrated acetic acid. 
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Figure 3.5.2.9: continued. 

 
 

Figure 3.5.2.10: Results from leaching experiments, relative to S/L ratio effect, showing 

the HREEs (Tr, Ho, Er, Tm, Yb, Lu, and Y) release from Greek Fe-depleted (high grade) 

bauxite leached by concentrated acetic acid. 
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Figure 3.5.2.10: continued. 

 
 

This robustly proves the aforementioned acid-insoluble and, of course, seawater-insoluble, 

solid nanophase (not apparent in the SEM-EDS study) hosting immobile Th, into the “Al-Fe-

Ca-Ti-Si-Na-Cr matrix”. The difference, in microscale, between the initial and acid-treated 

“Al-Fe-Ca-Ti-Si-Na-Cr matrix”, affects mainly the lowering of Ca-Kα X-ray emission peak in 

the EDS spectra (see SEM-EDS of raw red mud in Figure 3.5.1.2 and Figure 3.5.2.11) 

attributed to the loss of Ca-carbonate minerals and Ca-Al-hydroxysilicate phases. 

As mentioned above, the STEM-EDS/EELS study, in combination with Th LIII-edge XANES 

and EXAFS, revealed that both the initial and acid-treated “Al-Fe-Ca-Ti-Si-Na-Cr matrix”, as 

appeared in microscale, is actually an aggregate of several Al-, Fe-, Ca-, Ti-, Si-, Na-, Cr- (and 

also S-, P-, Ce-, Nb-, Zr-, and maybe Sr-) nanoparticles, including the Th-hosting nano-

perovskite. It is, herein, stated that the above nanophase is the reason of low Th release in 

acid medium, and subsequently that explains the Th immobility in Greek red mud as exposed 

in Mediterranean seawater. 
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Figure 3.5.2.11: Morphology and chemical composition (major 

elements) of the studied red mud in microscale by SEM-EDS, after 

acid-leaching. 
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