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 Shock metamorphic effects recorded in rock-forming minerals in terrestrial impact cra-
ters and in meteorites provide important information on the pressure and temperature conditions 
that the host rock has experienced (e.g., STÖFFLER et al. 2018). Therefore, choosing the most 
effective analytical method for the identification and quantification of shock metamorphic ef-
fects is fundamental. Here, we present a broad spectrum of analytical methods to investigate 
shock metamorphic effects in silicate minerals, which have not yet been applied or only limit-
edly applied for this purpose. For the identification and indexing (i.e., the attribution to a spe-
cific crystallographic orientation) of shock-induced planar microstructures in quartz and feld-
spar, we propose the combined use of the universal-stage (U-stage, a tool applied to a petro-
graphic optical microscope, which allows the tilting of thin section in all directions), scanning 
electron microscopy back scattered (BSE) imaging, and electron backscatter diffraction 
(EBSD). The data are processed through specifically written MTEX/MATLAB codes. This 
method enables to overcome the limits posed by deformed or altered crystals (e.g., strong un-
dulatory extinction of quartz or extensive alteration of feldspar) and facilitates the indexing of 
amorphous planar features (e.g., planar deformation features – PDFs- or amorphized feldspar 
twins). The application of these methods has allowed the indexing of two generations of amor-
phized twins in plagioclase from the Manicouagan impact structure, Canada (PITTARELLO et 
al. 2020) and the indexing of PDFs in strongly deformed quartz and in plagioclase from the 
El’gygytgyn impact structure, Russia (PITTARELLO & GRIFFITHS, in prep.). Extremely 
fine-grained shock-generated microstructures, such as the transformation of olivine into the 
high-pressure polymorphs ringwoodite and wadsleyite along lamellae or at the margin of crys-
tals, can generally be only observed by transmission electron microscopy (TEM). The advance-
ment of technology allows now TEM-based electron diffraction phase and orientation mapping 
at the nanoscale, producing maps, which show the mutual crystallographic relationship between 
host and polymorphs, and between polymorphs, contributing to discriminating their origin and 
constraining the shock process (e.g., CAMPANALE et al. 2024). This method enabled to con-
strain the formation by fractional crystallization from impact melts rather than solid-state trans-
formation for coexisting ringwoodite and wadsleyite aggregated in the Alfianello meteorite 
(PITTARELLO et al. in subm.). Acknowledgments: V. De Santis, L. Carone, A. Steiger-Thirsfeld, A. Di 
Michele, C. Burlet, G. Habler, L. Daly, L. Ferrière, R. Kilian, and C. Koeberl. 
CAMPANALE, F., MUGNAIOLI, E., FOLCO, L., PARLANTI, P., GEMMI, M. (2024): TiO2 II: The high-

pressure Zr-free srilankite endmember in impact rocks. –  Meteoritics & Planetary Science 59, 529-543. 
PITTARELLO, L., GRIFFITHS, T. (in prep.): Combining universal-stage, electron microscopy and electron 

backscatter diffraction for better indexing of planar microstructures in quartz and plagioclase. 
PITTARELLO, L., DALY, L., PICKERSGILL, A.E., FERRIÈRE, L., LEE, M. (2020): Shock metamorphism in 

plagioclase and selective amorphization. –  Meteoritics & Planetary Science 55, 1103-1115. 
PITTARELLO, L., DE SANTIS, V., CARONE, L., PRATESI, G., GEMMI, M., PARLANTI, P., STEIGER-

THIRSFELD, A., DI MICHELE, A., GIULI, G. (submitted): Coexisting wadsleyite and ringwoodite in the 
Alfianello L6 ordinary chondrite. –  Meteoritics & Planetary Science. 

STÖFFLER, D., HAMANN, C., METZLER, K. (2018): Shock metamorphism of planetary silicate rocks and 
sediments: Proposal for an updated classification system. – Meteoritics & Planetary Science 53, 5-49. 

121



A mineralogical perspective on foraminiferal architecture: insights into a 
unique biosphere-geosphere interaction 

 
L. Plakolm1, N. Lammer2, M. Nahlik2, M. Nagy1, S. Balzano3, M. Lintner4, 

T. Đorđević2,5, P. Heinz1 
 

1Department of Palaeontology, University of Vienna, Vienna, Austria 
2Department of Mineralogy and Crystallography, University of Vienna, Vienna, Austria 

3Department of Ecosustainable Marine Biotechnology, Stazione Zoologica Anton Dohrn Napoli, Naples, Italy 
4ING PAN – Institute of Geological Sciences, Polish Academy of Sciences, Research Centre in Kraków, Poland 

5E057-02 USTEM, TU Wien, Vienna, Austria 
e-mail: leonp01@unet.univie.ac.at 

 
 
 Foraminifera – microscopic single-celled marine eukaryotes – are among the most 
productive and important biomineralizing organisms in modern oceans and play a crucial role 
for global carbon and nitrogen cycles. Certain types of foraminifera are capable of assembling 
and cementing together surrounding sediment particles to form intricate shell structures. By 
doing so, these so-called agglutinated foraminifera effectively create an archive of ambient 
mineralogical composition, which has the potential to be preserved as microfossils and endure 
for hundreds of millions of years. In order to evaluate the mineral grain incorporation into 
agglutinated foraminiferal shells and previously observed mineral selectivity, sediment samples 
from different locations in the Mediterranean Sea (Gulf of Naples and Haifa Bay) were analysed 
using powder X-ray diffraction (PXRD) and X-ray fluorescence (XRF). Additionally, the 
element distribution and mineral composition of agglutinated foraminifera occurring within the 
investigated sediments was analysed via energy dispersive X-ray spectroscopy (EDX) and 
Raman spectroscopy. Preliminary EDX results reveal that the mineral phases constituting 
foraminiferal shells contain an abundance of relatively rare metals; one particular individual of 
the species Textularia bocki demonstrates elevated levels of indium, molybdenum, and titanium 
within its shell (Fig. 1a), whereas other investigated foraminifera contain relatively high 
amounts of iron (Fig. 1b), manganese and silver. PXRD and Raman spectroscopy indicate that 
certain foraminifera incorporated minerals (e.g. brookite (TiO2)) in quantities higher than the 
surrounding sediments, implying an underlying selectivity mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: combined photomicroscope image/EDX map of Textularia bocki (a) and Reophax sp. (b) with 
highlighted element distributions (a: indium, molybdenum, titanium. b: iron) 
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 Identifying new supplementary cementitious materials (SCMs) is crucial for developing 
more environmentally friendly future cement, as traditional sources are becoming increasingly 
scarce. Siderite (FeCO3) shows great potential as a future SCM, having been proven to signifi-
cantly impact cement hydration while greatly enhancing important durability properties of con-
crete and shotcrete (MITTERMAYR et al. 2025, PONS PINEYRO et al. 2025).  
 There is limited understanding of the formation of Fe-rich phases occurring in these 
systems. Furthermore, conventional analysis techniques such as X-ray diffraction analysis 
(XRD) do not suffice to identify amorphous Fe-rich phases or differentiate between oxidation 
states. 57Fe Mössbauer spectroscopy is a powerful technique capable of differentiating between 
Fe2+ and Fe3+ compounds, regardless of their crystallinity. With this method, we analyzed si-
derite-cement pastes from 4 hours up until 180 days of hydration, using both conventional and 
Fe-free cements. With the latter, it was possible to observe Fe-bearing phases that precipitate 
solely due to the influence of siderite (Fig. 1). Additionally, XRD measurements were carried 
out to obtain a more complete picture of the hydration mechanisms of these systems.  
 The combination of these techniques helps us to get a more complete understanding of 
the hydration mechanisms of siderite-cement systems. We see how, over time, the Fe2+/Fe3+ 

ratio changes, as Fe2+-bearing phases partially dissolve and subsequently oxidize to Fe3+. Ad-
ditionally, it was possible to observe that crystalline phases decreased as amorphous phases 
took more prominence. 
 Our main objective is to get a more complete understanding of the hydration mecha-
nisms of siderite-cement systems. This would allow us to get a deeper understanding and better 
design and optimize sustainable composite iron-carbonate containing binders. 
 

Figure 1: Mössbauer spectroscopy of hydration-stopped cement-siderite (left) and white cement-siderite (right) 
samples after 1 day of hydration. 
 
MITTERMAYR, F., STEINDL, F.R., PONS PINEYRO, M., BRIENDL, L., SAKOPARNIG, M., GALAN, I. 

(2025). Exploring natural siderite FeCO3 as a novel supplementary cementitious material. - Cem Con 
Res, 197, 107975.  

PONS PINEYRO, M., STEINDL, F.R., GALAN, I., SOARES, A.C.M., MITTERMAYR, F. (2025): How sider-
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 Laterite nickel-smelting operations at Vozarci in the Republic of North Macedonia have 
produced large quantities of smelting waste, much of which has been dumped close to the 
smelter. As a part of our previous study (ĐORĐEVIĆ et al. 2024) we have mineralogically and 
chemically characterized various groups of slags from this area. To stimulate natural weathering 
conditions, we conducted long-term quiescent-flow leaching experiments. This case study 
refers to a real-life environmental scenario in which metallurgical slags originating from nickel 
processing were disposed of, leaving the slag boulders continuously exposed to rainwater 
during the rainy season. Our objective was to decipher the mobilization of contaminants from 
metal-bearing slags and to predict their potential environmental impact. The experimental 
conditions involved immersing the slags in the aqueous solutions adjusted to pH 2.9 and 4.8 for 
a period of 18 months. The result of the solution chemistry combined with a direct surface 
observation, indicated the potential for dissolution of individual group of slags and delineated 
the weathering sequence of phases under specific weathering conditions. The results revealed 
a pronounced variability in the leaching potential of the studied slags, with the release of nickel 
(Ni) and cobalt (Co) ranging from <0.01 % to 90 %. The 20-year-old electric furnace slag (IS-
A), which used ore imported from Indonesia, emerged as the most effective source of Ni, due 
to the dissolution of pentlandite and micro- to nano-sized ferronickel grains. Magnesium (Mg) 
release (up to 1.9–2.1 %) from the IS-A slag also indicated the breakdown of major silicate 
phases, particularly forsterite. Slags containing magnesiochromite, (IS-C and IS-B) exhibited 
significant chromium (Cr) mobilization, ranging from 0.3 % to 0.6 %. Additionally, the 
dissolution of larnite in MS- and CS-samples was confirmed by substantial calcium (Ca) release 
(at least 13 %) in contrast to other slags lacking this phase. Comparisons between short-term 
and long-term leaching revealed that the concentration of some elements in the leachate may 
deplete over time, proving that the precipitation of secondary phases in stagnant conditions is 
more significant than that observed in a dynamic system. In conclusion, the long-term exposure 
of metallurgical slags to weathering conditions affects the stability of metal-bearing phases, 
resulting in the release of contaminants. The materials studied are promising candidates for 
metal recovery using a (bio)hydrometallurgical approach. 
 This research was funded by the Wissenschaftlich-Technische Zusammenarbeit (WTZ) of the OeAD [PL 
14/2024] and the Polish National Agency for Academic Exchange (NAWA) [BPN/BAT/2023/1/00021]. The 
analytical research was financed within the framework of the research project OPUS 2023/49/B/ST10/01227 and 
by the Own Science Development Fund of the Warsaw University of Life Sciences. 
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SERAFIMOVSKI, T., BOEV, I., BOEV, B. (2024): Mineralogy and environmental stability of metallurgical 
slags from the Euronickel smelter, Vozarci, North Macedonia.–J Appl Geochem, 170, 106068-106081. 
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 The use of soluble silicates in the production of mineral-based construction materials 
has gathered increasing interest in recent years, particularly in the alkaline activation of alumi-
nosilicate binders. To address environmental and economic challenges, future production of 
soluble silicates for construction applications should prioritize (i) the valorization of mineral 
wastes and secondary raw materials, and (ii) the development of low-energy synthesis path-
ways. This study aims to advance these objectives by systematically investigating sodium sili-
cates synthesized from two silicon-rich waste materials – glass wool (MW) and glass waste 
(GW) – via thermochemical reactions conducted at 200°C for 3 hours. 

A series of experimental design spaces was established to evaluate the influence of key 
parameters, including waste type, SiO₂/Na₂O molar ratio (modulus, Mₛ), reaction temperature, 
and heating duration, on the reactivity of the resulting products. Furthermore, the dissolution 
behavior of the synthesized products was examined to assess their reactivity. 

X-ray diffraction and Fourier-transform infrared spectroscopy analyses revealed that the 
Mₛ plays a central role in governing the extent of reaction and the nature of crystalline phases 
formed. The highest conversion efficiencies (i.e. how much SiO2 was transformed into a soluble 
form), 95 wt.% for GW and 78 wt.% for MW, were achieved at Mₛ values exceeding 0.79 and 
0.78, respectively, with Na-metasilicates (e.g. disodium silicate, sodium silicate) and Na-car-
bonates (e.g. natrite, thermonatrite) identified as the primary crystalline phases. Notably, at 
lower Mₛ values (<0.78), the MW system exhibited a noticeable/significant increase in amor-
phous phase content (up to 70 wt.% at Mₛ = 0.34), whereas the GW system maintained high 
crystallinity, predominantly forming natrite. 

The greatest degree of silica dissolution was observed at elevated Mₛ values of 0.89 
(GW) and 0.87 (MW), corresponding to mineralogical compositions with 44 wt.% and 37 wt.% 
Na-metasilicates, 14 wt.% and 12 wt.% Na-carbonates, and residual amorphous fractions of 40 
wt.% and 51 wt.% for GW and MW systems, respectively. 
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 Mineral waste is the largest waste stream in Austria, comprising 76% of the total waste 
arisings, with the majority still being landfilled. The generation of mineral waste has signifi-
cantly increased over the last decades, also in part due to the building and construction industry, 
which is simultaneously responsible for considerable amounts of CO2 emissions and the con-
sumption of primary resources. To support circular economy goals, this contribution explores 
the potential of utilizing mineral wastes in geopolymers – also known as alkali-activated mate-
rials (AAM) – which are sustainable inorganic binders formed by activating aluminosilicate 
precursors with alkaline solutions, resulting in performance properties comparable to conven-
tional cement. Relevant Austrian mineral wastes and secondary raw materials (WSRM) were 
identified and evaluated for their suitability as reactive precursors for AAM production. Their 
chemical and mineralogical properties, including amorphous content and reactive phase com-
position, were characterized using X-ray fluorescence (XRF) and X-ray diffraction (XRD). The 
XRD results were used to determine the amorphous content of the materials, applying Rietveld 
refinement. The fundamental reactivity was further assessed through systematic paste mixtures 
with varying formulations with Si/Al ratios ranging from 1.5 to 2.5. The resulting AAM pastes 
were analyzed for workability, visual setting behavior, and 7-day compressive strength.  
 The resulting dataset represents a comprehensive mineralogical and chemical charac-
terization of various WSRM streams, as well as insights into their contribution mechanisms, 
such as chemical and physical effects, in the AAM system. 
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 New U-Pb zircon ages and geochemical analyses from the Stubai Alps (Eastern Alps) 
offer insights into the early Paleozoic evolution of the Ötztal-Stubai Complex and its 
subsequent overprint during the Variscan orogeny. Our study targets an assemblage of 
metasedimentary rocks, amphibolite, and small tonalitic bodies in the upper Stubai Valley. The 
rocks are exposed in the hinge zone of a kilometer-scale, eastward plunging antiform near the 
locality Ranalt (Tyrol). 

Geochemical signatures from the different lithologies are all consistent with a volcanic 
island arc setting with magmatic activity from both mafic and felsic sources. Metasediment 
analyses show trace element ratios (high La/Yb, low Nb/Y and Th/Sc) as well as high Ba and 
Sr values that clearly indicate a volcanic island arc or active magmatic arc setting. Amphibolite 
geochemistry reveals low-Ti, subalkaline compositions with LREE enrichment, strong Nb‒Ta 
depletion, and elevated Ba/Th and Ba/Nb ratios ‒ typical of arc tholeiites derived from a 
subduction-modified mantle source. 

Coarse-grained tonalite, featuring garnet, zoned epidote, and deformed K-feldspar, 
displays a peraluminous composition with high LREE concentrations (La = 75.5 ppm, Ce = 150 
ppm), elevated Ba (1049 ppm), and pronounced Nb-Ta depletion. This geochemical fingerprint 
indicates a fluid-enriched, evolved crustal melt, likely sourced from partial melting of 
metasedimentary rocks in water-undersaturated conditions. 
 U‒Pb LA-ICP-MS zircon dating of several orthogneiss samples provides new 
information on the Cambrian to Ordovician genesis. The new data constrain the crystallization 
of the tonalite to the Cambrian (506 Ma). Non-zoned metamorphic overgrowth rims from the 
same sample yield an age of 345 Ma potentially documenting metamorphism during Early 
Variscan continental collision. Additional microstructural evidence from the metasediments 
and amphibolites, such as rutile inclusions in centimeter-sized garnet porphyroblasts and 
ilmenite exsolution lamellae, supports a metamorphic overprint at rather high pressure in the 
amphibolite facies. 

Together, the petrological, geochemical, and geochronological data document the 
presence of a remnant Cambrian volcanic arc, subsequently overprinted by Variscan 
metamorphism. These findings refine the pre-Alpine tectonometamorphic history of the Ötztal-
Stubai Complex and provide new constraints on its lithodemic succssion, one of the objectives 
of the ongoing EAGLe Project at GeoSphere Austria. 
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presence of a remnant Cambrian volcanic arc, subsequently overprinted by Variscan 
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Stubai Complex and provide new constraints on its lithodemic succssion, one of the objectives 
of the ongoing EAGLe Project at GeoSphere Austria. 
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 Carbonation of primary and secondary minerals is a promising pathway for long term 
CO2 storage. During direct, aqueous carbonation, a mineral powder rich in Ca- or Mg-bearing 
minerals is suspended in water, where CO2 is subsequently introduced to under elevated pres-
sures and temperatures. This study investigates the CO2 uptake of blast furnace (BF) and basic 
oxygen furnace (BOF) slag during direct aqueous carbonation under four distinct experimental 
conditions. Based on their chemical compositions, the theoretical maximum CO2 uptakes are 
216.3 kg t-1 and 387.8 kg t-1 for the BF and the BOF slag sample, respectively. The slags differ 
significantly in their mineralogical composition: BF slag contains gehlenite (Ca₂Al₂SiO₇) and 
β-belite (Ca₂SiO₄ polymorph) as primary Ca-bearing minerals, while the BOF slag is dominated 
by β-belite and brownmillerite (Ca₂(Al,Fe)₂O₅), as identified by semi-quantitative X-ray dif-
fraction (XRD) analysis (Fig. 1). Carbonation experiments are conducted under varying tem-
perature (20 and 100 °C) and CO₂ pressure (5 and 20 bar) conditions, with additional tests 
incorporating NaHCO3 and NaCl to the aqueous phase. The CO2 uptake is then determined via 
thermogravimetric analysis (TGA). The LD slag consistently exhibits higher CO₂ uptakes and 
carbonation efficiency than the BF slag, achieving a maximum of 150 kg CO2 t-1 at 20°C and 
20 bar. The β-belite phase is identified as the most reactive carbonate-forming mineral. In con-
trast, gehlenite in BF slag shows poor reactivity, limiting the CO2 uptakes to below 35 kg t-1 
across all conditions. Elevated temperatures slightly improved carbonation in BF slag via en-
hanced Ca-silicate dissolution, while BOF slag performance declined marginally at 100 °C, 
likely due to reduced CO₂ solubility and pH effects. Overall, the results demonstrate that car-
bonation potential is strongly governed by mineralogical composition, highlighting the need for 
targeted dissolution of reactive phases to optimize CO₂ sequestration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Semi-quantitative XRD-results representing the relative abundance of crystalline phases for (a) the raw 
BF-slag and the carbonated sample at 20 bar, 100 °C and (b) the raw LD-slag and the carbonated sample at 20 bar, 
20°C 

(a) (b) 
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 It has long been discussed controversially as to which degree the mineral baddeleyite 
(ZrO2; monoclinic space group P21/c) is prone to the long-term accumulation of self-irradiation 
damage that arises from the decay of incorporated radioactive elements. Such information is, 
among others, of interest in interpreting results of U-Pb dating or O-isotope analyses (DAVIES 
et al. 2018). LUMPKIN (1999) found that baddeleyite remains basically un-damaged whereas 
DAVIES et al. (2018) assigned increased Raman-band widths of the Phalaborwa baddeleyite, 
compared to that of synthetic ZrO2, to initial stages of “metamictisation”. 
   

Figure 1: Raman spectra (633-nm 
excitation) of un-annealed and annealed 
aliquots of baddeleyite samples from 
Minas Gerais, Brazil, and Phalaborwa, 
RSA, in comparison with the spectrum 
of synthetic monoclinic ZrO2. Spectra 
are labelled with the full width at half 
maximum (FWHM) of the Raman band 
at 190 cm–1. Note that differences in 
band-intensity ratios are due to random 
sample orientations. Spectra have 
normalised intensity and are shown with 
vertical offset for clarity. 
 
 
 
 
 
 

 We have subjected Phalaborwa baddeleyite, and a particularly U-rich Brazilian 
baddeleyite, to a thermal-annealing-and-Raman study. As a reference, pure ZrO2 was 
synthesised from synthetic ZrSiO4 following VÁCZI et al. (2009). Annealing for 48 h at 
1400 °C resulted in notable decreases of band FWHMs. However, even fully annealed natural 
samples yielded much broader FWHMs than the chemically pure reference, with FWHMs being 
correlated with the amounts of non-formula elements. Hence FWHMs are mainly controlled by 
“chemical broadening” (compare RUSCHEL et al. 2012) whereas the extent of structural 
disorder in baddeleyite, even after elevated self-irradiation, seems to be rather moderate.  
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 The Inthanon core complex, a segment of the western gneissic belt in northern Thailand, 
records a multifaceted geological history characterized by multiple episodes of metamorphism 
following a clockwise P–T–t path and granitoid emplacements linked to the Indosinian orogeny, 
Neo-Tethys subduction, and the India-Eurasia collision. To decipher the complex thermal and 
deformational history of the Inthanon core complex, we investigated diverse lithologies, includ-
ing Grt-paragneiss from the western domain and orthogneiss from the eastern domain and gra-
nitic bodies. U–Pb monazite dating of Grt-paragneiss reveals a Late Triassic (240–210 Ma) 
high-temperature, medium-pressure metamorphic event (M1), characterized by conditions of 
680–720 °C and 0.55–0.70 GPa. This event, contemporary with the Indosinian orogeny, is also 
corroborated by zircon and monazite ages from associated orthogneiss and granite. A subse-
quent phase of thermal activity and metamorphism around 80 Ma (Late Cretaceous) led to a 
second garnet growth and breakdown (M2) in the paragneiss, commencing under upper am-
phibolite facies conditions, reaching 620–680 °C and 0.35–0.55 GPa. Evidence for this M2 
event is also found in zircons from associated granitic bodies and recrystallized magmatic mon-
azites within the orthogneiss. Furthermore, monazite, partially recrystallized within or-
thogneiss, is directly associated with localized granitic melts emplaced between 40 and 20 Ma. 
These results provide crucial evidence for a third high-grade metamorphic event (M3) under P-
T conditions of 640–710 °C and 0.60–0.80 GPa. Our findings reveal a multi-stage tectonic 
evolution: a Late Triassic–Early Jurassic metamorphic event in the western domain, evidenced 
by Grt-paragneiss formation during crustal thickening and nappe tectonics associated with the 
Sibumasu-Sukhothai collision, at the same time granite emplacement in occurred in the eastern 
domain. This was followed by a Late Cretaceous thermal event across both domains, linked to 
Neo-Tethys subduction. A later Eocene-Miocene metamorphic event, preserved only in or-
thogneiss in the eastern domain, suggests localized transpressional thickening and subsequent 
isothermal-decompression melting that generated small granitic bodies and pegmatite veins 
during the India-Eurasia collision. 
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 The earliest volcanic activity of Mount Etna provides insights into the development of 
the volcano's magmatic plumbing system and the dynamics of its mantle source. Although the 
later stages of Etna’s alkaline volcanism are well understood, the mechanisms controlling the 
initial tholeiitic phase and the subsequent transitional to alkaline compositions are unclear. 
 Here, we present a petrographic and geochemical study of primitive rocks from the Ba-
sal Tholeiitic Supersynthem on Mt. Etna’s southeastern and southwestern flanks. These early 
eruptive products exhibit variations in texture, mineral composition and geochemistry. 
 Samples from the Aci Trezza Synthem, representing Mt. Etna’s initial subaqueous 
stage, were collected from coastal outcrops (Aci Castello, Aci Trezza) and the Cyclopean Is-
lands (Isola Lachea). They display a range of textures from porphyritic with glassy groundmass 
to fully crystalline and contain varying proportions of olivine, plagioclase, and clinopyroxene 
phenocrysts. Samples from the coast contain more olivine, whereas samples from the island 
have a higher pyroxene content and higher whole-rock alkalis. The Adrano Synthem, which 
corresponds to a later subaerial eruptive phase, includes samples from Motta Sant’Anastasia, 
Paterno, Adrano and Biancavilla. These samples typically show coarser crystalline textures and 
phenocryst assemblages that are similar to those in the coastal samples. 
 For comparison, primitive samples from the alkaline stage, i.e. basalts from Mt. Maletto 
(eruption 1350±50 AD) have a glassy to microcrystalline groundmass and show relatively low 
nickel concentrations (~50 ppm), as well as a limited geochemical evolution. Whole-rock com-
positions suggest relative enrichment in alkalis with respect to tholeiitic basalts. 
 Electron microprobe analyses across all locations reveal systematic zoning in olivine, 
pyroxene, and plagioclase. Zoned olivine crystals display Mg# of 60–86 in the Aci Trezza Syn-
them, 48–83 in the Adrano Synthem. The Mg# of the pyroxenes are 41–85 for the Aci Trezza 
Synthem, 47–84 for the Adrano Synthem. Mt. Maletto alkali basalts are composed of Fo71–90 
olivine and clinopyroxene with Mg# = 45–85. Zoned olivines exhibit a decline in NiO (0.005-
0.4 wt%) with decreasing Mg# for all locations, while zoned pyroxenes show a corresponding 
decrease in chromium content. Ni trends are particularly pronounced in samples from Paterno 
(0.01-0.4 wt%), where olivines exhibit Mg# of 74–83. Additionally, olivines from Motta 
Sant’Anastasia form two distinct groups with Mg# ranging from 60 to 68 and from 76 to 84, 
respectively. 
 Geochemical trends indicate fractional crystallisation for tholeiitic samples, while tex-
tural features and a wider Mg# range in the Adrano Synthem suggest more advanced, complex 
processes during magma evolution. 
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Amphibolite lenses from the Jizera Mountains (Northern Bohemia, Czech Republic) 
represent a significant source of potential raw materials for Neolithic stone tool production due 
to their favorable physical properties and resistance to weathering. Recent archaeological 
investigations suggest that these amphibolites were exploited from the early Neolithic period 
(Linear Pottery Culture, c. 5700/5500–4900 BC) to the Stroke Pottery Culture (c. 4900–4400 
BC) and distributed throughout Northern and Central Europe, roughly between Southern 
Scandinavia and the Eastern Alps. While the general characteristics of the Neolithic 
communities involved in the use and distribution of artefacts made from this particular lithic 
raw material are well studied, little is known about the economic background governing this 
extensive distribution. Lithic economy can be best understood by investigating the underlying 
resource management strategies employed by the Neolithic agents, which requires the sound 
determination and fingerprinting of the raw materials to test possibilities of tracing them back 
to their geological sources. 
 Therefore, this study aims to geochemically characterize these amphibolite sources and 
to evaluate their provenance potential based on mineral chemistry and crystallographic features 
from six localities in the southern Jizera mountains. The amphibolite samples were investigated 
using X-ray diffraction (XRD) and electron microprobe analysis (EPMA). The regional tectonic 
setting is characterized by complex Variscan metamorphism within a crystalline basement 
composed of amphibolites, metagabbros, and gneisses, affected by amphibolite to greenschist 
facies overprints. 

Zoning within amphiboles was consistently observed, primarily in Fe and Ca 
distributions, indicating successive crystallization under varying PT conditions. The 
homogenous fine-grained samples include amphibole, feldspar, ilmenite, and quartz. With an 
average grain size of 0.02 mm. EPMA results show amphiboles of both the calcic group 
(tremolite, actinolite, hornblende) and the Fe-Mg group (cummingtonite–grunerite series), with 
the average of XMg ~0.50 in Fe-Mg group and XMg ~0.57 in the calcic group. Particularly, 
cummingtonite and grunerite appear as Fe-rich rims, forming textural intergrowths with 
hornblende or actinolite. Ca-Mg amphiboles crystallized under amphibolite-facies pressure-
temperature conditions, whereas Fe-rich types indicate subsequent recrystallization under lower 
thermal gradients and reduced Ca activity. These mineralogical differences are related with 
variations in protolith composition and fluid-rock interaction. 
 The chemical zoning correlates with distinct unit-cell sizes. Fe-rich amphiboles like 
grunerite and cummingtonite display slightly smaller unit-cell parameters compared to 
actinolite, consistent with previous crystallographic models. XRD-derived unit-cell volumes 
further support this distinction: tremolite and actinolite show larger volumes (~916–920 Å³), 
whereas grunerite and cummingtonite exhibit smaller volumes (~902–908 Å³), consistent with 
Fe-for-Mg substitution. XRD results will be linked to EPMA results to enable future chemical 
interpretation based on unit-cell sizes, as artifact material is too limited for routine microprobe 
analysis. 



133

 
A brief Late Cretaceous magmatic pulse based on geochemical data from 

accessory zircon (Mt. Papuk, Croatia) 
 

P. Schneider1, D. Gallhofer2, E. Skrzypek2, C. A. Hauzenberger2, D. Balen1 
 

1Department of Geology, Faculty of Science, University of Zagreb, Zagreb, Croatia,  
2Department of Earth Sciences, NAWI Graz Geocenter, University of Graz, Graz, Austria,  

e-mail: pschneider@geol.pmf.unizg.hr  
 

 
 The Slavonian Mts. (including Mt. Papuk), located in the southwestern part of the 
Pannonian Basin in Croatia, consist mostly of pre-Alpine igneous and metamorphic rocks, 
which represent the outcrops of the crystalline basement known as Tisia Mega-Unit (PAMIĆ 
& LANPHERE 1991; SCHMID et al. 2020). In the northwestern part of Mt. Papuk, however, 
dyke swarms of younger igneous rocks cut through the migmatitic gneisses and granitoid 
basement rocks. These younger rocks with varying compositions are classified as basalts, 
andesites and rhyolites. Their mineral and chemical composition reflect the high-temperature, 
dry and oxidised nature of magmas typical of divergent settings, with A-type geochemical 
signature for acidic varieties (SCHNEIDER et al. 2022).  
 Accessory zircon from four rhyolite and one andesite sample was used to unveil the 
timing of the magmatic event and constrain the origin of the parental magma. Zircon age dating 
by LA-ICP-MS reveals a Late Cretaceous (between 81.1±1.1 and 81.5±1.1 Ma) and brief (< 3 
million years) magmatic pulse. The geochemical record of zircon (trace elements and Hf 
isotopes) indicates its magmatic origin and an early crystallisation timing in a deep magma 
chamber at a relatively high (~850 ºC) and constant temperature. The parental magma was 
derived from melting of Palaeozoic continental crust with a juvenile mantle component, either 
directly from mantle-derived melts or remelting of mantle-derived mafic lower crust. The new 
data from accessory zircon support previous geodynamic models, which propose the formation 
of deep rifts and melting in a late- or post-orogenic setting following the Late Cretaceous 
closure of the Neotethys Ocean (BELAK et al. 1998; SCHNEIDER et al. 2022). The magma 
may have formed by partial melting of mantle material that was located above a subduction 
zone, interacted to some extent with the overlying, slightly thickened crust (up to 42 km), but 
was not extensively contaminated by older continental crust, and underwent extensive 
fractional crystallisation and differentiation during its rapid ascent through the crust.  
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Fahlore minerals of the tetrahedrite–tennantite solid solution series are of both scientific 
and economic relevance, occurring in a wide range of ore deposit types including porphyry-
epithermal systems, skarns, orogenic gold deposits, and metamorphosed base metal 
mineralizations. Their variable chemical composition is controlled by multiple geological 
factors such as host lithology, fluid chemistry, mineral paragenesis and metamorphic overprint. 
In North Tyrol, fahlore is abundant and has been extensively mined in the past, yet many 
fahlore-bearing mineralizations remain underexplored with respect to their geochemical 
systematics, genesis, and resource potential. 

This study presents a comparative geochemical investigation of fahlore from 
approximately 80 localities across various tectono-stratigraphic units in North Tyrol. These 
mineralizations are largely associated with regionally metamorphosed units and exhibit diverse 
genetic backgrounds and mineral associations. In-situ microanalytical techniques (SEM-
EDX/WDX, LA-ICP-MS, and µ-XRF mapping) are applied to characterize major and trace 
element compositions and to assess the influence of geological parameters such as lithology, 
metamorphic grade and paragenesis on element enrichment and distribution. 

A particular focus is placed on elements of the EU Critical Raw Materials list, such as 
Cu, Sb, Bi, Co, and Ge. Previous work on the chemical composition of Alpine tetrahedrite-
tennantite (SCHROLL & AZER IBRAHIM, 1985) is re-evaluated using state-of-the-art 
methods. By integrating mineral chemistry with regional geological context, this study aims to 
improve the genetic understanding of Alpine fahlore deposits and assess their potential as future 
sources of critical metals. 
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 The Alpine-Himalayan Tethyan orogenic belt, a major mountain system extending for 
over 12,000 km from the Alps to Tibet, formed as a result of the Mesozoic-to-Cenozoic closure 
of the Paleo-Tethys and Neo-Tethys Oceans (ALTENBERGER et al., 2022). Situated in the 
Alpine-Himalayan belt, Iran experienced several orogenic phases, with the most significant 
geological and metallogenic evolution occurred during the Alpine-Himalayan orogeny (Late 
Mesozoic-Cenozoic), driven by the subduction of the Neo-Tethys Ocean.  
 This period was marked by a complex combination of tectonic, magmatic and 
metallogenic processes, leading to the formation of a wide range of economically valuable 
deposits. Among these, porphyry Cu ± Mo ± Au and epithermal Au ± Cu deposits emerged as 
the dominant types (RICHARDS, 2015). While Iran’s surface deposits are relatively well 
understood due to its mining history, sparse vegetation, and decades of exploration 
(GHORBANI, 2013), many regions of Iran remain underexplored and are believed to still hold 
untapped mineral potential. 
 In this study, we aim to expand the current understanding of magmatic-hydrothermal 
mineralisation in Iran by analysing major and trace elements in key sulphide minerals (pyrite, 
chalcopyrite, arsenopyrite, sphalerite, pyrrhotite) using scanning electron microscopy (SEM) 
and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) techniques. 
The goal is to constrain the physico-chemical conditions of ore formation and assess the critical 
and precious metal potential of these underexplored deposits. 
 Samples were collected from 11 newly discovered mineral deposits and occurrences 
from different major tectono-magmatic zones across Iran. They include: the Oshvand skarn Fe-
Cu deposit and the Hassan Abad, Hossein Abad, and Dare Sari epithermal or orogenic Cu-Au 
deposits in the Sanandaj–Sirjan Zone; the Shahr-Babak and Maran Qaleh epithermal Au 
deposits in the Urumieh–Dokhtar Magmatic Arc; the Bazman and Janja epithermal–porphyry 
systems in the Makran volcanic belt; and the Hired and Godakan deposits in the Lut Block. 
 The Bazman pyrite exhibits promising contents of precious metals like Au and Ag 
(median values up to 7.81 ppm and 9.14 ppm, respectively), as well as notable levels of Sb and 
Te (median values up to 5.40 ppm and 8.43 ppm, respectively). In contrast, it shows limited 
enrichment in critical metals such as Ni and Co. The Bazman chalcopyrite contains In as the 
only notable critical metal, with a median concentration up to 9.85 ppm. Ongoing analyses of 
minerals from other deposits will further clarify metallogenic trends across the region. 
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 The Quaternary Rockeskyller Kopf Volcanic Complex (RKVC) of the western Eifel 
contains a series of plutonic to sub-volcanic xenoliths that correspond to a full sequence of 
rocks, which are characteristic of alkaline-ultramafic magmatic complexes with carbonatites 
worldwide. Calcite-bearing foiditic lapilli are abundant in pumice layers of the RKVC. Calcite 
also forms spherical globules in unhydrated foiditic glass shards and inclusions entrapped in 
olivine and clinopyroxene phenocrysts of palagonite tuffs from RKVC. 
 Carbonate-bearing nosean syenites are observed in plutonic to sub-volcanic xenoliths 
from Laacher See volcano (LSV) as well. They have variable calcite proportion and locally 
have carbonatitic composition. In both occurrences, the main rock-forming carbonate is calcite. 
It is associated with apatite, magnetite, phlogopite, and pyrochlore, comprising a typical car-
bonatite paragenesis worldwide. 
 The description of major textural characteristics of carbonate-bearing alkaline syenite 
rocks of RKVC and LSV, their geochemistry, Sr/Nd and C/O isotopic signatures of carbonate 
fractions and calcite mineral chemistry are presented.  
 The chondrite-normalized REE patterns for carbonate-bearing nosean syenite, mafic 
xenoliths, and carbonate-bearing lapilli of RKVC show similarities to each other and to other 
carbonatites and alkaline syenites worldwide. All samples have smooth chondrite-normalized 
REE patterns with strong LREE enrichment. The REE patterns of the carbonate-bearing nosean 
syenites of LSV, on the other hand, show different patterns with a depletion of the heavy REEs 
and a negative Eu anomaly, which is unusual for such rocks.  
 Based on petrographic, geochemical and mineral chemical evidence of these rocks, we 
assume magmatic carbonate formation in a highly fractionated undersaturated silicate magma. 
The petrographic spectrum of the studied xenoliths allows a comparison with occurrences of 
older alkaline rocks in which a vertical zoning from ultramafic units at greater depth and in-
creasingly alkaline syenite composition at higher levels is observed. The proportion of carbon-
atitic rocks also increases at higher levels and is accompanied by an increased proportion of 
volatiles. 
 The RKVC and LSV can be considered as volcanic segments of alkaline magmatic sys-
tems extending over great depths. The high proportion of ashes and pumice layers, as well as 
volatile-containing phases of subvolcanic formations, indicate the high proportion of volatiles 
in this system. 
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 A new mineral, rotemite, Ca4Cr2(OH)12Cl2·4H2O (IMA 2024-058), represents the first 
Cr-bearing member of the hydrocalumite group, within the hydrotalcite supergroup, part of a 
broader family of lamellar/layered double hydroxides (LDH). Recently, LDH compounds in-
cluding Ca₂Cr-LDH, have attracted considerable attention due to their ion-exchange and cata-
lytic properties (SZABÓ et al. 2025). However, their accurate characterization is scarce, as they 
are prone to crystallize in a multiphase powder form. Herein, the multi-methodological inves-
tigation of a natural sample enabled, for the first time, an unambiguous determination of the 
physical and optical properties of Ca2Cr-LDH, including crystal structure and chemical com-
position. Rotemite was discovered in low-temperature rocks of the Hatrurim Complex, Israel. 
It occurs as tiny hexagonal platelet-shaped crystals, appearing pale bluish-violet in daylight 
and pinkish-violet under artificial light. The mineral has a Mohs hardness of 2.5–3. Optically, 
rotemite is negatively uniaxial with ω = 1.565(2), ε = 1.544(2) (λ = 589 nm). Empirical formula 
(Ca3.94Sr0.01)∑3.95(Cr3+

1.47Al0.52Fe3+
0.05)∑2.04(OH)12[Cl1.68(OH)0.32(SO4)0.01]∑2.01·4H2O was 

yielded by microprobe analysis. Rotemite exhibits a rare 6-layered LDH polytype structure, 
with a trigonal symmetry (R3̅𝑐𝑐) and unit cell parameters: a =b= 5.7944(2) Å, c = 46.69(4)Å, 
V=1357.7(10)Å3. The main motif of the structure is hydrocalumite-type layers 
[Ca4(Cr,Al)2(OH)12(H2O)4]+ with intercalated Cl– ions. In these layers, Ca2+ is sevenfold coor-
dinated by six OH⁻ groups and one H₂O molecule, where 3+ cations (Cr, Al) are octahedrally 
coordinated with six OH⁻ groups. Raman spectra of rotemite are characterized by a prominent 

band at ~525 cm–1, typical of LDH compounds. Polar-
ized Raman spectroscopy revealed that signals from 
O–H stretching vibrations at 3441-3442cm–1 and 
3609-3612 cm–1 strongly depend 
on the crystal orientation, indicating an ordered ar-
rangement of water molecules and 
a perpendicular arrangement of O–H bonds within the 
hydrocalumite layers, respectively. 
 

Figure 1: Part of the rotemite structure, with two hydrocalumite-type layers and intercalated Cl– ions (green). In 
dark-blue are presented (Cr,Al)OH6 octahedra, pale blue Ca(OH)6(OH2) polyhedra, red O atoms and pink H atoms 
 
 
SZABÓ, V., MÉSZÁROS, R., KUTUS, B., SAMU, G.F., KÓNYA, Z., KUKOVECZ, Á., SIPOS, P., 

SZABADOS, M. (2025): Sonochemically improved regeneration of mechanically amorphized Ca2Cr-layered 
double hydroxides – Synthesis, characterization and photocatalytic lidocaine decomposition. – App. Clay Sci. 
265. 
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 Monazite is commonly used to date magmatic or metamorphic processes, but is also 
prone to alteration reactions. These reactions must be understood in order to assess the 
geochronological robustness of monazite. We present two contrasting monazite alteration 
textures found in two different lithologies from Mt. Papuk (Slavonian Mts., Croatia). The aim 
is to understand monazite formation and alteration in order to assess the timing of thermal 
events in this portion of the European Variscan belt. For a migmatite and peraluminous 
granite sample, we document the texture and composition of monazite and associated phases 
(xenotime, actinide-rich phases) and date them by EPMA and/or LA-ICP-MS. 
 The texture observed in the quartz–feldspar±biotite migmatite shows a replacement of 
primary magmatic monazite by secondary (Th-poorer and LREE-richer) monazite, xenotime 
and Th–Si-rich phases, and is locally rimmed by apatite. The re-integrated composition of this 
texture is compatible with that of (Th- and Y-richer) primary monazite. Primary monazite 
domains yield a magmatic crystallization age of 351±9 Ma while secondary domains are 
contaminated by non-radiogenic Pb or give slightly younger Th–U–total Pb and 208Pb/232Th 
dates (~340 Ma). The texture found in the two-mica granite involves replacement by apatite 
and allanite, with some secondary (Th-poorer) monazite and minute uraninite or Th–Si-rich 
phases. Relicts of primary monazite grains record magmatic crystallization at 352±9 Ma, like 
primary xenotime domains. Secondary monazite contains non-radiogenic Pb, secondary 
xenotime domains yield 206Pb/238U dates younger than 338 Ma and uraninite preserves Th–U–
total Pb dates averaging at 332 Ma. 
 The first reaction is a decomposition that involved little to no fluid phase, and 
efficiently trapped all elements (except Y) at the location of the monazite precursor. It is 
attributed to monazite re-equilibration (Th and Y+HREE loss) at subsolidus conditions. The 
second reaction is a replacement by hydrous minerals that needs the presence of fluid, and 
results in REE mobility at least at the millimetre scale. The contrast between both reactions is 
ascribed to sample composition, one being an anhydrous migmatite refractory to fluid 
infiltration and the other already offering all necessary components for the observed reaction. 
Both alteration reactions are correlated with a late Variscan thermal event at ca. 335 Ma. The 
latter could also be dated using actinide-rich phases, in which case tiny U-oxides appear more 
reliable than Th-silicates. 
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 Monazite is a crucial accessory mineral in high-grade metamorphic rocks, acting both 
as a resilient geochronometer and as a major host for rare earth elements (REE), Th, and U. 
This study focuses on melt inclusions enclosed within monazite and garnet to unravel crustal 
melting mechanisms and element partitioning during granulite facies metamorphism in the Bo-
hemian Massif. Raman spectroscopy and electron microscopy reveal that these nanogranitoid 
inclusions exhibit polycrystalline assemblages of quartz and feldspar polymorphs, micas, and 
occasionally carbonates. Such inclusions are located within chemically distinct domains of both 
monazite and garnet, offering critical insights into melt entrapment, mineral growth, and pre-
vailing metamorphic conditions. The garnet shows compositional zoning with variations in ma-
jor and trace elements, correlating with zoning patterns in monazite, and together they allow a 
detailed reconstruction of the pressure–temperature (P–T) evolution during high-grade meta-
morphism. Results indicate two distinct garnet generations, each characterised by unique chem-
ical zoning and associated with monazite inclusions of different ages. Monazite grains dated to 
~370 Ma are linked with the first garnet generation (Garnet 1), whereas grains dated to ~340 
Ma are related to the second generation (Garnet 2). Both inclusion and matrix monazite grains 
display contrasting REE and Th/U signatures, reflecting variable growth environments and the 
influence of garnet breakdown during decompression. A systematic analysis of these inclusions 
in their textural and chemical context deepens our understanding of monazite stability in melt-
bearing systems and its role in capturing the temporal dynamics of crustal melting. This inte-
grative approach establishes a robust basis for deciphering the complex interplay among min-
eral chemistry, melt inclusions, and P–T evolution, highlighting the importance of accessory 
minerals like monazite as critical archives of crustal processes. 
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 We investigate the origin of some of Earth’s earliest monazite discovered within the 
Isua Supracrustal Belt (ISB). Monazite, a key host for light rare earth elements as well as Th 
and U, is commonly found in low-Ca granitic rocks and metapelites, with its formation 
primarily controlled by the Al/Ca ratio of the host rock and potentially preceded by allanite 
under lower-grade metamorphic conditions. While modern geological environments often 
include rocks with high Al/Ca ratios favourable for monazite crystallisation, Archean 
lithologies, dominated by basaltic to ultramafic compositions, typically lack this condition. 
Nonetheless, crustal differentiation processes occasionally produced suitable protoliths 
exceeding this threshold, though the mechanisms remain poorly constrained.  
 Our study provides direct evidence for early monazite formation in the ISB. 
Examination of a metapelitic rock hosting garnet porphyroblasts reveals two distinct monazite 
generations: older monazites enclosed in garnet cores dated to ~3.6 Ga, placing them among 
the oldest recorded monazites, and younger grains in garnet rims and matrix dated to ~2.7 Ga. 
The absence of other monazite occurrences in Isua, alongside the in situ formation of both 
generations, supports a metamorphic rather than detrital origin. These rocks, possessing pelitic 
bulk compositions, represent some of the oldest preserved clastic sediments, derived from 
ultramafic, mafic, and felsic igneous sources or reflecting metasomatic modification of basaltic 
precursors. The presence of ~3.6 Ga monazite establishes a minimum age for the high Al/Ca 
compositions required for monazite growth in Isua’s Archean crust, supporting interpretations 
of late Eoarchean metamorphism. 
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 The apatite supergroup minerals are characterized by structural flexibility, allowing for 
extensive chemical substitution at multiple crystallographic sites. These minerals can therefore 
serve as sensitive recorders of fluid and melt compositions in a wide range of geological envi-
ronments due to the wide substitution possibilities. 
 Zoned apatite grains were found within the endocontact zone of a pyrometamorphic 
carbonate-silicate xenolith (xenolith no. 7) from the ignimbrites of the Upper Chegem Caldera, 
Northern Caucasus. Interestingly, the zoning pattern reflects substitutions at the Ca site (Sr and 
REE), tetrahedral sites (mainly As), and within the anion column (F and OH groups). The crys-
tals comprise three distinct zones: fluorapatite (core), fluorcaphite (intermediate zone), and 
johnbaumite (rim) (Fig. 1). In some cases, a transitional zone was also observed between fluor-
caphite and johnbaumite, composed of Sr-rich johnbaumite. Raman spectroscopy revealed a 
weak band near 1080 cm⁻1 in the fluorapatite and fluorcaphite zones, which may be associated 
with minor carbonate (CO3

2–) substitution – undetectable by electron microprobe analysis. 
 Fluorapatite is a common mineral in metamorphic rocks, generally considered to be a 
remnant of the protolith (HARLOV, 2015). Moreover, volcanic apatites usually lack halogen 
zoning (PICCOLI & CANDELA, 2002). Together, these observations suggest that the fluor-
caphite–johnbaumite rim formed during a subsequent metasomatic event, involving composi-
tionally variable fluids enriched in strontium and arsenic. 
 

 
Figure 1: Back-scattered electron image of the zoned crystal of the apatite supergroup minerals. 
Mineral abbreviations: Brt - barite,  Fap -fluorapatite, Fcp - fluorcaphite, Jbm - johnbaumite, Pl - plagioclase, 
Ttn - titanite, Wo - wollastonite. 

 
 
HARLOV, D.E. (2015): Apatite: A fingerprint for metasomatic processes. – Elements, 11, 171-176. 
PICOLI, P.M., CANDELA, P.A. (2002): Apatite in Igneous Systems. – Rev Mineral Geochem, 48, 255-292. 

Table 1: Chemical compositions of the apatite 
suprgroup minerals from the xenolith no. 7 
 
Fluorapatite    
[Ca4.92Na0.03Sr0.02Ce0.02La0.01]Σ5.00[(PO4)2.96(Si
O4)0.02(AsO4)0.02]Σ3.00[F0.89(OH)0.09]Σ0.98 
 
Fluorcaphite 
[Sr0.96Ca3.99Na0.02Ce0.02La0.01]Σ5.00[(PO4)2.83(As
O4)0.10(SiO4)0.05(SO4)0.02]Σ3.00[F0.81(OH)0.17]Σ0.98 

 
Sr-rich johnbaumite    
[Ca4.17Sr0.03]Σ5.00[(AsO4)2.49(SO4)0.22(SiO4)0.20(
AlO4)0.06(PO4)0.04]Σ3.00[(OH)0.63F0.36]Σ0.99 
 
Johnbaumite 
[Ca4.95Sr0.05]Σ5.00[(AsO4)2.22(SiO4)0.35(SO4)0.35(
PO4)0.08]Σ3.00[(OH)0.72F0.28]Σ1.00 
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Amorphous silica (ASi) and short-range ordered hydroxy-aluminosilicate (SROAS) are 
highly reactive phases that serve as precursors to opaline silica and various clay minerals. Their 
silicon isotope signatures preserved in soils and sedimentary deposits are widely applied as 
environmental indicators to infer formation processes and geochemical pathways. However, 
the underlying reaction kinetics, mechanisms, and controls on Si isotope fractionation remain 
incompletely resolved. 

In this study, we investigate the environmental factors that control the development of 
ASi and SROAS phases, and their Si isotopic behavior. Precipitation experiments were con-
ducted at ambient temperature, both in the presence and absence of aluminum, with high tem-
poral resolution to monitor dynamic changes. Results from elemental and Si isotope analyses 
in both solid and fluid phases revealed that the formation of ASi and SROAS followed different 
pathways, each with three distinct stages: 

• Stage I: The slow polymerization of ASi over ~72 hours contrasts with an almost in-
stantaneous (<15 sec) onset of SROAS formation. 

• Stage II: ASi begins to precipitate following first-order kinetics, while SROAS undergo 
partial dissolution within a day. 

• Stage III: ASi transitions into a more mature form, whereas SROAS shows a slower re-
precipitation phase. 
Aluminum in SROAS occurs in both tetrahedral ([4]) and octahedral ([6]) coordination, 

with the extent of Si[4] substitution governed by the Al/Si ratio. The data suggest that SROAS 
formation proceeds via a metastable intermediate involving disordered octahedral sheet clus-
ters, which then undergo Al-for-Si[4] substitution and subsequent polycondensation and 
(de)polymerization reactions during structural reorganization. 

Silicon isotope fractionation is driven primarily by kinetic processes. The largest frac-
tionation observed (1000ln(αSROAS-aq) = -4.55 ‰) coincides with the onset of isotopic stabiliza-
tion during Stage III. A clear dependence of Si isotope partitioning on the solid-phase Si/Al 
ratio was observed. By day 16, the isotopic compositions of both ASi and SROAS approach 
values characteristic of natural clay minerals and synthetic analogs, implying near-steady-state 
conditions. 
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 Alkali-activated materials (AAMs) are produced by mixing (Ca-)Al-Si-rich solids with 
alkaline substances in the presence of water, initiating hydration and geopolymerisation reac-
tions which result in a concrete-like material. AAMs containing wastes and secondary raw ma-
terials (WSRMs) allow reduced CO2 emissions, resource consumption and waste arisings (e.g. 
GRENGG et al. 2024), but are often combined with other Al-Si-rich substances to enhance 
reactivity and ensure adequate strength and durability. High-purity calcined clays, such as high-
grade metakaolin, are often used for this purpose but are in short supply and/or expensive due 
to demand from other industries. Therefore, this study systematically investigates two Austrian 
mixed clay samples, calcined at 400 to 1000 °C in 100 °C intervals, as possible alternatives.  
 P-XRD analyses, corroborated by XRF spectroscopy, revealed that the initial clays dif-
fer in particular in their sheet silicate contents: clay A is dominated by chlorite and muscovite 
and/or illite, while clay B contains significant amounts of kaolinite and traces of muscovite/il-
lite. During calcination, kaolinite, chlorite and muscovite/illite are gradually transformed into 
their amorphous metaclay analogues at around 500-600, 500-800, and 700-900 °C, respectively. 
FTIR and 27Al MAS-NMR confirmed the transformations to be driven by dehydroxylation re-
actions and octahedral to tetrahedral Al coordination changes. In addition, traces of carbonates 
such as calcite and dolomite are decomposed at >700 °C, while newly-formed mullite and geh-
lenite are observed after calcination at >900 °C. 
 Subsequently, the calcined clay powders were utilised in AAM pastes with granulated 
blast-furnace slag, coal fly ash and various mineral WSRMs. The resulting paste specimens 
exhibited adequate compressive strengths, e.g. up to 75 MPa for a blast-furnace-slag – clay B 
mixture after 7 days of reaction. Optimal compressive strengths were reached with clay A cal-
cined at 700-800 °C and clay B calcined at 600-700 °C, with significantly higher compressive 
strengths observed for clay B, demonstrating the superior reactivity and lower required calci-
nation temperatures of metakaolinite in comparison to other metaclays. AAM pastes containing 
clay B calcined at 700 °C and various mineral by-products exhibited 7-day compressive 
strengths of up to 40 MPa, verifying the feasibility of low-grade kaolinitic clays as corrective 
substances for waste-based AAMs.  
 This contribution demonstrates the possibilities offered by the usage of mixed calcined 
clays as Al-Si-rich precursor components in AAMs. We gratefully acknowledge the contribu-
tions of Leila Legat and Lisa Schuller regarding the characterisation and AAM mixing tasks. 
The study was carried out in the course of the GECCO2 Christian Doppler Laboratory. The 
financial support by the Austrian Federal Ministry of Labour and Economy, the Christian Dop-
pler Research Association and several industry partners is gratefully acknowledged.  
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 The Austrian Core Facility for Scientific Core Analyses at the University of Innsbruck 
(ACFI) is Austria’s first dedicated research facility utilizing and providing state-of-the-art la-
boratory infrastructure for logging and scanning of cores obtained by drilling and coring. Mak-
ing use of non-destructive analyses with a multi-sensor physical core logger (MSCL; including 
gamma-attenuation density, p-wave velocity, magnetic susceptibility, and visible light photo-
spectroscopy sensors), an X-ray Fluorescence Core Scanner (XRF-CS), and a new custom-built 
Hyperspectral Imaging Core Scanner (HSI-CS), we aim at acquiring and analysing data from a 
broad range of the electromagnetic wave spectrum. This includes coherent spectroscopy raw 
data processing, noise reduction, and data analysis techniques to obtain high-resolution optical, 
physical-property, element chemical, and mineralogical data from advanced scientific core 
analysis across different geoscientific research fields. 

In this presentation, we present the results of a recent benchmarking study redefining 
the limits of XRF-CS with “Direct Spectrum Filtering (DSF)”. DSF is an invention jointly con-
ceived by Arne Ramisch and Gert Jan Weltje and reduces shot noise in spectral data. Bench-
marked against both XRF line-scan and imaging, results document DSF´s transformative po-
tential by increasing both the precision (10 to 100-fold) and speed (1.000 to 10.000-fold) of 
non-destructive elemental analysis. Furthermore, it maintains detection accuracy for light and 
trace elements typically not quantified with XRF-CS even at drastically shortened acquisition 
times. This study highlights our ongoing research now focusing on extending DSF to a wider 
range of photon-detecting systems, aiming to enable ultra-fast, high-precision, and low-count 
detection for defining new frontiers in geological sensing.  
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 While the presence of hydrous sulphates on the surface of Mars – being part of the water 
budget mainly at equatorial latitudes – is firmly established (e.g. NOEL et al. 2015), some am-
biguity still exists concerning the character of the monohydrated Mg-sulfate, formerly pre-
sumed to be kieserite, i.e. monoclinic MgSO4·H2O. In dehydration experiments revising the 
behaviour of Mars-related hydrated Mg-sulphates, WANG et al. (2009) obtained a so-called 
‘low-humidity’ (‘lh’) kieserite, spectroscopically largely similar to ‘classic’ kieserite sensu 
stricto (s.s.). However, in powder X-ray diffraction, this new ‘polytype’ shows a second strong 
Bragg reflection not seen in kieserite (s.s.). Furthermore, some authors previously disputed the 
stability of kieserite (s.s.) on Mars in respect to the prevailing surface conditions (CHIPERA & 
VANIMAN, 2006).  
 In our studies, however, we noticed a striking resemblance between this enigmatic ‘lh’-
kieserite and the tetragonal Mg-sulfate caminite, MgSO4·⅓Mg(OH)2·⅓H2O (HOCHELLA et 
al. 1983), found on Earth in deep-sea hydrothermal vents. Caminite crystallizes in space group 
I41/amd, and a whole series of such compounds with inverse solubility, varying Mg ↔ 2H+ 
ratios, and variable lattice parameters was already presumed to exist (HOCHELLA et al., 1983). 
Using the inverse solubility and specialized hydrothermal autoclaves allowing to vent the sol-
vent at maximum temperature conditions (mostly 270 °C) to preserve the high-temperature 
product, we were indeed able to obtain single crystals of an entire series of these ‘MHSH’ (Mg-
Hydroxide-Sulfate-Hydrate) phases with c lattice parameters ranging between 12.97 and 13.19 
Å (cf. caminite, 12.99 Å). In many of our samples the c axis lengths scatter around 13.1 Å, 
which corresponds well to cell parameters of ‘lh-kieserite’ obtained by WANG et al. (2009) in 
their dehydration experiments. Furthermore, the MHSH compound group is nearly entirely re-
sistant to rehydration even under Earth’s ambient conditions, in difference to kieserite (s.s.), 
which rehydrates to hexahydrite in a matter of weeks. This enhanced stability also emphasizes 
its presence on Mars. 
 Although the structures of kieserite and MHSH contain the same structural motive (most 
probably being responsible for the similarity of their vibrational spectra), MHSH does appar-
ently not, in difference to kieserite (s.s.), incorporate divalent transition metals except for Zn2+. 
This might be related to the more rigid three-dimensional octahedral framework of MHSH, 
which can accommodate only divalent cations of the same size as Mg2+, in difference to kieser-
ite, where discrete octahedral chains allow for much more structural flexibility.  
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 Bauxite is the principal ore of aluminium, a metal essential to industries such as 
transportation, energy, construction, and packaging. With increasing demand for sustainable 
materials and green technologies, bauxite deposits are gaining strategic importance—not only 
as sources of aluminium but also as potential resources for rare earth elements (REE), 
particularly when considering by-products such as red muds. This study presents a quantitative 
mineralogical characterization of Triassic bauxite samples from Croatia. A total of 20 samples 
were collected from the Rudopolje and Vrace bauxite deposits in Zadar County, along the 
Adriatic coast. These karst-type bauxites, described as bauxitic clays with kaolinitic interbeds, 
overlie Anisian limestones and dolomites and are overlain by Carnian conglomerates 
(MARKOVIĆ, 2002). Quantitative mineralogical analyses were conducted using powder X-
ray diffraction (XRD) with Rietveld refinement. The results show that kaolinite and böhmite 
are the dominant aluminosilicate phases. Kaolinite contents range from 17 to 84 wt.%, showing 
a clear inverse correlation with böhmite, which reaches up to 51 wt.% where kaolinite is least 
abundant. Conversely, in kaolinite-rich samples (up to 84 wt.%), böhmite is nearly absent (<1 
wt.%). Diaspore is present in only two samples (20 and 40 wt.%), associated with intermediate 
kaolinite contents (60 and 39 wt.%, respectively), while böhmite remains below 1 wt.% in these 
cases. The absence of gibbsite and dominance of böhmite, with diaspore present in only two 
samples, suggests formation under intermediate to elevated temperatures and/or low water 
activity. This mineralogical assemblage likely reflects post-depositional diagenesis, mild 
hydrothermal alteration, or burial history within a karst environment (BÁRDOSSY, 1982). All 
samples exhibit structurally disordered kaolinite, as indicated by low Hinckley Index values 
(<0.90; HINCKLEY, 1962; APARICIO et al. 2006), supporting low-temperature formation and 
post-depositional kaolinization, potentially driven by silica-rich fluids in the karstic system. 
Hematite is the dominant Fe oxide phase (8–20 wt.%), with minor goethite detected in only two 
samples (<2 wt.%). Quartz is consistently present in amounts <1 wt.%. Anatase is the primary 
Ti-bearing phase (1.5–3 wt.%), with minor rutile (0.5–0.9 wt.%). Accessory REE-bearing 
florencite–group minerals were identified in two samples (~0.5 wt.%). The dominance of 
disordered kaolinite, along with variable proportions of böhmite and diaspore, suggests a 
multiphase evolution influenced by weathering intensity, fluid interactions, and possible 
diagenetic overprint in a karstic setting. These findings contribute to a better understanding of 
the genesis and post-formational history of karst bauxites and establish a foundation for future 
geochemical and provenance investigations, particularly in the context of critical raw material 
potential.  
 
APARICIO, P., GALA, E., FERRELL, R.E. (2006): A new kaolinite order index based on XRD profile fitting. – 

Clay Miner, 41, 811-817. 
BÁRDOSSY, G. (1982): Karst bauxites: bauxite deposits on carbonate rocks. – 441p., Elsevier, Budapest. 
HINCKLEY, D. N. (1962): Variability in cristallinity values among the kaolin deposits of the coastal plain of 

Georgia and South Carolina. – Clays Clay Miner, 11, 229-235. 
MARKOVIĆ, S. (2002): Hrvatske mineralne sirovine. – 543p., Inst Geol Istr, Zagreb. 

146



147

 
Tl(I) retention under acidic, sulphate-rich conditions: synthesis and 

structural insights in the Tl(I)–Al(III)–S(VI)–H2O system 
 

K. Vacek1, M. Hagn1, M. Danzinger1, Lj. Karanović2, T. Đorđević1,3 

 
1Department of Mineralogy and Crystallography, University of Vienna, Vienna, Austria 

2Laboratory of Crystallography, Faculty of Mining and Geology, University of Belgrade, Belgrade, Serbia 
3E057-02 USTEM, TU Wien, Vienna, Austria 

e-mail: tamara.djordjevic@univie.ac.at 
 

Thallium (Tl) is a highly toxic metal commonly found in sulfides associated with 
low-temperature hydrothermal mineralization, as well as in mining-impacted environments. 
Weathering and oxidation of these sulfides produce acid drainage enriched in Tl, posing a 
significant environmental risk. Thallium can also be incorporated into secondary sulfate 
minerals, such as those of the jarosite and alunite groups, which may serve as temporary 
storage phases. However, the interactions between Tl and these sulfates remain poorly 
understood. 

We performed experiments in the Tl(I)–Al(III)–S(VI)–H2O system using 
hydrothermal synthesis (stainless steel autoclaves, autogenous pressure, T_(max) = 170 °C). 
The main product obtained was good-quality single crystals of TlAl(SO4)2·12H2O, a 
synthetic analogue of the mineral lanmuchangite and the Tl analogue of the mineral alunite. 
This mineral has only been reported once before, from the type locality the Lanmuchang 
Hg-Tl deposit in China (CHEN et al., 2001). Due to its poor crystallinity, its structural and 
compositional characteristics have only been partially understood. Therefore, we performed 
single-crystal X-ray diffraction experiments to learn more about its crystal structure. The 
synthetic lanmuchangite crystal structure was refined using single-crystal data (MoKα 
radiation, CCD area detector) to a conventional R1 factor of 0.0279 for 652 unique 
reflections with I > 2σ(I) and 0.0525 for all 947 reflections. Hydrogen atoms were located 
using difference Fourier maps and refined isotropically with the constrains on O—H bond‐
length and O—H···O angles. The structure is cubic, space group Pa-3 (No. 205), a = 
12.2727(14) Å, V = 1848.5(6) Å3 and Z = 4. The structure was found to be isomorphous 
with β-alum, CsAl(SO4)2·12H2O. It contains [Al(H2O)6]3+ octahedra, SO4

2‒ tetrahedra and 
interstitial water molecules that are weakly bonded to the Tl+ cations. 

Our work provides the first detailed structural characterization of the β-polymorph 
of Tl-alum, expanding our understanding of Tl incorporation in secondary sulfate phases, 
which sheds valuable light on the mineralogical behavior of Tl in mining-impacted 
environments. 
 Financial support of the Austrian Science Fund (FWF) [P 36828-N] to T. Đorđević 
is gratefully acknowledged. 
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 Calcium carbonates (CaCO3) form in a variety of natural environments, including low-
temperature settings around or just below the freezing point of water, such as ikaite crystals in 
Arctic and Antarctic sea ice, cryogenic cave carbonates, and subglacial precipitates. These ‘sub-
zero’ calcium carbonates typically form through processes linked to the freezing of an aqueous 
solution. In contrast, the direct precipitation of CaCO3 minerals from liquid water at sub-zero 
temperatures under non-freezing conditions remains undocumented. 
 This study therefore aimed to establish a method for synthesizing CaCO3 minerals at 
temperatures below 0°C without inducing freezing. To achieve this, precipitation experiments 
were conducted at -10°C ± 1°C in hypersaline solutions that remained liquid under these 
conditions. The evolution of the reactive solution was monitored via pH measurements and in-
situ Raman spectroscopy, while the resulting precipitates were characterized using Fast-Fourier 
infrared spectroscopy (ATR-FTIR) and scanning electron microscopy (SEM). 
 The experiments yielded several key findings: (i) both, calcite and vaterite were 
successfully synthesized, (ii) evidence for the precipitation of amorphous calcium carbonate 
(ACC) was observed through pH evolution monitoring and ATR-FTIR analyses, although ACC 
could not be confirmed via SEM, (iii) the initial solution pH influenced the precipitation 
pathway, with lower pH values (6.5-7.5) promoting multistage transitions (e.g., vaterite to 
calcite), whereas higher pH values (>7.5) favored the direct precipitation of calcite, and (iv) the 
Raman laser appeared to reduce the induction time, suggesting that localized energy supply 
accelerates the nucleation of CaCO3 minerals. 
 Our ‘sub-zero’ carbonate experimental setup provides a new approach and insights for 
exploring CaCO3 nucleation and crystallization dynamics, including Ostwald’s rule of stages 
and ripening processes under conditions, where CaCO3 precipitation is strongly delayed. 
Furthermore, calcium carbonates synthesized under such extreme conditions may contribute to 
calibrating the clumped isotope thermometer (47) at very low temperatures. The approach also 
offers a promising analog for investigating carbonate mineral formation in extreme terrestrial 
or extraterrestrial environments. 
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 Estuarine sediments play a critical role in controlling land-ocean element fluxes through 
salinity-driven ion exchange reactions. Globally, these processes can affect riverine inputs: Am-
azon studies show that Na⁺ adsorption by clay-rich sediments reduces the dissolved Na⁺ flux by 
20–30%, while releasing Ca²⁺ (+5–10%), thus altering continental dissolved inputs to the ocean 
(CERLING et al., 1989; SAYLES & MANGELSDORF, 1979). For trace metals, Ganges-Brah-
maputra systems contribute ~40% of the global dissolved Ni flux via salinity-triggered desorp-
tion (SAMANTA & DALAI, 2018). Exchangeable fractions can also serve as environmental 
proxies, for example, Sr/Ba ratios were used to trace sedimentary provenance and paleoenvi-
ronments (WANG et al., 2021). The Yangtze River Estuary–East China Sea shelf transect, re-
ceiving the world’s third-largest sediment load, exhibits complex ion exchange dynamics: prior 
work documents Ca²⁺ release (9.3×10⁻² meq/g) and Na⁺ adsorption (19.6×10⁻² meq/g) in sus-
pended particulate matter during seaward transport, alongside non-conservative Zn/Cu behav-
iors modulated by dissolved organic carbon content and particle size (FENG et al., 2017). How-
ever, systematic investigations regarding exchangeable fraction variations in surface sediments 
across this critical region remain absent. 

In this study, surface sediments from 17 stations along an east-west transect spanning 
estuary, mud belt, and outer shelf environments were analyzed. Beyond compositional varia-
tions in exchangeable fractions, their correlations with mineralogical attributes and grain size 
distributions are systematically examined. Grain size distributions indicate the sediments are 
mixtures of mud to sandy mud. XRD data analysis shows illite, chlorite, kaolinite, quartz, feld-
spar and carbonates are primary contributors to the sediments, which in turn control the ion 
exchange dynamics at the sediment-(sea)water interface. Our results reveal that ion exchange 
processes in seabed surface sediments, distinct from suspended particulate matter, exhibit spa-
tial elemental patterns modulated by resuspension history and early diagenesis. 
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Epidote-group minerals are common constituents of a wide range of metamorphic, hy-
drothermal and magmatic rocks and serve as useful indicators of magmatic and metamorphic 
conditions as well as fluid compositions. The research at hand focuses on the chemical classi-
fication of epidote-group in metamorphic rocks. Major element- and REE-compositions were 
determined using Electron Probe Micro-Analysis (EPMA) and Laser Ablation-Inductively 
Coupled Plasma-Mass Spectrometry (LA-ICP-MS). This study aims to classify epidote-group 
minerals based on the structural and chemical criteria of ARMBRUSTER et al. (2006), empha-
sizing Fe3+–Al ordering and trace element incorporation. Gem-quality zoisite was included to 
examine gemological features, composition, and trace-element behavior. 

(1) The Knappenwand samples are characterized by typically high Fe3+ contents ranging 
from 0.544–0.966 apfu. Although most samples exhibit typical Fe3+ contents ranging from 
0.805 to 0.966 apfu, some show overgrowths of clinozoisite with Fe3+ contents between 0.544 
and 0.798 apfu. The REE patterns display a flat profile. (2) Epidote from Elba Island exhibits 
pronounced zoning with Fe3+ contents from 0.666 to 1.026 apfu and REE patterns marked by a 
positive Eu anomaly and moderate HREE enrichment. (3) Gem-quality epidote from Pakistan 
shows low to average Fe3+ contents (0.385–0.400 apfu) and exhibits extensive clinozoisite over-
growths. The REE patterns reveal a positive Eu anomaly alongside moderate to strong HREE 
enrichment. High chromium contents (147-640 ppm) attribute to the extensive green coloura-
tion. (4) In contrast, clinozoisite from the eclogite-facies Saualpe samples shows minimal Fe3+ 
substitution (0.000–0.131 apfu) and strong HREE depletion, consistent with garnet sequestra-
tion of heavy REEs. Notably, two distinct generations of clinozoisite are discernible based on 
compositional and textural differences. (5) In the Tien-Shan ultra-high-pressure rocks, epidote 
contains intermediate Fe3+ levels (0.402–0.609 apfu) with limited zoning and a REE pattern 
similarly depleted in HREEs, again attributable to garnet-rich assemblages. (6) Zoisite from 
Merelani, Tanzania appears to be compositionally pure, with Fe3+ contents ranging from 0.000 
to 0.004 apfu. The REE patterns exhibit distinct features: most samples are marked by a nega-
tive Eu anomaly and HREE depletion, consistent with feldspar- and garnet-rich assemblages. 
However, a few samples show slight HREE enrichment and, in some cases, even a positive Eu 
anomaly. The tanzanite studied exhibits high vanadium contents (828–2178 ppm), which are 
responsible for the violet-blue coloration (LIEBSCHER & FRANZ, 2004). 

The presented metamorphic epidotes exhibit Fe3+–Al cation ordering, diverse zoning 
patterns, and distinct REE signatures. In contrast, the zoisite from Merelani shows minimal to 
no Fe3+–Al substitution. The observed coloration of tanzanite corresponds to the chromophore 
behavior of vanadium. The results are consistent with the mineral assemblages, which reflect 
the evolving pressure–temperature conditions from greenschist- to eclogite facies. 
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 The Kerman Cenozoic magmatic belt (KCMA), a segment of the Urumieh-Dokhtar mag-
matic arc (UDMA), hosts significant porphyry Cu, Mo, and Au deposits. While the central and 
northern parts of the belt are recognized as fertile zones, its southern segment remains relatively 
understudied and is generally considered to have lower mineralization potential (Zarasvandi et al. 
2018). This study investigates the quartz diorite intrusive bodies at the Kuh-e-Esfand prospect, lo-
cated at the southern edge of the KCMA, using whole-rock ICP-MS data to assess their minerali-
zation potential; there Oligocene to Miocene granitoids of the Jebal-e-Barez type intruded into older 
volcanic and sedimentary rocks and are associated with porphyry copper mineralization. The pre-
sent study tries to demonstrate that this segment also represents a zone with significant mineraliza-
tion potential by identifying previously unrecognized fertile intrusions based on detailed geochem-
ical analyses. Hydrothermal alteration in the area includes deep zones characterized by quartz + 
sericite + K-feldspar + chlorite ± anhydrite, along with potassic, phyllic, argillic, and propylitic 
alteration assemblages. Geochemically, the intrusive rocks belong to the calc-alkaline to high-K 
calc-alkaline series, consistent with formation in an active continental margin setting. In the Sr/Y 
vs. Y diagram (Fig. 1 a; Defant and Drummond, 1993), the quartz diorite samples display a typical 
andesitic trend at shallow levels and evolve towards an adakite-like signature at depth. This trend 
likely reflects crustal contamination and/or hydrothermal alteration processes. To evaluate the fer-
tility of the intrusions, the Cu vs. Y and Cu vs. Yb diagrams (Fig. 1 b, c; Atapour and Aftabi, 2021) 
were applied for differentiating fertile granitoids from barren or weakly mineralized ones. Most of 
the Kuh-e-Esfand samples plot within the productive field, particularly in zones exhibiting Cu en-
richment together with lower Y and Yb values. These geochemical patterns indicate that intrusions 
previously thought to be barren may, in fact, host economically significant porphyry-type mineral-
ization. 
 

 
 
 
 
 
 
 
 
 
Figure 1. (a) Sr/Y vs. Y diagram (Drummond and Defant, 1993); (b, c) Cu vs. Yb and Cu vs. Y plots distinguishing 
fertile and barren granitoids (Atapour and Aftabi, 2021). 
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