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clay mineralogy and low-T thermochronology 

 
Jan Środoń1, Aneta A. Anczkiewicz1, István Dunkl2, Igor Vlahović3, Ivo Velić4, Bruno Tomljenović3, 

Tadeusz Kawiak1, Michał Banaś1 and Hilmar von Eynatten2 
 

1Institute of Geological Sciences, Polish Academy of Sciences, Research Centre in Kraków, Senacka St. 1,  
PL-31002 Kraków, Poland (ndsrodon@cyf-kr.edu.pl) 

2Sedimentology and Environmental Geology, Geoscience Center, University of Göttingen, Goldschmidtstrasse 3, 
D-37077 Göttingen, Germany 

3University of Zagreb, Faculty of Mining, Geology and Petroleum Engineering, Pierottijeva 6, HR-10000 Zagreb, 
Croatia 

4Geolog d.o.o. and Croatian Geological Summer School, Pančićeva 5, HR-10000 Zagreb, Croatia 
 

This study was undertaken to unravel the thermal history (values, timing, and origin of the maximum 
palaeotemperatures, rates of exhumation) of the central part of the Karst Dinarides, exposed along the NE 
Adriatic coast in the Velebit Mt. and neighbouring areas. An additional research objective was tracing the 
behaviour of haematite crystals during diagenesis. The lower, partly clastic part of the sedimentary section 
(Upper Carboniferous and Permian mudstones, Triassic mudstones and pyroclastics), covered by a thick 
succession of Mesozoic carbonates has been studied by a combination of mineralogical techniques 
(XRD+SEM), K–Ar dating of illite, apatite fission track (AFT), as well as apatite and zircon (U–Th)/He 
thermochronology.  

The commonly occurring minerals, detected by XRD, are quartz, albite, K-feldspar, illite, mixed-layer 
illite–smectite, chlorite, kaolinite, calcite, dolomite, pyrite, hematite, and goethite. A few samples contain 
vermiculite, paragonite, siderite, jarosite, gypsum, boehmite, and marcasite. Illite plus illite-smectite 
dominate: 25-90 wt%. Illite-smectites contain up to 30 % of smectitic layers. In pyroclastic rocks 1M polytype 
and partly aluminoceladonitic composition are common. Paragonite occurs as minor component along with 
2M1 illite and rarely with sudoite. Boehmite was identified along with kaolinite, calcite and hematite in a 
bauxite layer. Vermiculite and swelling chlorite were considered as products of contemporary outcrop 
weathering following ŚRODOŃ et al. (2013) and MARYNOWSKI et al. (2017). Clay minerals were used to 
evaluate the maximum paleotemperatures. 

A consistent model of the thermal history of the study area was obtained. The Carboniferous to 
Triassic sequences NW of the Split‒Karlovac fault experienced maximum burial temperatures between >200 
and 270°C, while lower palaeotemperatures (ca. 150°C) were detected in the Middle Triassic rocks to the SE 
of the fault. The maximum palaeotemperatures were recorded earlier (during the Late Cretaceous‒Palaeocene) 
than expected during the period of maximum sedimentary and/or tectonic burial in Mid-Eocene and Early 
Oligocene, corresponding to the major thrusting phase in the studied part of the Dinarides. Rapid exhumation 
started in the studied structural domains between 80 and 35 Ma, i.e. between the Campanian and the end of 
Eocene, followed in some domains by a younger exhumation and cooling pulse.  

Hematite, the main carrier of the palaeomagnetic signal in the studied area, was shown to recrystallize 
at temperatures above 120°C, which explains the appearance of secondary magnetization well below the Curie 
point of hematite, such as reported recently in the Central Velebit Mt. area. 
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The oil sands of Western Canada hold the third largest hydrocarbon deposit in the world. Oil sand is a 

composite of bitumen, mineral solids, and water, from which the bitumen is recovered either by warm-water 
extraction of mined ore, or by various in situ methods. Bitumen froth produced using the surface mining 
process is treated with light solvent to separate fines and water from bitumen product. Bitumen, a very heavy 
petroleum, contains large amounts of asphaltenes that have a tendency to aggregate through supramolecular 
assembly interactions. The oil sands solids contain mostly silica with substantial amounts of clay particles, 
mainly kaolinite and illite. Kaolinite, the most abundant oil sands clay mineral, has hydrophobic and 
hydrophilic surfaces that interact with bitumen, posing major challenges to hydrocarbon recovery and 
environmental remediation of aqueous tailings. Non-aqueous extraction, a possible alternative to the water-
based extraction process for mined ore, might operate at mild conditions and eliminate water use, but faces 
challenges related to asphaltene extraction and solvent recovery (LIN et al., 2017). 

Multiscale computational modelling has been employed to study the interactions of kaolinite with 
model compounds representative of petroleum components in order to address important aspects of non-
aqueous extraction of bitumen from oil sands. In this multiscale modelling approach, solvation effects are 
calculated using the 3D reference interaction site model with the Kovalenko-Hirata closure (3D-RISM-KH) 
(KOVALENKO, 2003). The 3D-RISM-KH method yields the solvation free energy of a solute and predicts 
correctly the kinetic and surface adsorption energy barriers that have to be overcome by molecules 
approaching a solvated solid surface. The electrostatic and dispersion interactions between solute components 
are calculated using electronic structure methods or force fields (LAGE et al., 2018).    

The computational studies reveal complex multipoint molecular recognition interactions that govern 
the adsorption of heterocyclic model compounds, representing asphaltenes, on kaolinite in hydrocarbon 
solvents (HUANG et al., 2014). Multilayer adsorption is correlated with experimental adsorption isotherms, 
highlighting the capability of 3D-RISM-KH to account for the effects of aliphatic and aromatic solvents on 
the adsorption of aromatic amine model compounds on kaolinite (HUANG et al., 2014). The thermodynamics 
and kinetics of interaction of extraction solvents with kaolinite are studied to understand the mechanism 
solvent retention in tailings (STOYANOV et al., 2018). An advanced approach for non-aqueous extraction 
based on the use of polar co-solvents is also investigated (LAGE et al., 2018). The computational results are 
presented in comparison with experimental adsorption measurements.   

 The results present a detailed mechanistic picture of the kaolinite-heterocycle interactions in solution 
obtained using the powerful multiscale modelling platform we have implemented. The modelling insights are 
aimed to help understand these molecule-surface interactions in a range of thermodynamic conditions of 
solvation and provide recommendations for addressing challenges in the recovery of bitumen from oil sands. 
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