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Summary of the PhD dissertation in Polish 
 

Centralnokarpacki Basen Paleogeński (CBP) znajduje się w północnej Słowacji, 

a częściowo także w południowej Polsce. Nazwa odnosi się do jednostki geologicznej obejmującej 

skały osadowe zdeponowane w basenie morskim utworzonym na obszarze Karpat Środkowych 

w eocenie. Podłoże, na którym powstał basen, składało się z mezozoicznych skał 

płaszczowinowych. W turonie wspomniane płaszczowiny zostały nasunięte na krystalinik 

i paraautochtoniczną pokrywę osadową masywów Karpat Wewnętrznych (np. Tatry, Mała Fatra, 

Góry Strażowskie). CBP i Tatry były obiektem zainteresowania naukowców przez ponad dwa 

stulecia. Jednak mimo szeroko zakrojonych badań niektóre zagadnienia wciąż pozostają bez 

rozwiązania. Obecnie rozwój metodyki badawczej może przyczynić się do rozwikłania części 

z nierozwiązanych kwestii. Badania prowadzone w ramach tej rozprawy doktorskiej koncentrują 

się na rekonstrukcji ewolucji CBP i Tatr od kredy do neogenu. Szczególny nacisk położono na 

charakterystykę warunków sedymentacyjnych w CBP, oligoceńsko-mioceńskie pogrzebanie 

Karpat Wewnętrznych przez utwory kenozoiczne oraz ewolucję tektoniczną CBP i Tatr.  

Aby rozwikłać te kwestie zdecydowano się na wykorzystanie zróżnicowanych metod 

badawczych, które obejmują geochemię organiczną (np. chromatografię gazową sprzężoną ze 

spektrometrią mas, pomiary całkowitego węgla organicznego, analizę Rock-Eval), petrografię (np. 

refleksyjność witrynitu, pomiary pirytów framboidalnych) oraz rock magnetyzm i analizę tekstur 

magnetycznych. Do badań wybrano następujące jednostki: dolnokredowe margle, wapienie 

margliste i wapienie formacji Mraznica, która należy do płaszczowiny kriżniańskiej, oraz skały 

klastyczne wraz z węglami formacji Huty, Zuberec i Biely Potok, które należą do CBP.  

Analiza biomarkerów udokumentowała zmienne warunki sedymentacyjne w CBP. 

W oligocenie dominował otwarty basen morski, a sedymentacja przebiegała w warunkach od 

dysoksycznych do euksynicznych. Charakter materii organicznej był mieszany, morsko-lądowy. 

Obecność izorenieratanu i jego pochodnych oraz przewaga drobnych pirytów framboidalnych 

wskazuje na występowanie warunków euksynicznych w strefie fotycznej. Z czasem morfologia 

basenu uległa zmianie, co w znacznym stopniu wpłynęło na warunki sedymentacyjne. W późnym 

oligocenie i wczesnym miocenie sedymentacja przebiegała w estuarium. Warunki w kolumnie 

wody były tlenowe, a jeśli występowały warunki dysoksyczne, to wyłącznie w osadzie. Materia 

organiczna typu lądowego przeważała nad typem morskim, odzwierciedlając stopniowe spłycanie 

basenu. Różnorodność związków pochodzących z roślin okrytozalążkowych, nagozalążkowych 

oraz grzybów potwierdza intensywną dostawę materii lądowej do zbiornika poprzez erozję gleb 

spowodowaną pożarami udokumentowanymi w jednostkach późnego oligocenu i miocenu.  
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Relatywnie intensywna sedymentacja skał CBP oraz sybsydencja w strefach 

przyuskokowych basenu doprowadziła do pogrzebania badanego obszaru i osiągnęła maksimum 

w późnym oligocenie-wczesnym miocenie. Wpływ i skala pogrzebania zostały udokumentowane 

przez trend paleotemperaturowy. Obszar Spiszu charakteryzuje się najwyższą dojrzałością 

termiczną wskazaną przez parametry oparte na biomarkerach oraz wskaźnik Tmax (parametr 

analizy Rock-Eval). Najmniej przeobrażone rejony to północna część Orawy oraz obszar Szarysza. 

Wartości paleotemperatur wahają się od poniżej 60°C do 200°C. Co więcej, trend termiczny 

w paśmie Gór Choczańskich i Tatr ściśle odzwierciedla trend obecny w skałach CBP. Wpływ 

paleogeńskiego pogrzebania jest największy w Tatrach Bielskich i powoli maleje w kierunku 

zachodnim. Intensywność pogrzebania jest również odzwierciedlona w mineralogii magnetycznej 

i charakteryzuje się rosnącą zawartością minerałów ferromagnetycznych (sensu lato) wraz 

z przeobrażeniem termicznym skał. Podobieństwo trendów paleotemperaturowych w skałach 

płaszczowinowych i skałach paleogeńskich sugeruje, że te pierwsze doświadczyły wyższych 

temperatur w późnym oligocenie-wczesnym miocenie, a nie w turonie. 

Tekstury magnetyczne formacji Mraznica i Huty odzwierciedlają różne etapy ewolucji 

Tatr i ich przedpola. Głównymi minerałami wpływającymi na tekstury magnetyczne są 

glinokrzemiany i/lub tlenki żelaza. Wszystkie tekstury charakteryzują się mieszanką cech 

sedymentacyjnych (foliacje magnetyczne spowodowana kompakcją) i tektonicznych (lineacje 

magnetyczne powstające pod wpływem naprężeń tektonicznych). W formacji Mraznica 

anizotropia podatności magnetycznej zapisała kierunki kompresji związanej z turońskim 

nasuwaniem się płaszczowin, podczas gdy na teksturę skał formacji Huty największy wpływ miała 

kompresja podczas mioceńskiego wypiętrzenia i wychylenia Tatr. Tekstury ferromagnetyczne, 

takie jak anizotropia urojonej składowej podatności magnetycznej i anizotropia bezhisterezowej 

pozostałości magnetycznej, zapisały tekstury związane z oligoceńsko-mioceńskim pogrzebaniem. 

W formacji Huty, ekstensja podczas tworzenia się CBP wpłynęła na wykształcenie się 

specyficznej lineacji magnetycznej. Pogrzebanie spowodowało również przyspieszoną 

krystalizację magnetytu uwarunkowaną matrycą glinokrzemianową. Tekstury ferromagnetyczne 

obecne w skałach formacji Mraznica z Tatr Zachodnich i Wysokich wskazują na transpresję 

podczas wypiętrzania.  

Podsumowując, badania prowadzone w ramach tej rozprawy doktorskiej ukazały ewolucję 

geologiczną CBP i Tatr w nowym świetle. Wartością dodaną jest charakterystyka warunków 

sedymentacyjnych i paleotemperatur w CBP i w Tatrach. Połączenie zróżnicowanych metod 

badawczych okazało się skutecznym podejściem w badaniu basenów sedymentacyjnych na 

przykładzie CPB i Tatr. 

9:4139439252
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Summary of the PhD dissertation in English 
 

Central Carpathian Paleogene Basin (CCPB) is located in northern Slovakia, and partly 

also in southern Poland. This geological unit comprises sedimentary rocks deposited in a sea 

basin formed in the Central Carpathian area in the Eocene. The basement on which the basin 

was developed consisted of Mesozoic rocks belonging to allochthonous thrust sheets. During 

the Turonian, these nappes were thrust onto the Central Carpathian massifs (e.g., Tatra Mts., 

Malá Fatra Mts., Strážov Mts.), over their crystalline basements with their paraautochthonous 

sedimentary cover. The CCPB and the Tatra Mts. were the subject of a broad range of studies 

for over two centuries. However, several questions still remain unanswered. Contemporary 

advances in diverse research methods provide excellent tools to revisit some of the unresolved 

issues. In general, this research focuses on reconstructing the evolution of the CCPB and Tatra 

Mts from the Cretaceous to the Neogene. The emphasis was placed on the following topics: the 

sedimentary conditions in the CCPB rocks, the Oligocene-Miocene burial event in the Central 

Carpathians, and the tectonic evolution of the Cretaceous and Paleogene rock sequences.  

A complex, multi-faceted approach was adopted to shed new light on these issues. The 

methods comprise organic geochemistry (e.g., gas chromatography-mass spectrometry, total 

organic carbon measurements, Rock-Eval analysis), petrography (e.g., vitrinite reflectance, 

pyrite framboid diameter measurements) and rock magnetism coupled with magnetic fabric 

analyses. The units chosen for this study are as follows: the Lower Cretaceous marls, marly 

limestones, and limestones of the Mraznica Fm., which is a member of the thrust nappe system, 

and the clastic rocks along with coaly layers of the Huty, Zuberec, and Biely Potok Fms. which 

belong to the CCPB.  

Biomarker analysis revealed a changing depositional environment during the 

sedimentation of the CCPB rocks. In the early Oligocene, an open-marine basin prevailed, and 

the sedimentation proceeded under dysoxic to euxinic conditions. Mixed marine and terrestrial 

organic matter with abundant organic compounds associated with dinoflagellates, suggests 

open marine conditions with terrestrial input from the land. The presence of isorenieratane and 

its derivatives, along with tiny pyrite framboids documents the occurrence of photic zone 

euxinia. Over time, the morphology of the basin has changed, largely remodeling the 

sedimentary conditions. In the Late Oligocene, the sedimentation proceeded in an estuarine-

type basin. The conditions in the water column were predominantly oxic, while disoxic 

conditions occurred only intermittently in the sediment. The terrestrial type of organic matter 

prevailed over the marine type, reflecting the gradual shallowing of the basin. Abundant angio- 
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and gymnosperm biomarkers along with fungi-related compounds point toward an intense 

supply of terrigenous organic matter. Moreover, intense erosion resulting in terrestrial run-offs 

to the basin could be facilitated by wildfire episodes documented in the Late Oligocene units.  

The sedimentation of the CCPB rocks led to the subsequent burial of the study area and 

reached their maximum in the Late Oligocene-Early Miocene. The impact and intensity of the 

burial are recorded by a changing paleotemperature pattern in the studied area. Biomarker-

based parameters and Rock-Eval-derived Tmax document the highest thermal maturity in the 

Spiš Basin, whereas the least thermally affected areas comprise the northern part of the Orava 

Basin, and the Šariš Upland. The calculated paleotemperatures span from <60°C in the least 

mature regions, to 200°C in the highly altered CCPB parts. Moreover, this trend is closely 

reflected by the paleotemperature pattern documented in the nappe rocks of the Choč-Tatra Belt 

by organic and rock magnetic methods. The burial impact is the highest in the Belianske Tatra 

Mts., and slowly decreases towards the west. Its impact is reflected in the magnetic mineralogy, 

and is characterized by an increasing content of ferromagnetic (sensu lato) minerals. This 

similarity suggests that the Oligocene-Miocene burial had a larger impact on the nappe rocks 

than the Turonian one.  

Magnetic fabrics of the Mraznica and Huty Fms. recorded different evolution stages of 

the Tatra Mts and their foreland. The main minerals controlling the fabrics are phyllosilicates 

and/or iron oxides. All fabrics are characterized by a mixture of sedimentary and tectonic 

features, mainly a compactional magnetic foliation and a strain-related magnetic lineation. In 

the Mraznica Fm., the anisotropy of in-phase magnetic susceptibility (ipAMS) documented the 

shortening direction linked with Turonian thrusting, whereas the Huty Fm. rocks recorded the 

compression during the Miocene uplift and tilting of the Tatra Mts. Ferromagnetic-driven 

fabrics, such as anisotropy of out-of-phase magnetic susceptibility (opAMS) and anisotropy of 

anhysteretic remanent magnetization (AARM), revealed burial-related fabrics. In the Huty Fm., 

extension during the opening of the CCPB was documented in the majority of studied sites. The 

burial resulted in the formation of magnetite on the phyllosilicate matrix, resulting in opAMS 

and AARM fabrics mirroring the ipAMS fabrics in some sites. Moreover, the ferromagnetic 

fabrics in Mraznica Fm. rocks from the Western and High Tatra Mts., recorded an impact of 

transpression during uplift.  

In conclusion, this thesis sheds new light on the geological evolution of the CCPB and 

Tatra Mts. Furthermore, it provides novel data on the sedimentary conditions and 

paleotemperature patterns in the CCPB. Moreover, combining different methods proved to be 

a good approach to investigating sedimentary basins. 

11:4920685474
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1. Introduction 
 

This PhD dissertation focuses on applying complementary organic geochemistry, rock 

magnetic, and magnetic fabric methods to shed new light on the evolution of the Central 

Carpathian Paleogene Basin (CCPB) and the Tatra Mts. from the Cretaceous to the Neogene. 

The geological evolution of mountain belts, involves a complex interplay of processes that 

shape their structure. Some of these processes, such as initial strain, are subtle and challenging 

to detect, while others, like metamorphism, have a major impact on the rocks. Tatra Mts. and 

the surrounding areas have been researched for over two centuries (e.g., Grabowski, 1997; 

Hrouda and Kahan, 1991; Kázmér et al., 2003; Kotański, 1971; Kováč et al., 1994; Králiková 

et al., 2016; Madzin et al., 2021; Passendorfer, 1952; Plašienka et al., 1997; Sokołowski, 1959; 

Środoń et al., 2006; Staszic, 1815; Szaniawski et al., 2012; Uhlig, 1897). However, even though 

extensive studies were performed, several problems remained unresolved. Some issues, 

especially the paleotemperature distribution study in the CCPB area, initiated by Środoń et al. 

(2006), and the impact of the Oligocene-Miocene burial on the Tatra nappe units need a more 

in-depth investigation. So far, the majority of studies performed in the Tatra Mts. and the CCPB 

region applied only one methodology to investigate sometimes very complex processes. In this 

dissertation, different research methods were applied, in order to have an extensive 

understanding of the geological background of tectonic processes in the Late Mesozoic to 

Cenozoic. Organic geochemistry methods, namely the biomarker analysis, are commonly used 

to investigate the depositional environment of sedimentary rocks (Peters et al., 2005), yet they 

also shed light on the factors controlling the formation of magnetic minerals. Furthermore, 

investigation of magnetic fabrics without a thorough paleotemperature analysis may lead to an 

erroneous interpretation of their origins. The region chosen for this study was proven suitable 

for applying rock magnetic, magnetic fabric, and organic geochemistry methods in previous 

studies performed by the PhD student (Staneczek et al., 2022) and other authors (e.g., 

Marynowski et al., 2006; Środoń et al., 2006; Szaniawski et al. 2020). Finally, the 

characterization and reconstruction of the tectonic evolution, as well as other processes 

affecting rocks in the geological past, is extremely relevant for the study of the uplift of massifs 

(including the Tatra Mts.). Moreover, the research contributes to a better understanding of the 

general model of orogenic evolution. 
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2. Main research objectives 
 

The main goals of this PhD dissertation include: 

• Reconstruction of the tectonic evolution of the Tatra Mts. and the CCPB from the 

Cretaceous to the Neogene.  

• Characteristics of the sedimentary conditions in the CCPB and their changes with time, 

the type of organic matter deposited in the basin, the hydrocarbon potential, and other 

processes that may potentially affect sedimentation in the basin (e.g., wildfires).  

• Investigation of the thermal maturity of CCPB and the allochthonous Tatra rocks 

complemented by a study of the thermal maturity of Chochołów PIG-1 and Bukowina 

Tatrzańska PIG-1/GN boreholes.  

• Recognition of the possible causes of the paleotemperature distribution and the impact 

of the Oligocene-Miocene burial on the Cretaceous and Paleogene rocks.  

• Analysis of the magnetic mineralogy of the Cretaceous and Oligocene units (Mraznica 

and Huty Fms., respectively). 

• Tracing the impact of evelated temperatures on the magnetic mineralogy of Mraznica 

and Huty Fms. 

• Comparison of the intensity of the Late Cretaceous burial and the Oligocene-Miocene 

burial and their impact on nappe rocks.  

• Identification of different magnetic fabrics in rocks and interpreting their origin in 

relation to tectonic processes. 

 

3. Geological setting of the study area 
 

The Central Carpathian Paleogene Basin and the Tatra Mts. are located in the Central 

Western Carpathians (CWC; Fig. 1). The geological evolution of this region is complex and 

includes several stages ranging from the Late Paleozoic to the Pliocene (Anczkiewicz et al., 

2015; Catlos et al., 2022; Gawęda et al., 2016; Jurewicz, 2007; Králiková et al., 2014a, 2016; 

Kováč et al., 1994; Passendorfer, 1952; Plašienka et al., 1997). The oldest recorded processes 

are the Variscan magmatic and metamorphic events that formed the Tatra crystalline basement 

(e.g., Burchart, 1972; Kohút et al., 1999; Král, 1977; Petrík and Kohút, 1997; Plašienka et al., 

1997). In the Triassic, the dominating rifting-related extensional regime resulted in the opening 

of oceanic domains and the onset of predominantly carbonate sedimentation which continued 
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in the Jurassic (Csontos and Vörös, 2004; Plašienka et al., 1997). The Cretaceous is 

characterized by a change in the tectonic regime to a compressional due to the collision of the 

North European Platform with Adria- and Europe-derived units (Castelluccio et al., 2016; 

Csontos and Vörös, 2004; Kováč et al., 2018; Plašienka, 2018; Plašienka et al., 1997). This 

resulted in basin inversion, large-scale folding, and the formation of a nappe system (Fatric-

Hronic system1; Plašienka, 2018). In the Late Turonian, the nappe system represented here by 

the Krížna-Choč nappes was thrust onto the Tatra crystalline basement with its para-

autochthonous cover (Prokešová et al. 2012). The following minor uplift resulted in a partial 

erosion and karstification of the nappe sediments (Činčura 1990, 2002; Danišík et al. 2010; 

Králiková et al., 2014ab, 2016; Kováč et al. 1994, 2016; Plašienka, 1997; Vojtko et al. 2016). 

In the Late Eocene-Early Oligocene, the CCPB was opened in the CWC area on a basement 

consisting of Mesozoic nappes (Kováč et al., 2016; Soták et al., 2001).  

 

Fig. 1 Simplified geological map of the study area (modified after Gross et al., 1993a, 1999; 
Nemčok et al., 1993a) and adjacent areas with marked sampling localities. Ch = Chochołów 
PIG-1 well, Bkt = Bukowina Tatrzańska PIG-1/GN well.  

The beginning of sedimentation was marked by basal transgressive facies (mainly 

carbonates) followed by fine-grained clastic rocks reflecting the deepening of the basin (Fig. 2; 

Gross et al., 1984, 1993b; Soták et al., 2001). In the Early Miocene, the sedimentation in the 

CCPB ceased due to the onset of the uplift-related compression in the CWC massifs (Garecka, 

                                                           
1 The names of different units and formations are derived from the Slovak terminology.  
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2005; Soták et al., 2001). The uplift and exhumation of the Tatra Mts. accelerated in the Middle 

Miocene and was accompanied by a northward tilting of the Tatra block (Jurewicz, 2005; 

Rubinkiewicz and Ludwiniak, 2005; Sperner et al., 2002; Szaniawski et al., 2012). 

Subsequently, the CCPB sediments were partially eroded and underwent mostly brittle 

deformations (Pešková et al., 2009). However, the exhumation of the Choč-Tatra horsts resulted 

also in ductile deformations such as the asymmetrical folding of the Orava and Podhale Basins 

(Pešková et al., 2009). 

 

4. Samples and methods 
 

a. Sample description  
 

The sampling region covers the pre-Cenozoic massifs of the CWC: the Tatra Mts., and 

partly also the Choč Mts. with their surrounding depressions, namely the Orava, Podhale, Spiš, 

Levoča, and Šariš regions (Fig. 1; Appendix 1). Altogether, 146 sites (21 from the Mraznica 

Fm., 73 from the Huty Fm., 44 from the Zuberec Fm., and 8 from the Biely Potok Fm.) and 482 

samples (141 from the Mraznica Fm., 247 from the Huty Fm., 81 from the Zuberec Fm., and 

13 from the Biely Potok Fm.) were taken from fresh outcrops in the streams, rivers and valleys. 

The surface samples were complemented with 53 samples from Bukowina Tatrzańska PIG-

1/GN (17 samples), Chochołów PIG-1 (29 samples) , Furmanowa PIG-1 wells (4 samples), 

Bańska IG-1 well (1 sample), Biały Dunajec PAN 1 well (1 sample), and Zakopane IG-1 well 

(1 sample).  

The oldest sampled unit is the Lower Cretaceous Mraznica Fm. which is a part of the 

Krížna nappe (Prokešová et al., 2012). Outcrops of this unit are located on the northern slopes 

of the Tatra Mts. and Choč Mts. (Fig. 1; Appendix 1). The lithology of the Mraznica Fm. 

comprises mainly marly limestones, marls, and limestones (Fig. 2; Kędzierski and Uchman, 

1997; Lefeld, 1974; Lefeld et al., 1985). Here, three units from the post-Cenozoic cover of the 

CWC (the CCPB) were investigated: the Late Eocene-Oligocene Huty Fm., Oligocene Zuberec 

Fm., and Oligocene-Early Miocene Biely Potok Fm. (Fig., 2; e.g., Gross et al., 1984, 1993ab). 

The sampled units consist mainly of clastic sediments, such as mudstones, shales, and 

sandstones. More details on the sampled units are provided in the publications. 
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Fig. 2 Lithostratigraphy of the Central Carpathian Paleogene Basin units and the Krížna nappe 
modified after Gross et al. (1984), Starek (2001), and Lexa et al. (2000). 

 

b. Methodology 
 

To achieve reliable and high-quality results essential for a comprehensive study of the 

CCPB and the Tatra Mts., an interdisciplinary approach was adopted. The study incorporated 

four primary methodological frameworks: rock magnetic and magnetic fabric analyses, organic 

geochemistry, petrographic examinations, and inorganic geochemical analyses (Tab. 1). The 

methods were carefully chosen to investigate the evolution of these units starting from the 

depositional paleoenvironment, and diagenesis to tectonic processes. For more details on the 

methodology, the reader is referred to the publications. 
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Tab. 1 Methodology used in the PhD dissertation. 

No. Equipment/process Sample unit Main goal Laboratory 

1 
Washing with distilled water, drying, 
removing weathered layers, crushing 
and grinding 

Mraznica Fm., Huty Fm., Zuberec Fm., 
Biely Potok Fm.  

preparation of samples for 
further organic and inorganic 
geochemistry analyses 

Laboratory for Organic 
Geochemistry, Institute of Earth 
Sciences, University of Silesia in 
Katowice 

2 Eltra CS-500 IR-analyzer equipped 
with a TIC module  

Mraznica Fm., Huty Fm., Zuberec Fm., 
Biely Potok Fm.  

Total Organic Carbon, Total 
Sulfur measurements 

Laboratory for Organic 
Geochemistry, Institute of Earth 
Sciences, University of Silesia in 
Katowice 

3 Zeiss Axio Imager.A2m Mraznica Fm., Huty Fm., Zuberec Fm., 
Biely Potok Fm.  

vitrinite and fusinite 
reflectance measurements in 
immersion oil and reflected 
light 

Laboratory for Organic 
Geochemistry, Institute of Earth 
Sciences, University of Silesia in 
Katowice 

4 
Environmental scanning electron 
microscope Philips XL30 ESEM/TMP 
in backscattered electron mode (BSE) 

Huty Fm., Zuberec Fm., Biely Potok Fm.  pyrite framboid diameter 
analysis 

Laboratory for Organic 
Geochemistry, Institute of Earth 
Sciences, University of Silesia in 
Katowice 

5 Vinci Technologies 
Rock-Eval 6 Turbo apparatus Huty Fm., Zuberec Fm., Biely Potok Fm.  Rock-Eval pyrolysis 

Faculty of Geology, Geophysics, 
and Environmental Protection at 
AGH University of Krakow; the Oil 
and Gas Institute - National 
Research Institute, Krakow and the 
Polish Geological Institute - 
National Research Institute, 
Warszawa. 

6 
Optical Emission Spectroscopy (OES) 
and Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) 

Huty Fm., Zuberec Fm., Biely Potok Fm.  

analysis of the content of 37 
elements (Mo, Cu, Pb, Zn, Ag, 
Ni, Co, Mn, Fe, As, U, Au, Th, 
Sr, Cd, Sb, Bi, V, Ca, P, La, 
Cr, Mg, Ba, Ti, B, Al, Na, K, 
W, Sc, Tl, S, Hg, Se, Te, and 
Ga) 

AcmeLabs, Vancouver, Canada 
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7 

Thermo Scientific Dionex ASE 350 
solvent extractor; column 
chromatography; derivatization using 
N,O-bis-
(trimethylsilyl)trifluoroacetamide 
(BSTFA) 

Mraznica Fm., Huty Fm., Zuberec Fm., 
Biely Potok Fm.  

extraction of organic matter, 
fractionation into the aliphatic, 
aromatic and polar 
hydrocarbons and 
derivatization of the polar 
fraction in the less mature 
samples 

Laboratory for Organic 
Geochemistry, Institute of Earth 
Sciences, University of Silesia in 
Katowice 

8 

Gas chromatograph (GC) and an 
Agilent 5975C Network mass 
spectrometer with Triple-Axis Detector 
(MSD) 

Mraznica Fm., Huty Fm., Zuberec Fm., 
Biely Potok Fm.  

detection of organic 
compounds, biomarker 
analysis 

Laboratory for Organic 
Geochemistry, Institute of Earth 
Sciences, University of Silesia in 
Katowice 

9 Drilling of cylindric specimens from 
oriented hand samples Mraznica Fm., Huty Fm. preparation of samples for 

further magnetic analyses 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 

10 MFK1-FA Kappabridge  Mraznica Fm., Huty Fm. in- and out-of-phase magnetic 
susceptibility measurements 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 

11 KLY-5A Kappabridge with heating and 
cooling units (CS-4/CS-L) Mraznica Fm., Huty Fm. 

Anisotropy of in-phase and 
out-of-phase Magnetic 
Susceptibility, in- and out-of-
phase temperature dependent 
magnetic susceptibility 
measurements 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 

12 

JR6a automated dual speed spinner 
magnetometer; LDA5/PAM1 
Alternating Field Demagnetizer/ 
Anhysteretic and Pulse Magnetizer 

Mraznica Fm., Huty Fm. 
Anisotropy of Anhysteretic 
Remanent Magnetization 
measurements 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 

13 

PAM1 Pulse Magnetizer,  MMPM10 
pulse magnetiser, 755–1.65 2G 
Enterprises cryogenic magnetometer 
DC SQUID with AF degausser 

Mraznica Fm., Huty Fm. 
Isothermal Remanent 
Magnetization (IRM) 
acquisition 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 
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14 

 755–1.65 2G Enterprises cryogenic 
magnetometer DC SQUID with AF 
degausser, MMTDSC - Nonmagnetic 
furnace for thermal demagnetization 

Mraznica Fm., Huty Fm. 
thermal demagnetization of the 
three-component IRM 
experiment 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 

15 Micromag AGFM 2900-02 Alternating 
gradient force magnetometer Mraznica Fm., Huty Fm. hysteresis curves and IRM 

back-field measurements 

Laboratory for Paleomagnetism and 
Environmental Studies, Institute of 
Geophysics, Polish Academy of 
Sciences, Warszawa 
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5. Results and discussion 
 

a. Paleoenvironment of the CCPB sedimentary rocks (Staneczek et al., 2024a) 
 

i. Sedimentary conditions 
 

Biomarker- and non-biomarker methods document a complex evolution of the CCPB 

characterized mainly by differences in the sedimentary environment. The sedimentary 

environment study was performed in the Orava Basin, which shows the lowest thermal maturity 

in the whole basin, and where all of the investigated units can be sampled.  

In the Late Eocene, the deposition of the Huty Fm. rocks began (Gross et al., 1984; 

Starek, 2001). Based on the C27, C28, and C29 regular steranes distribution (see Fig. 7 in 

Staneczek et al., 2024a), the CCPB at that time reached its maximum depth and was 

characterized by an open-marine environment (Fig. 3). In the Huty Fm. the highest 

concentrations of dinosteroids are found (Tab. S6 in Staneczek et al., 2024a), which given the 

origin of these compounds (presumably from dinoflagellates; Kokinos et al., 1998) confirms 

the marine setting. Basic parameters such as pristane/phytane ratio within the ranges of 1-5.5, 

relatively low TOC (~1%), and hopane distribution with the domination of C31 22S and 22R 

epimers point towards aerobic conditions during the organic matter sedimentation (see Tab. S1 

in Staneczek et al., 2024a; Didyk et al., 1978; Huang and Meinschein, 1979; Peters et al., 2005). 

This is further supported by the Th/U, Ni/Co, and V/Cr ratio values which suggest an oxygen-

rich sedimentary environment (Figs. 12 in Staneczek et al., 2024a; Hartkopf-Fröder et al., 

2007). However, there are indications that the conditions changed commonly to suboxic and 

locally to even anoxic/euxinic (Fig. 3). In some samples, aryl isoprenoids, isorenieratane 

decomposition derivatives, and gammacerane occur. The presence of these compounds is linked 

with photic zone euxinia (PZE; Grice et al., 1996, 2005; Koopmans et al., 1996; Summons and 

Powell, 1987) in the water column. Such intermittent euxinia is also documented by the 

relatively high percentage (>50%) of small pyrites (<5 μm) in some Huty Fm. samples (see 

Tab. S4 in Staneczek et al., 2024a). Unstable sedimentary conditions, when the oxic water 

column was disrupted by events of suboxic-anoxic conditions are indicated by the Mo 

enrichment to U (Tab. S7 in Staneczek et al., 2024a; Algeo and Tribovillard, 2009; Ai et al., 

2021) and by scattered TOC/P values. 
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Fig. 3 Depositional conditions and their changes over time in the CCPB sedimentary rocks. 
Parts of the figure derived from rawpixel.com, pch.vector, Freepik. 

A paleoenvironment characterized by aerobic conditions with localized PZE prevailed 

in the Oligocene during the sedimentation of the lower part of Zuberec Fm. The sterane 

distribution ternary diagram shows the Zuberec Fm. samples mainly in the estuarine and 

terrestrial sectors (see Fig. 7 in Staneczek et al., 2024a). Since at least some of the analyzed 

samples display features very similar to those of the Huty Fm. samples, the estuarine setting 

was likely sporadic and occurred mainly during the Huty-Zuberec transition. Common 

dinosteranes also suggest an open marine type of the basin (Fig. S4 in Staneczek et al., 2024a). 

During the longest period, the basin was surrounded by land and inflowing rivers. Gradual 

shallowing led to the formation of fragmented more restrictive subbasins and/or bays, where 

the conditions enabled the formation of PZE. Such basin features are suggested by the 

occurrence of aryl isoprenoids (and even isorenieratane) and gammacerane in more samples 

than in the Huty Fm (see Fig. 10 in Staneczek et al., 2024a). Periodic euxinia is also documented 
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by the small (<5 μm) diameter of pyrite framboids, which in ten out of twenty-four samples 

constitute at least 50% of the population (see Fig. 14 and Tab. S4 in Staneczek et al., 2024a). 

In comparison, the age-corresponding Menilite shales from the Outer Carpathians were 

deposited under more restrictive conditions since the content of tiny framboids in these rocks 

is usually higher than 80% (Wendorff-Belon et al., 2021). Anoxic or euxinic conditions were 

interrupted by the influx of oxygenated waters along with terrestrial organic matter. 

Interestingly, some Zuberec Fm. samples (presumably the upper Zuberec Fm.) contain fusinite 

which indicates the presence of wildfires on the land (Fig. S1 and Tab. S3 in Staneczek et al., 

2024a). The oxic pulses and generally unstable sedimentary environment are recorded by 

inorganic ratios (Mo enrichment, particulate shuttle, see Fig. 13 in Staneczek et al., 2024a), 

similar to the Huty Fm.  

The gradual transition to the shallow-water Biely Potok Fm. is marked mainly by the 

distribution of steranes which generally fall into the terrestrial type (Fig. 3; Fig. 7 in Staneczek 

et al., 2024a). Algal biomarkers are found in the lowest concentrations in comparison to other 

units (Tab. S6 in Staneczek et al., 2024a). The prevalent terrestrial input is indicated by the 

presence of high amounts of 18α + 18β-oleananes, norlupanes, and bisnorlupanes and also 

common fusinite (Fig. 6 and S1 in Staneczek et al., 2024a). Basic parameters, such as TOC, 

Pr/Ph ratio, and the homohopane distribution (Tab. S1 in Staneczek et al., 2024a) indicate oxic 

conditions that could be sporadically interrupted by dysoxic bottom waters as suggested by the 

Mo enrichment (Fig. 3; Ai et al., 2021) found in some samples. The oxygenated water column 

was also documented by the generally large pyrite framboids (Fig. 14 and Tab. S4 in Staneczek 

et al., 2024a).  

 

ii. Terrestrial organic matter 
 

The input of the terrestrial organic matter varies between the studied formations, which 

is reflected by the relative amount of algae-derived biomarkers and the diversity of the land-

derived compounds. However, in the case of the Orava Basin, it should be noted, that due to 

the high maturity levels of some samples, the proper identification of the rates of terrestrial 

input can be erroneous since some compounds disappear or are degraded above certain 

paleotemperatures. The Rock-Eval pyrolysis documented the domination of the type III 

kerogen, or type III with an elevated share of type II kerogen in the Orava Basin samples (Fig. 

5 in Staneczek et al., 2024a). Some Huty and Zuberec Fms. samples show the prevalence of the 

type II kerogen. The origin of the mentioned kerogen types corresponds well with the 
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paleoenvironment changes discussed in the previous paragraph. The kerogen type II is 

associated with planktonic organic matter and generally indicates deeper marine conditions, 

while type III is derived from terrestrial organic matter, mainly from higher plants, and is found 

in shallow marine or deltaic settings (Vandenbroucke and Largeau, 2007). Type II is the only 

type of kerogen found in a few Huty and Zuberec Fms. samples. Generally, the majority of 

samples from these units show mixing of the II and III kerogen types. On the contrary, “pure” 

type III kerogen is found in a few Zuberec Fm. samples and all Biely Potok Fm. samples. It is 

therefore reasonable to assume, that the input of terrestrial organic matter increased with the 

shallowing of the basin and with age.  

Three main types of terrestrial organic matter were identified in the samples. The first 

type is associated with angiosperms (Tab. S8 in Staneczek et al., 2024a). The flowering plant-

derived compounds were detected in both aliphatic and aromatic fractions. The main 

compounds include oleananes, lupanes, picenes and α- and β-amyrin derivatives (Fig. 6 in 

Staneczek et al., 2024a). Their variety is larger in Biely Potok and upper Zuberec Fms. than in 

lower Zuberec and Huty Fms. rocks, most likely due to their lower thermal maturity and thus, 

better preservation of these compounds. However, a higher enrichment in terrestrial organic 

matter of the upper Zuberec and Biely Potok Fms cannot be ruled out. The second type of 

terrestrial organic matter is derived from gymnosperms (Fig. 8 and 9 in Staneczek et al., 2024a). 

Aliphatic compound groups associated with conifers include among others bi-, tri-, and 

tetracyclic diterpenoids, including labdane, fichtelite and kaurane, which were found mainly in 

the less mature samples. Similarly, the aromatic dehydroabietane and simonellite were also 

found only in the thermally unaltered rocks. Other aromatic gymnosperm representatives are 

cadalene, retene, 6-isopropyl-1-isohexyl-2-methylnaphthalene (iPiHMN), or methyl 

derivatives of retene and simonellite. In addition, conifer-related compounds were identified in 

the polar fraction (dehydroabietic acid; Tab. 2 in Staneczek et al., 2024a; Otto and Simoneit, 

2001). The presence of resinous plants is also confirmed by the discovery of amber in the 

Podhale Basin (Kojsówka village; Kotulová et al., 2019). Lastly, the third organic matter type, 

most likely fungal, is documented by perylene (Fig. S3 in Staneczek et al., 2024a; e.g., Grice et 

al., 2009; Li et al., 2022; Marynowski et al., 2013; Oskay et al., 2019). This compound is present 

only in Biely Potok and upper Zuberec Fms. It is known to disappear above 0.7% Ro 

(Marynowski et al., 2015), which is in good agreement with its occurrence in the CCPB units. 

In the least mature samples, perylene sometimes dominates the aromatic fraction. Such a high 

quantity of this compound may suggest a humid climate, where organic matter decays faster 
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due to thriving fungi (Hossain et al., 2013). However, perylene could also be potentially related 

to wildfire-induced soil erosion and runoffs from surrounding lands. 

One may be tempted to quantify the percentage contribution of the gymnosperm versus 

the angiosperm compounds in the studied units. However, even though such calculations are 

possible, they may give erroneous results due to differences in the thermal maturity of the units. 

Not all compounds are equally resistant to increasing paleotemperatures. Yet, it can be 

concluded, that gymnosperm and angiosperm higher plants were abundant during the CCPB 

sedimentation and contributed to the kerogen formation.  

 

iii. Wildfires in the CCPB 
 

The first evidence of wildfires in the CCPB are macerals from the inertinite group (here 

mainly fusinite and semifusinite) frequently found in the Biely Potok and upper Zuberec Fm. 

samples (Fig. S1 and Tab. S3 in Staneczek et al., 2024a). It is known, that the measured vitrinite 

reflectance can be converted into the approximate fire temperature (Belcher et al., 2018; Jones 

et al., 1991), enabling the assessment of the wildfire type (Scott, 2000, 2010). In the case of the 

studied units, the average temperatures ranged from 382 to 734°C, with the highest being 

recorded in the Zuberec samples (Tab. S3 in Staneczek et al., 2024a). Such temperatures 

correspond with surface (low-temperature) and crown (high-temperature) fires. Wildfires can 

also be indicated by a significant contribution of the polycyclic aromatic hydrocarbons (PAHs) 

in marine sedimentary rocks and coal seams (Killops and Massoud, 1992). The most common 

fire-related compounds found in these samples are anthracene and methylanthracenes, 

4Hcyclopenta[def]phenanthrene, benzo[ghi]fluoranthene, benz[a]anthracene and 

benzo[a]pyrene (Fig. S2 in Staneczek et al., 2024a). Coronene, a compound linked with high 

fire temperatures (Kaiho et al., 2023), was identified in all fusinite-rich samples, except those 

where the calculated temperatures were low. Other potentially wildfire-related compounds such 

as retene (Ramdahl, 1983) were excluded from further analysis as they were present in all 

samples regardless of PAH levels. Another investigated aspect was the smoke or residue PAH 

origin. The low-molecular-weight PAHs to total PAHs ratio (LMW/Total; Tab. 3 in Staneczek 

et al., 2024a; Karp et al., 2020; Vachula et al., 2020) investigates the relationship between the 

smoke migrating PAHs (LMW PAHs: phenanthrene, anthracene, fluoranthene, and pyrene) and 

residue-related high-molecular-weight PAHs found commonly in charcoals. In the case of the 

CCPB, the ratio values were higher (0.7-0.8) in Zuberec Fm. samples suggesting a mixed PAH 
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origin. In contrast, the Biely Potok Fm. samples displayed lower values associated with residue-

related PAHs. Interestingly, the change from a partial smoke contribution to residue-related 

PAH origin corresponds well with the shallowing of the sedimentary basin. Moreover, it 

indicates, that during the deposition of Zuberec Fm. and especially the Biely Potok Fm., 

wildfires could accelerate land degradation and soil erosion, leading to intense run-offs (Fig. 3; 

Boudinot and Sepúlveda, 2020; Synnott et al., 2021) and nutrient input into the basin (Kaiho et 

al., 2016). Yet, these processes must have been sporadic since the TOC values in the majority 

of the Zuberec and Biely Potok Fms. are rather low.  

A thorough study of other PAHs, such as dimethylphenanthrenes may also shed light on 

the type of burned vegetation (Kappenberg et al., 2019; Karp et al., 2020; Zhao et al., 2023). 

Here, the ratio values (Fig. 15 in Staneczek et al., 2024a) indicate, that herbaceous plants like 

grasses were the main burned biomass. However, the importance of this type of plant was low 

before the Miocene (Sage, 2004; Karp et al., 2018). Moreover, some less stable 

dimethylphenanthrenes could partly disappear during diagenesis (Zheng et al., 2023), and 

therefore affect the ratio values. Given the angio- and gymnosperm biomarkers present in the 

Zuberec and Biely Potok Fms., the dimethylphenanthrenes could be derived from both soft- 

and hardwoods. Such mixture was documented in the Thrace Basin during the Late Oligocene 

(Çelik et al., 2017), where conifers and angiosperms, including Ulmus, Carya, and Zelkova 

were present. In general, Oligocene wildfires were commonly reported from both European 

(e.g., Neuwid Basin, Westerwald in Rhineland-Palatinate; Uhl et al., 2020, 2022) and other 

areas (e.g., northern South China Sea, North Pacific Ocean, Bengal Basin; Jia et al., 2003; 

Herring, 1985; Hossain et al., 2013). 

 

b. Thermal maturity and paleotemperatures in the CCPB and Tatra area 
(Staneczek et al., 2024ab; Staneczek and Marynowski, 2025; Staneczek et al., 
under review) 

 

i. Biomarker maturity indicators  
 

The presence of organic compounds in samples can be used as a maturity level indicator, 

due to their different thermodynamic stability. Typical processes indicating elevated 

paleotemperatures include the aromatization of cyclic organic compounds or the isomerization 

of less stable biomarkers into more thermally stable ones (Peters et al., 2005; Radke et al., 

1997). Based on the occurrence of some compounds or compound groups several ratios were 
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proposed which give comparable results. The two groups most often studied are aliphatic and 

aromatic hydrocarbons. In this study, various organic compounds and Rock-Eval-derived Tmax 

were applied to characterize the maturity of the CCPB and the Tatra Mts. The maturity changes 

were also investigated in Chochołów PIG-1 and Bukowina Tatrzańska PIG-1/GN wells, for 

data comparison and better interpretation of the results. Moreover, the thermal characteristics 

of a region usually shed light on the possibility of future hydrocarbon exploration. The most 

important maturity indicators are discussed below. 

Aliphatic ratios applied in this study only to the CCPB rocks and wells include the 

distribution of homohopanes (C31S/(S+R); Seifert and Moldowan, 1980), steranes (C29-ααα 

20S/(S+R); Mackenzie and McKenzie, 1983), and three groups of immature compounds 

(oleanenes, lupenes, and C30ββ hopanes; Tab. S.3 and S.4 in Staneczek and Marynowski, 2025). 

Hopanes and steranes are present in the majority of the CCPB, except the eastern Podhale and 

Spiš Basins. Both ratios show the lowest values in the northern Orava, northern Levoča, and 

eastern Šariš (Fig. 4 in Staneczek and Marynowski, 2025). The hopane-based parameter shows 

no virtual trend in the spatial distribution. Conversely, the sterane ratio values seem to increase 

towards the Podhale Basin and from Šariš Upland to the central Levoča Basin (Fig. 4 in 

Staneczek and Marynowski, 2025). Hopanes and steranes are found only in the Chochołów 

PIG-1 well, and the corresponding ratio values increase with depth to 2410 m and 2264 m, 

respectively, and to ~0.75% Rc (Fig. 3, Tab. S.4 in Staneczek and Marynowski, 2025). The 

immature compounds are, however, found only in three isolated areas, which are also marked 

by the lowest values of the previous parameters: northern Orava, northern Levoča and eastern 

Šariš (Fig. 4 in Staneczek and Marynowski, 2025). Moreover, these compounds are not present 

in the well samples.  

Several parameters based on the presence of different aromatic compounds were used 

to investigate both CCPB and Choč-Tatra sedimentary rocks. Phenanthrene- and 

methylphenanthrene-derived MPI1 and MPI3 ratios (methylphenanthrene index 1 and 3, 

respectively; Radke and Welte, 1983) can be calculated for the whole studied area. Both ratios 

show their highest values in the Spiš Basin and the Belianske Tatra Mts., and then slowly 

decrease towards the Orava Basin and Šariš Upland (Fig. S3 and Tab. S3 in Staneczek and 

Marynowski, 2025). In wells, MPI1 and MPI3 increase gradually with depth, showing the 

highest values in the Bukowina Tatrzańska PIG-1/GN bottom samples (Fig. 3, Tab. S4 in 

Staneczek and Marynowski, 2025). Moreover, the MPI1 parameter can be further converted 

into theoretical vitrinite reflectance (Rc; Radke, 1987), which, in some rock types, can be 

compared with the measured vitrinite reflectance. The spatial distribution of Rc shows similar 
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features to those documented by MPI1 and MPI3. The minimum values (~0.5%, Tab.S3 in 

Staneczek and Marynowski, 2025) are recorded in the Orava and western Podhale Basins, and 

some parts of Levoča Basin, whereas the highest (~3.0% Rc) are documented close to the 

Ružbachy-Tatra junction. In wells, the lowest values are calculated for the top of the Chochołów 

PIG-1 well (~0.5% Rc), and the highest at the bottom of Bukowina Tatrzańska PIG-1/GN 

(2.68% Rc; Fig. 3 and Tab. S4 in Staneczek and Marynowski, 2025). In the Cretaceous Tatra 

rocks (Mraznica Fm.), a weak increasing trend can be observed from the Western to Belianske 

Tatra Mts. (Tab. S1 in Staneczek et al., under review). However, for rocks with marine organic 

matter, this parameter is not recommended and may give erroneous results (Radke et al., 1986). 

The same, yet more coherent trend in the Tatra Mts. is displayed by the phenylphenanthrene-

based ratio (Rospondek et al., 2009; Fig. 4 and Tab. S1 in Staneczek et al. under review). Both 

in surface and well samples, this parameter follows the same pattern as the previously described 

aromatic parameters. The next ratio likewise based on PAH compounds is the benzo[e]pyrene 

(BeP), benzo[a]pyrene (BaP), and perylene (Pe) parameter (Figs. 3, 5 and Tab. S3, S4 in 

Staneczek and Marynowski, 2025). Due to the high stability of BeP, the ratio could be applied 

in the whole CCPB region. The least mature regions are indicated by the presence of perylene, 

and, similarly to aliphatic ratios, include northern Orava Basin, northern Levoča Basin, and 

eastern Šariš Upland. However, the majority of the CCPB shows very high values between 0.9-

1.0. 

Finally, the two last parameters are characterized by the distribution of three 

gymnosperm biomarkers: retene, simonellite, and dehydroabietane which all have different 

thermal stability (Fig. 5 and Tab. S3, S4 in Staneczek and Marynowski, 2025). The less stable 

simonellite and dehydroabietane are present in limited areas only, while the most stable retene 

is not detected in the Spiš Basin, eastern Podhale Basin, the bottom of the Chochołów PIG-1 

borehole, and in all Bukowina Tatrzańska PIG-1/GN samples. The surface distribution of the 

ratio values is strongly related to the presence (and quantity) of simonellite. Therefore, the least 

mature regions highlighted by this parameter include northern Orava and western Podhale 

Basins, Šariš Upland, and northern/central Levoča. A second ratio based on retene coupled with 

3-methylphenanthrene could be applied in the borehole samples (only in Chochołów PIG-1), 

where it documented a constant decrease with depth up to 2264 m, below which retene 

disappears (Fig. S4 in Staneczek and Marynowski, 2025). However, the spatial distribution of 

this parameter is more scattered than the first retene-based ratio (Fig. 5 in Staneczek and 

Marynowski, 2025). 
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ii. Rock-Eval parameter and hydrocarbon potential 
 

Rock-Eval analysis provides valuable insight into the thermal maturity of the studied 

area. An important parameter is the Tmax which changes with increasing paleotemperatures. 

First, the Chochołów PIG-1 and Bukowina Tatrzańska PIG-1/GN borehole samples were 

subjected to this analysis. The Tmax values show a rather consistent trend of rising temperatures 

starting from ~430°C in the upper Chochołów PIG-1 borehole and reaching ~465°C at the 

bottom, to ~445°C in the upper Bukowina Tatrzańska PIG-1/GN borehole to over 500°C 

measured in the deepest samples (Tab. S2 in Staneczek and Marynowski, 2025). In the surface 

samples, the distribution of the Tmax values follows a very similar trend to those recorded by 

biomarker maturity parameters. The highest values (~600°C; Fig. S2 and Tab. S1 in Staneczek 

and Marynowski, 2025) are documented in the Belianske Tatra Mts. foreland and close to the 

Tatra-Ružbachy junction. Tmax decreases slowly and coherently towards the east and west. 

Moreover, a northward decrease of the Tmax values from the Mesozoic units of the CWC to the 

Pieniny Klippen Belt is also documented (Fig. S2 in Staneczek and Marynowski, 2025). The 

lowest values (<430°C) were measured in the samples from the northern Orava Basin and Šariš 

Upland (Fig. S2 and Tab. S1 in Staneczek and Marynowski, 2025). 

The CCPB rocks are characterized by the domination of the gas-prone type-III kerogen. 

Some samples also display the oil-prone type-II kerogen or a mixture of these two types (Fig. 

5 in Staneczek et al., 2024a; Staneczek and Marynowski, 2025). When applying the criteria of 

Peters and Cassa (1994), the generative potential of the CCPB rocks spans from poor to 

excellent. The Zuberec Fm. samples show the best source rock potential, while the majority of 

the samples from Huty and Biely Potok Fms. are rather poor source rocks (Fig. 4 in Staneczek 

et al., 2024a). However, some levels of the Huty Fm. show excellent hydrocarbon potential 

levels (Fig. 4 in Staneczek et al., 2024a). Correlation of two sterane indicators (C2920S/(S+R) 

vs. C29αα/(αα+ββ); Fig. 7 in Staneczek and Marynowski, 2025) locates the majority of samples 

in the early mature or mature fields proving their ability to generate hydrocarbons. Only a few 

surface samples and none of the well samples show immature features. In the CCPB area, 

contrary to the Outer Carpathians, liquid hydrocarbons are very rare and were found only in the 

Levoča Basin (Soták et al., 2001). Hydrocarbon migration was recorded in the Tatra Mts. and 

the Podhale Basin, but their source rocks were the underlying Mesozoic rocks (Marynowski et 

al., 2001, 2006). In general, even though some levels in the CCPB seem to be promising for 

hydrocarbon generation/exploration, further research needs to be performed to confirm this 

hypothesis.  
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iii. The measured vitrinite reflectance and its applicability in the study area 
 

In the CCPB, the vitrinite reflectance (Rr) was measured mainly for the Orava Basin 

rocks. Additionally, for magnetic studies, the Rr for the Mraznica Fm. in the Choč-Tatra Mts. 

(Fig. 4). and the adjacent Huty Fm. was investigated. In the case of the Mraznica Fm., contrary 

to the majority of biomarker-derived parameters, the Rr values are very consistent and 

document a slow increase from  ~0.80% Rr in the Choč Mts. to a maximum of 1.70% Rr in the 

Belianske Tatra Mts. (Fig. 4; Fig. S1 in Staneczek and Marynowski, 2025; Fig. 2 and Tab. S1 

in Staneczek et al., under review). Such a coherent maturity trend is also observed in the 

overlying Huty Fm. rocks (from ~0.40% Rr in the Orava Basin to ~1.50% Rr in the Belianske 

Tatra Mts. foreland; Fig. S1 in Staneczek and Marynowski, 2025; Tab. S1 in Staneczek et al., 

under review). Some sites in the Orava Basin and Šariš Upland show even lower values 

(<0.40% Rr). Notably, there is a significant discrepancy between the measured vitrinite 

reflectance and the calculated vitrinite reflectance (Rc) in both CCPB and Cretaceous units. The 

difference for the Paleogene units in the Spiš Basin can reach even 0.50%. In the Orava Basin, 

the studied samples were characterized by the occurrence of both dark hydrogen-rich vitrinite 

grains (documented also in the Outer Carpathians; Waliczek and Więcław, 2012; Waliczek et 

al., 2019) and reworked vitrinites (Fig. S1 in Staneczek et al., 2024a; Marynowski et al., 2006) 

which cause reflectance suppression (Petersen and Vosgerau, 1999) or disorders. The vitrinite 

reflectance measured on such grains can show values even 0.4% lower than the real values 

(Goodarzi et al., 1994). The calculated vitrinite reflectance is not affected by this phenomenon, 

and thus more suitable for paleotemperature investigations.  

In the Mraznica Fm., the Rr values reflect better the maturity trend than the Rc by 

showing less scattered values. However, considering the high Rc obtained for the overlying 

Huty Fm., the Rr values for Mraznica Fm. should be at least 0.3-0.5% Rr higher. A possible 

cause of this underestimation is the size of vitrinite in the Mraznica Fm., which commonly 

forms elongated yet thin (<10µm; Fig. S1 in Staneczek et al., under review) grains. Measuring 

the reflectance of such small grains may result in slightly lower values obtained. However, for 

the purpose of this study, the Rr is generally a good and one of the few indicators that can be 

used for the Mraznica Fm. maturity estimations. 
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Fig. 4 Paleotemperature distribution in Choč-Tatra Belt. Map compiled after Gross et al. (1993a), Nemčok et al. (1993a), and Piotrowska et al. 
(2009, 2013). Brown and green dots show the location of Huty and Mraznica Fm. sites, respectively. The star depicts the location of the Furmanowa 
IG-1 well.  
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iv. Magnetic proxies of thermal maturity 
 

Magnetic properties of rocks are a rather new tool to assess the thermal maturity of rocks 

(e.g., Abdelmalak and Polteau, 2020; Caricchi et al., 2024). The presence of some domain sizes 

and some minerals can be linked with increased thermal impact. Yet, it is rarely the case that 

the exact paleotemperature range can be estimated using only the magnetic parameters (e.g., 

Aubourg and Pozzi, 2010). The thermal maturity trend was investigated by applying some 

parameters in the Mraznica Fm. and the overlying Huty Fm. in a wide belt starting from the 

Choč Mts. to the Belianske Tatra Mts. (Staneczek et al., 2024b; Staneczek et al., under review).  

The magnetic susceptibility reflects the response of a material to the applied external 

field (e.g., Borradaile, 1988) and can be divided into a component that is in-phase with the 

applied field and out-of-phase with this field (e.g., Hrouda et al., 2013; 2016; 2022). The first 

component comprises all minerals (most commonly divided into dia-, para- and ferromagnetic 

minerals) while the second measures only the response of a part of ferromagnetic minerals (e.g., 

Hrouda et al., 2013). Different properties of the studied rocks are usually mirrored by the in-

phase (Kip2) and out-of-phase (Kop) magnetic susceptibility values. Both Kip and Kop are 

generally quite low but change significantly in the Choč-Tatra Belt and its Paleogene foreland 

(Fig. 12 in Staneczek et al., under review). The lowest Kip in the Huty and Mraznica Fms. are 

recorded in the Western Tatra Mts. (Fig. 12 in Staneczek et al., under review), and their values 

increase slowly towards the most thermally affected Belianske Tatry Mts. This trend is reflected 

also in the Kop values. However, the Mraznica Fm. samples from the Choč Mts. have higher 

Kip and Kop values than those for the High Tatra (Fig. 12 in Staneczek et al., under review). 

The magnetic susceptibility depends strongly on the lithology of the rocks (Rochette, 1987). In 

the case of Huty and Mraznica Fms. the most common minerals are paramagnetic 

phyllosilicates. Higher Kip and Kop values could result from a greater contribution of these 

minerals in the rocks of the Belianske Tatra Mts. However, this would be also reflected in 

a higher initial slope in the hysteresis experiments, which is not the case (e.g., Fig. S5 in 

Staneczek et al., under review). Moreover, the Mraznica Fm. in the Belianske Tatra Mts. is 

characterized by a slightly higher contribution of diamagnetic carbonates, since it was deposited 

in a shallow marine basin (Vysoka succession; Nemčok et al., 1993a), in contrast to the 

Mraznica Fm. rocks from the Western Tatra Mts. which were deposited in deeper basin 

(Zliechov succesion; Nemčok et al., 1993a). The increase in the Kop values towards the 

                                                           
2 In this study we use the volume-normalized magnetic susceptibility denoted as K. 
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Belianske Tatra Mts. points toward a continuous formation of new ferromagnetic minerals 

(presumably magnetite and hematite) with elevated temperatures due to illite/smectite 

transformation, which is commonly reported from many settings (Katz et al., 1998, 2000; Hirt 

et al., 1993). Anomalously high Kip values in the Mraznica Fm. from the Choč Mts. are most 

likely linked with the precipitation of magnetite from hydrothermal fluids (Staneczek et al., 

2022) documented in this heavily faulted area (Bella and Gaal, 2017), and presumably related 

also to the south-bounding Choč-Tatra-Ružbachy fault (Bella and Bosak, 2012). The impact of 

this fault could be especially intense since the Mraznica Fm. form a narrow belt directly 

adjacent to this fault. 

A steady formation of new ferromagnetic minerals can be also traced using the 

frequency-dependent magnetic susceptibility (Kfd). This parameter compares the high-

frequency (15616 Hz) in-phase magnetic susceptibility with the low-frequency (976 Hz) in-

phase magnetic susceptibility (Kfd = 100*(Kip976Hz – Kip15616Hz)/Kip976Hz; Dearing et al., 1996). 

The obtained result is the approximate percentage value of ferromagnetic grains on the 

superparamagnetic (SP) domain sizes (Dearing et al., 1996). Similarly to the Kip and Kop 

pattern, the highest Kfd values are calculated for the Mraznica Fm. samples in the Belianske 

Tatra Mts. with the absolute maximum of ~15% SP contribution (Fig. 4). The Kfd values 

decrease towards the less thermally affected Western Tatra Mts. and then increase again in the 

hydrothermal Choč Mts. The Huty Fm. samples show a lower content of SP particles with 

a maximum of 3% in the Belianske Tatra foreland (Fig. 5 in Staneczek et al., under review). In 

the Western and High Tatra foreland, this parameter is zero or close to zero. Only the Choč 

Mts. shows values above 1% (Fig. S9 in Staneczek et al., under review).  

The last parameters are derived from the hysteresis curve and the Isothermal Remanent 

Magnetization back-field experiments and are presented usually in the Day plot (Day et al., 

1977) with added mixing lines and domain state regions after Dunlop (2002; see Fig. 13 in 

Staneczek et al., under review). The investigated remanent magnetization to saturation 

magnetization ratio (Mrs/Ms) to the coercivity of remanence to coercivity (Hcr/Hc) ratio sheds 

light on the domain size and type of the ferromagnetic minerals. In the case of the Huty Fm., 

a clear trend is not present. Conversely, the diagram for Mraznica Fm. shows a gradual shift 

towards the PSD-SP mixing area (Fig. 13 in Staneczek et al., under review). The reason for this 

change could be an increase in the formation of fine-grained iron oxides at high temperatures 

and, in the case of the Choč Mts., an increased fluid circulation. However, the admixture of 

hematite in some sites makes it difficult to correctly interpret the Day diagram results. 
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The parameters discussed above show greater changes for the Mraznica Fm. samples 

than for the Huty Fm. samples. Still, all magnetic maturity indicators correspond well with the 

organic maturity parameters. Moreover, the same trend documented for these rocks points 

toward one major event that affected both units at the same time. 

 

v. Paleotemperature pattern in the CCPB and Tatra Mts. 
 

Different maturity indicators were combined to investigate the paleotemperature 

pattern. The most important one was the Rc parameter which was further converted into 

paleotemperatures using two equations described by Barker and Pawlewicz (1994), Burnham 

and Sweeney (1989) and summaries of various parameters presented by Hunt (1995; see Tab. 

S1 and S2 in Staneczek and Marynowski, 2025). In the Chochołów PIG-1 well the calculated 

paleotemperatures increase from ~80°C to ~130°C, and in the Bukowina Tatrzańska PIG-1/GN 

well, the values continue to increase from ~120°C to >200°C (Tab. S2 in Staneczek and 

Marynowski, 2025). Unsaturated pentacyclic triterpenoids and ββ-hopanes are present in rocks 

with vitrinite reflectance values below 0.4-0.5% (Peters et al., 2005) which corresponds roughly 

to paleotemperatures below 60°C (Fig. 5). The occurrence of thermally unstable 

dehydroabietane and simonellite in these regions also confirms the low temperatures 

(Marynowski et al., 2007; Radke, 1987; Simoneit et al., 1986). The next 60-90°C zone covers 

the majority of the Orava Basin, western Podhale Basin and partly the Šariš Upland (Fig. 5). In 

this interval, the gymnosperm-based ratios along with the aliphatic indicators can be 

successfully applied. In the 90-130°C range, the hopanes and steranes are not present, and the 

most important parameters are the PAH-derived ratios such as Rc calculated from MPI1. The 

last interval covers the most mature parts of the CCPB, namely the Spiš Basin and a small part 

of the Levoča Basin. In this zone, Rock-Eval-derived Tmax, along with Rc and magnetic methods 

can be successfully applied.  
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Fig. 5 Paleotemperature distribution in the CCPB and the Choč-Tatra Belt. Map modified after Gross et al. (1993a, 1999), Nemčok et al. (1993a). 
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The discussed pattern comprises the whole CCPB area but does not cover the Choč-

Tatra Belt. Here, the expected paleotemperatures must have been at least the same as those 

recorded for the Huty Fm. However, they were likely higher due to the additional impact of the 

now eroded Borove Fm. and possibly also remnants of the Choč thrust nappe. Considering the 

thermal impact of the additional layers, the paleotemperatures in the Belianske Tatra Mts. could 

have reached even 230°C (Fig. 5). In the High Tatra Mts., the paleotemperatures dropped to 

~160°C, and in the Western Tatra Mts. to over 110-120°C. The paleotemperatures for the Choč 

Mts. are similar to the Western Tatra Mts. (Fig. 5). However, there, the paleotemperatures 

originated not only from the sedimentary and tectonic load but also from the localized 

hydrothermal activity.  

 

vi. Strengths and risks of different maturity parameters in reconstructing 
thermal maturity based on the CCPB and Tatra Mts. as an example 

 

Organic compounds offer various parameters that can be applied as maturity indicators 

and can estimate the paleotemperature spectrum in the studied units. However, each 

investigated basin has its own unique features that must be taken into consideration before 

choosing the suitable indices. For example, light organic compounds, such as alkylnaphtalenes, 

and ratios like CPI or Pr/C17 and Ph/C18, are susceptible to oxidation, biodegradation, and water 

washing (Elie et al., 2000; Palmer, 1993); processes that are commonly affecting surface 

samples. In this study, some sites most likely affected by a paleoweathering pulse in the 

southern Šariš Upland were sampled. Therefore, all parameters calculated for these sites must 

be treated cautiously. Another important factor is the different stability of organic compounds. 

Ratios based on steranes, hopanes, gymnosperm-derived compounds (dehydroabietane, 

simonellite, retene), and perylene can be applied only to regions where the Rc is lower than 

1.2% (George, 1992; Marynowski et al., 2015; Peters et al., 2005; Radke, 1987). Moreover, 

when examining the maturity maps based on different compounds, it can be noticed, that the 

assumed maturity zones do not always overlap, which is especially prominent in the least 

mature areas.  

Generally, ratios based on PAHs show higher stability. It is especially valid for the 

phenylphenanthrene ratio, which was successfully applied even in the highly altered rocks from 

the Tatra Mts. The most reliable maturity indicator in the case of the CCPB rocks is the MPI1 

(and the calculated Rc) based on the distribution of phenanthrene and its methyl derivatives. 

However, phenanthrene is susceptible to water washing (Palmer, 1993), which must be taken 
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into consideration when analyzing the surface samples. In overmature rocks (bottom of 

Bukowina Tatrzańska PIG-1/GN well, Tatra-Ružbachy junction), the Rc ratio starts to decrease 

due to enhanced phenanthrene (Radke, 1987); and different ratios for calculating 

paleotemperatures must be used. Conversely, the Rc parameter gives erroneous results below 

the 0.5 % Rr value (Radke, 1987). Therefore, even the parameters that cover all the maturity 

ranges must be supplemented by other indicators. In highly altered rocks, aromatic sulfur 

compounds can be applied, however, they are not typical for terrigenous organic matter 

reflected in the type III kerogen (Chakhmakhchev et al., 1997; Radke and Willsch, 1994). In 

the CCPB rocks, thermally stable diamondoids (Chen et al., 1996; Zheng et al., 2023) were very 

sporadically detected. A careful approach must be adopted when investigating the least mature 

regions. Applying only the Rc parameter would suggest temperatures over 80°C in the northern 

Orava Basin. The presence of unstable compounds (oleanenes, lupenes, and C30ββ hopanes) 

points toward much lower temperatures.  

In areas where it is possible, a correlation between surface samples and well samples is 

a very powerful tool for assessing additional processes that could affect surface samples. 

Correlations of parameters for surface and well samples, and documenting one common trend 

of changes need to be considered. Moreover, the gradual changes of parameters with depth in 

wells are the most important factor for the reliable use of a particular ratio. However, even in 

the relatively unweathered well samples, there is a possibility of other processes (e.g., the 

influence of hydrothermal fluids; Bechtel et al., 2001) that may affect the overall maturity trend. 

The presumably most common method of thermal maturity estimation is the vitrinite 

reflectance (Hunt, 1995; Maehlmann and Le Bayon, 2016). However, there are some risks when 

this method is used without other complementing parameters, and a thorough petrographic 

investigation. In the CCPB, this risk is related to the presence of dark vitrinites, that surpresses 

the vitrinite reflectance values. In some samples, especially in the Mraznica Fm., but also in 

some CCPB samples, the vitrinite grains are small and scattered, which may also lead to 

underestimated results.  

Another common method is the Rock-Eval pyrolysis. While it is generally used to 

investigate the hydrocarbon potential of rocks, it gives valuable information on the thermal 

changes in the sedimentary rocks. Some parameters when plotted on a diagram (Hydrogen 

Index vs. Tmax; Espitaliѐ et al., 1985) can potentially indicate the vitrinite reflectance of the 

analyzed samples. However, for a reliable result, the samples must contain higher levels of 

TOC. Therefore, this method could not be applied to Mraznica Fm. rocks. An additional 

strength of this method is recognizing the kerogen type, which helps in choosing suitable 
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biomarker ratios. Moreover, it can used even if the suspected thermal maturity is high. Still, it 

may be difficult to estimate the paleotemperatures based only on this method. 

Magnetic maturity indicators are developed and applied in many geological settings. 

The studies most commonly include remagnetized metamorphic rocks (e.g., McClelland 

Brown, 1981; Schill et al., 2002), but also focus on sedimentary rocks (Aubourg and Pozzi, 

2010; Aubourg et al., 2021). The more elaborate methods, the so-called geothermometers, 

based on the occurrence of different ferromagnetic minerals can estimate the general maximum 

burial temperature or the metamorphism-related temperature (Aubourg et al., 2021; Schill et 

al., 2002). However, the majority of studies that dealt with sedimentary rocks were conducted 

on samples from wells, and not surface samples (see e.g., Aubourg and Pozzi, 2010; Aubourg 

et al., 2021; Blaise et al., 2014; Tao Yang et al., 2016); therefore the potential weathering of the 

samples was not taken into consideration. Simple rock magnetic measurements that trace the 

temperature impact on rocks are applied in more specific settings, such as dykes crossing 

sedimentary sequences (e.g., Katz et al., 1998). In the case of the Mraznica and Huty Fms. in 

the Choč-Tatra Belt, a simplified approach (magnetic susceptibility measurements, hysteresis 

plots, etc.) combined with other non-magnetic methods enabled tracking the maturity changes. 

However, paleotemperature estimation using magnetic methods needs further research and 

appears to be a complementary rather than a primary method. 

 

c. Magnetic mineralogy (Staneczek et al., 2024b; Staneczek et al., under review) 
i. Mraznica Fm. 

 

The rock magnetic experiments document the general eastward trend of changes in the 

magnetic mineralogy of the Mraznica Fm. from the Tatra Mts. (with the exception of the Choč 

Mts.). In the Western and High Tatra Mts., low values of both Kip and Kop along with low 

ferro/para ratio and hyperbolic decrease of the temperature-dependent in-phase magnetic 

susceptibility (Figs. 2 and 3 in Staneczek et al., 2024b) suggest that the main magnetic carrier 

that controls the Kip are paramagnetic minerals (Tab. 2). Considering the lithology of the 

Mraznica Fm. the minerals in question are phyllosilicates (Grabowski et al., 2013; Lefeld, 

1974). The Kop values are slightly higher in the High Tatra specimens and the Kfd parameter 

equals ~2.5%, which indicates a possible admixture of ferromagnetic (sensu lato) minerals 

(Tab. 2 in Staneczek et al., 2024b). In the Choč Mts., only the magnetic susceptibility was 

investigated, and similarly to the Mraznica Fm. from the High Tatra Mts. the rather low Kip 
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and relatively high Kop together with high Kfd values point towards a para-ferromagnetic 

mixture. More complex is the magnetic mineralogy of the Mraznica Fm. in the Belianske Tatra 

Mts. Both Kip and Kop show a very broad range of values (Fig. 12 in Staneczek et al., under 

review). Very low, and even negative Kip along with the diamagnetic shape of the hysteresis 

curves suggest the presence of diamagnetic minerals, mainly in the BM1 site (Fig. S5 in 

Staneczek et al., under review). This is also in line with the high carbonate content calculated 

for this site (97%; Tab. S1 in Staneczek et al., under review). Other specimens show Kip values 

similar to or much higher than those reported for Western and High Tatra Mts., and Choč Mts.; 

and the measured Kop is usually significantly higher. Lower carbonate in some Belianske Tatra 

Mts. sites (e.g., BM2; Tab. S1 in Staneczek et al., under review) content reflects an increase in 

the clastic supply to the sedimentary basin and the prevalence of paramagnetic phyllosilicates 

over diamagnetic carbonates. This is additionally confirmed by the hyperbolic decrease of the 

temperature-dependent in-phase magnetic susceptibility experiment (Fig. S2 in Staneczek et 

al., under review). However, changes in phyllosilicate content have little effect on Kip and there 

is no clear correlation with the ferro/para ratio (Tab. S3 in Staneczek et al., under review). In 

addition, all analyzed sites in the Belianske Tatra Mts. show very high values of the Kfd 

parameter (~10-15%; Fig. 5 in Staneczek et al., under review) suggesting the presence of 

ultrafine-grained ferromagnetic mineral (Dearing et al., 1996). Based on these observations the 

Kip in the Mraznica Fm. in the Belianske Tatra Mts. is mainly governed by ferromagnetic 

minerals.  

Magnetic remanence-based experiments recorded the main ferromagnetic carriers in the 

Mraznica Fm. (Fig. 6, Tab. 2). The most frequent type, as referred from the acquisition of the 

Isothermal Remanent Magnetization (IRM) and thermal demagnetization, as well as the 

hysteresis curves, are low-coercivity minerals (Fig. 2, Tab. 3 and 4 in Staneczek et al., 2024b; 

Figs. 6, 7, S5, Tab. S2 and S3 in Staneczek et al., under review). In the thermal demagnetization 

of a three-axis IRM, the maximum unblocking temperature for the low-coercivity curve equaled 

~580°C which is the Curie temperature for magnetite (e.g., King and Williams, 2000).  

The IRM component analysis revealed that the dominant type of magnetite grains, 

present in all analyzed Mraznica Fm. specimens has higher coercivities (55-95 mT; Fig. 6; Tab. 

4 in Staneczek et al., 2024b; Tab. S2 in Staneczek et al., under review). Since higher coercivities 

in the magnetite coercivity range correspond with smaller domain sizes (Heider et al., 1996), 

the grains in question represent most likely stable single-domain (SSD) magnetite (Tab. 2). Its 

origin is linked with the illite-smectite transformation during the early stages of diagenesis, 
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where magnetite is formed as a by-product (Hirt et al., 1993). It could also partly form during 

the thrusting-related burial of the Mraznica Fm. 

Fig. 6 Acquisition curves of the Isothermal Remanent Magnetization and the IRM component 
analysis for the Mraznica and Huty Fm. specimens (examples from the Belianske Tatra Mts.). 
Abbreviations: M – magnetization, H – applied direct field.  

A second type of magnetite phase documented in all sites is characterized by very low 

coercivity (8-16 mT; Fig. 6; Tab. 4 in Staneczek et al., 2024b; Tab. S2 in Staneczek et al., under 

review) which corresponds with the PSD (pseudo single-domain) or MD (multi-domain) 

domain size (e.g., Hartstra, 1982). Larger grains could be allochthonous or diagenetic. When 

the sedimentary environment is oxygen-rich, then detrital iron oxides can be preserved 

(Canfield et al., 1992; Roberts, 2015), and Kędzierski and Uchmann (1997) reported such 

depositional conditions for the Mraznica Fm. However, petrographic observations revealed the 

presence of large quantities of pyrite framboids (Fig. S1 in Staneczek et al., under review), 

which points towards more oxygen-depleted conditions prohibiting the preservation of iron 

oxides during sedimentation and early diagenesis (Canfield et al., 1992; Roberts, 2015). Hence, 

the diagenetic origin of magnetite seems more likely. Presumably, the primary population of 

SD magnetite could be affected by the continuously elevating paleotemperatures and final 
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stages of diagenesis during the Oligocene-Miocene burial (Środoń et al., 2006), and thus grow 

to larger domain sizes. Moreover, PSD-MD magnetite could originate as a result of 

phyllosilicate transformations which was documented by experimental studies performed by 

Moreau et al. (2005). The tectonic evolution of the Tatra Mts. suggests the formation of the 

PSD-MD magnetite population during two stages of diagenesis linked with thrusting and 

Oligocene-Miocene burial. 

 

Tab. 2 Magnetic mineralogy of the Huty and Mraznica Fms.  

No. Type Minerals Origin Mraznica Fm. Huty Fm. 
1 Diamagnetic carbonates sedimentary Cretaceous - 
2 Paramagnetic phyllosilicates sedimentary Cretaceous Oligocene 

3 Superparamagnetic magnetite and/or 
hematite 

diagenetic, burial-related, 
fluid circulation product 
(Choč Mts.) 

Late Cretaceous 
(Choč Mts.), 
Oligocene-early 
Miocene 

Oligocene-
early Miocene 

4 Ferromagnetic, 
low coercivity 

PSD-MD 
magnetite burial-related Oligocene-early 

Miocene 
Oligocene-
early Miocene 

5 Ferromagnetic, 
medium coercivity SSD magnetite early diagenetic, burial-

related 

Late 
Cretaceous, 
Oligocene-early 
Miocene 

Oligocene, 
Oligocene-
early Miocene 

6 Ferromagnetic, 
high coercivity hematite 

late burial-related 
(Mraznica Fm.), 
weathering (Huty Fm.) 

Oligocene-early 
Miocene undefined 

7 Ferromagnetic, 
high coercivity goethite weathering 

Late 
Cretaceous-
present 

Oligocene-
present 

 

Ultrafine-grained iron oxides (superparamagnetic magnetite, possibly alongside 

superparamagnetic hematite; abbreviation: SP) are detected in the Mraznica Fm. samples from 

the Belianske and High Tatra Mts. (Tab. 2), and from the Choč Mts. (Fig. 4; Tab. 2 in Staneczek 

et al., 2024b; Fig. 5 in Staneczek et al., under review). In the Tatra Mts., the Kfd parameter 

indicates an eastward increase of the SP content in line with the documented thermal maturity 

increase indicating a burial-related origin typical for this phase (Aubourg and Pozzi, 2010; Kars 

et al., 2012). It has been documented that during a constant paleotemperature increase to 140°C, 

the formation of new SP magnetite is faster than the size increase of the older grain population 

(Aubourg and Pozzi, 2010; Kars et al., 2012). This feature was not investigated in higher 

temperatures, such as those reported in the Belianske Tatra Mts. However, the high amount of 

SP iron oxides in the Mraznica Fm. from the Belianske Tatra Mts. in comparison to the High 

Tatra Mts. (~15% to ~2.5%, respectively) suggests a prolonged and intensified phase of 
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formation of these iron oxides. In the Choč Mts., the presence of SP particles is most likely 

linked with the circulation of thermal fluids which was reported by Bella and Gaal (2017) in 

that area. The Mraznica Fm. in the Belianske Tatra Mts. resembles features typical for 

remagnetized limestones (wasp-waisted hysteresis curve along with high Kfd values 

highlighting the presence of SP magnetite; Figs. 5 and S5 in Staneczek at al., under review) as 

documented by many authors in other geological settings (Channel and McCabe, 1994; 

Dinarès-Turell and Garcia-Senz, 2000; Jackson and Swanson-Hysell, 2012; Suk et al., 1993). 

Similar remagnetized Cretaceous rocks belonging to the Krížna nappe were reported by 

Grabowski et al. (2009) in the nearby Stražov Mts. in central Slovakia. 

The last ferromagnetic mineral is hematite (Fig. 6). Its presence is documented by 

magnetization drops at ~680°C in the thermal demagnetization of a three-axis IRM (Petersen 

and Bleil, 1982; Figs. 6 and S4 in Staneczek et al., under review), in the IRM acquisition curves 

and the derived component analysis. In the majority of analyzed samples, the content of the 

high coercivity fraction is very low, which suggests a weathering-related origin. However, in 

some samples, the hematite contribution is significant (e.g., Fig. S3 in Staneczek et al., under 

review). Since the impact of thermal fluids on the Tatra Mts. is rather limited, the origin of 

hematite in Mraznica Fm. rocks is diagenetic, and most probbaly linked with elevated 

temperatures during Oligocene-Miocene burial maximum.  

 

ii. Huty Fm.  
 

The magnetic mineralogy of the Huty Fm. records the thermal impact of the Oligocene-

Miocene burial maximum. In the Choč-Tatra Belt, except for the Belianske Tatra Mts., the Kip 

is low and shows similar values. The Kop is very low or reaches 0, as in the Choč Mts (Text S1 

in Staneczek et al., under review). In the Belianske Tatra Mts., the Kip and Kop values are 

significantly higher (Fig. 12 in Staneczek et al., under review). The Kfd values are non-zero 

only in the Belianske Tatra Mts. and Choč Mts. and average 2-3% (Fig. 5 in Staneczek et al., 

under review). Moreover, all hysteresis curves have a distinct paramagnetic-related shape and 

a hyperbolic decrease of in-phase susceptibility during heating (Fig. 2 in Staneczek et al., 

2024b). Since the sampled Huty Fm. rocks are mainly shales and siltstones (Appendix 1; for 

a detailed Huty Fm. description see Gross et al., 1993b), hence the minerals controlling the Kip 

are paramagnetic phyllosilicates. In the Belianske Tatra Mts. and Choč Mts., an admixture of 

iron oxides (magnetite) is presumed. The Kop, where measured, is governed by ferromagnetic 

iron oxides, which will be discussed in the next paragraphs. 
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Magnetite is the predominant ferromagnetic (sensu lato) mineral in the Huty Fm. 

samples (Tab. 2, Fig. 6). Characteristic unblocking temperatures coinciding with the Curie 

temperature of magnetite (~580°C; Fig. 2 in Staneczek et al., 2024b; Figs. 6 and S4 in Staneczek 

et al., under review) in thermomagnetic experiments are the most important evidence of its 

presence in the samples. Hysteresis shape and hysteresis-derived parameters also suggest the 

occurrence of this mineral. Moreover, the IRM acquisition and the component analysis 

distinguish two main magnetite particle sizes: SSD and PSD-MD (Fig. 6). The first component, 

characterized by relatively high coercivity (70-90 mT; Tab. 4 in Staneczek et al., 2024b; Tab. 

S2 in Staneczek et al., under review), originated as the product of the illite-smectite 

transformation during diagenesis (similarly as in the Mraznica Fm.) in the Oligocene, and 

during the increasing burial up to Miocene. This process could be accelerated via increasing 

temperatures and/or the impact of organic acids (Brothers at el., 1996). During the continuous 

burial with elevated temperatures, the first authigenic population of SSD magnetite grew to 

larger domain sizes (PSD-MD) with lower coercivities (8-21 mT; Fig. 6; Tab. 4 in Staneczek 

et al., 2024b, Tab. S2 in Staneczek et al., under review). The detrital origin of the larger 

magnetite phases is highly improbable since they cannot be preserved in dysoxic to euxinic 

depositional conditions (Canfield et al., 1992; Roberts, 2015) reported for the Huty Fm. In the 

Belianske Tatra Mts. ultrafine-grained iron oxides of the superparamagnetic fraction are, 

similarly to the Mraznica Fm., also burial-related. Only in this part of the Tatra Mts., the 

paleotemperatures were sufficient to generate SP particles. In the Choč Mts., the formation of 

SP magnetite was most likely facilitated by hydrothermal alterations.  

In the majority of analyzed Huty Fm. sites, the content of high coercivity minerals is 

low (Fig. 6). The coercivity values are generally higher than 250-300 mT (Tab. 4 in Staneczek 

et al., 2024b, Tab. S2 in Staneczek et al., under review), and the unblocking temperatures on 

IRM demagnetization diagrams reach 680°C. Both are features typical for hematite (Özdemir 

and Dunlop, 2014; Petersen and Bleil, 1982). This mineral was documented in all samples. Its 

origin may be linked to the oxidation of pyrite grains by fluids (Hu et al., 2006). However, since 

all samples were taken from surface outcrops, it is probable, that the majority of hematite 

originated as a result of weathering. In contrast to the Mraznica Fm. rocks, it seems that burial 

did not influence the hematite formation, since hematite does not prevail in any sample.  

Lastly, weathering-related goethite was identified in some samples from Huty and/or 

Mraznica Fms. However, its amount is low and its impact on the magnetic properties is 

negligible. 
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d. Anisotropy of in-phase magnetic susceptibility fabrics in the Cretaceous and 
Paleogene rocks (Staneczek et al., 2024b; Staneczek et al., under review) 

 

Magnetic fabric analysis is a commonly used tool in entangling the tectonic evolution 

of mountain belts (see e.g., Aubourg et al., 2004; Dudzisz et al., 2016, 2018; Hrouda and Hanák, 

1990; Staneczek et al., 2022; Szaniawski et al., 2012, 2017, 2020). Investigating the preferred 

orientation of minerals sheds light not only on the strain affecting the rocks but also on other 

processes (diagenesis, burial) during the evolution of the studied mountain belt. In the 

Carpathians magnetic fabric studies have been performed since the 1980s, and were usually 

combined with paleomagnetic studies (Grabowski et al., 2009; Gregorová et al., 2009; Hrouda, 

1983, 1986; Hrouda and Hanák, 1990; Hrouda and Kahan, 1991; Hrouda and Potfaj, 1993; 

Hrouda et al., 2009; Madzin et al., 2021; Staneczek et al., 2022, 2024b; Szaniawski et al., 2012, 

2017, 2020). However, the development of new techniques in recent decades, especially 

distinguishing between fabrics controlled by different minerals (so-called subfabrics), offers 

a new field for in-depth research. 

The anisotropy of in-phase magnetic susceptibility (ipAMS) of the Mraznica Fm. in the 

Western and High Tatra Mts. is, like their ipMS, controlled by the orientation of phyllosilicates. 

In contrast, the ipAMS of the Belianske Tatra Mts. sites is governed by the orientation of 

magnetite and hematite. The fabrics in the Western and High Tatra Mts. are mostly planar (T > 

0.7) with low corrected anisotropy degrees (Pj < 1.10; Fig. 3 in Staneczek et al., 2024b). In the 

Belianske Tatra Mts., the T and Pj values are scattered, with Pj values documenting prolate 

ellipsoids for some sites (Fig. 9 in Staneczek et al., under review). The most commonly 

occurring fabric is characterized by ENE-WSW to NE-SW oriented magnetic lineation, and 

with magnetic foliation parallel to the bedding plane (Fig. 7; Fig. 4 in Staneczek et al., 2024b; 

Fig. 9 in Staneczek et al., under review). Such well-defined magnetic foliation results from 

compaction and diagenesis (Parés, 2015; Parés et al., 1999), while the magnetic lineation is 

interpreted to be of tectonic origin. ENE-WSW-oriented magnetic lineations are documented 

frequently in the Mesozoic of the CWC (Grabowski, 1996; Gregorová et al., 2009; Hrouda and 

Kahan, 1991; Szaniawski et al., 2020; Staneczek et al., 2022) and correspond well with the 

assumed NNW orientation of the nappe thrusting during the Turonian reported by many authors 

(e.g., Jurewicz, 2005; Kováč and Bendík, 2002; Plašienka, 2003; Prokešová, 1994; Prokešová 

et al., 2012). Therefore, the origin of the ipAMS lineation in the Mraznica Fm. is linked to the 

stress field during the nappe transport. In Belianske Tatra Mts. ENE-WSW to E-W magnetic 

lineations are accompanied by a girdle of magnetic foliation poles (Fig. 7; Figs. 9 and S6 in 
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Staneczek et al., under review). Such a pattern is observed in highly deformed nappes indicating 

a combination of simple shear and lateral shortening during thrusting (Lamarche and Rochette, 

1987; Hrouda and Kahan, 1991). Therefore, the magnetic fabrics support the hypothesis that 

the Belianske Tatra Mts. have been subjected to intense deformation during the Late Cretaceous 

(e.g., Hrouda and Kahan, 1991). In two Mraznica Fm. sites, a northerly magnetic lineation is 

present (Fig. 9 in Staneczek et al., under review). This lineation presumably originated from 

thrusting-related simple shear deformation resulting from the presence of a thick limestone 

layer (Muraň Fm) overlying the less competent Mraznica marls and marly limestones (Nemčok 

et al., 1993ab). Similar magnetic lineations were documented in the Strážov Mts. (Szaniawski 

et al., 2020). In turn, two Mraznica Fm. sites in the High Tatra Mts. display a different pattern, 

characterized by scattered magnetic lineation poles perpendicular to the bedding plane, and 

bedding parallel magnetic foliation (Fig. 9 in Staneczek et al., under review). The most probable 

cause of such fabric is the prevalence of compaction with no or a minor impact of thrusting-

related compression.  

The ipAMS in the Huty Fm. rocks in the Tatra Mts. is governed by the orientation of 

phyllosilicates, with a minor admixture of magnetite in the Belianske Tatra Mts. The Huty Fm. 

sites recorded one main type of magnetic fabric characterized by oblate ellipsoid shapes and 

slightly higher corrected anisotropy degrees (Pj reaches 1.15). The magnetic foliation is 

extremely well-defined and is bedding-parallel. The magnetic lineations are usually well-

grouped and undulate from NE-SW orientation in the Western Tatra Mts. to WSW-ENE or E-

W orientation in the High and Belianske Tatra Mts. (Fig. 8; Fig. 5 in Staneczek et al., 2024b; 

Fig. 10 in Staneczek et al., under review). Minor deflections from this trend are likely a result 

of differential uplift rate in the Tatra Mts. documented by structural studies (Nemčok et al., 

1993b; Králiková et al., 2014a). The excellent alignment of the magnetic foliation and bedding 

results from a combination of compaction during diagenesis and the inherently oblate shape of 

phyllosilicate grains. 
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Fig. 7 Generalized magnetic fabrics documented in the Mraznica Fm. 

The repeatability of the ipAMS lineation and the good grouping suggest a tectonic origin 

of this fabric element. The ipAMS lineation orientation corresponds with NW-SE to N-S 

oriented shortening in the Oligocene-Early Miocene documented by structural studies in this 

area (Králiková et al., 2014a; Pešková et al., 2009; Sůkalová et al., 2012; Vojtko et al., 2010). 

In the High and Belianske Tatra Mts., the more E-W oriented ipAMS lineation (Fig. 5 in 

Staneczek et al., 2024b; Fig. 10 in Staneczek et al., under review) could potentially also record 

the approximately N-S compression during the northward tilting of the Tatra block in the 

Middle Miocene (Králiková et al., 2014a; Pešková et al., 2009). Since the uplift was larger in 
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the eastern part of the Tatra block (Śmigielski et al., 2016), the uplift-related compression must 

have also a stronger impact on the Paleogene rocks. The origin of magnetic lineations in the 

CCPB rocks is often debated. Madzin et al. (2021) and Márton et al. (2009) interpreted the 

ipAMS lineation in the Huty Fm. from the Podhale-Spiš regions as a result of paleoflows in the 

basin. However, such paleocurrents change the depositional environments to aerobic and often 

lead to the deposition of more sandy facies. Under oxygen-depleted (dysoxic to intermittently 

euxinic) conditions documented by Staneczek et al. (2024a), paleocurrent cannot occur. 

Therefore, the ipAMS lineation in the Huty Fm. is of tectonic origin and is linked with the uplift 

of the Tatra block. 

 

e. Anisotropy of out-phase magnetic susceptibility and anisotropy of anhysteretic 
remanent magnetization fabrics in the Cretaceous and Paleogene rocks 
(Staneczek et al., 2024b; Staneczek et al., under review) 

 

The anisotropy of out-of-phase magnetic susceptibility (opAMS) and anisotropy of 

anhysteretic remanent magnetization (AARM) fabrics are coaxial in the majority of sites, which 

suggests a common origin. In the Western Tatra Mts. and the Belianske Tatra Mts., the opAMS 

and AARM foliations of the Mraznica Fm. are parallel or sub-parallel to the bedding plane. The 

opAMS fabric elements are poorer defined than the AARM. The Pj parameter values are 

comparable for both investigated fabrics. In contrast, the ellipsoid shapes vary from triaxial to 

oblate. The opAMS and AARM lineations mirror the ipAMS lineation orientation and, in the 

case of Western Tatra Mts., are slightly tilted toward a subhorizontal position (Fig. 4 in 

Staneczek et al., 2024b; Fig. 9 in Staneczek et al., under review). Considering that the carriers 

of opAMS and AARM in the Mraznica Fm. are predominantly authigenic magnetite 

populations, the origin of these fabrics must be linked with events of accelerated magnetite 

formation. The formation of the primary magnetite population in the Late Cretaceous was 

controlled by the phyllosilicate matrix. The Oligocene-Miocene burial of the nappe rocks and 

the continuous illite-smectite transformation in elevated temperatures resulted in the formation 

of a new magnetite population that similarly to the primary one, was formed on the 

phyllosilicate matrix, strengthening the Late Cretaceous ferromagnetic fabric. 
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Fig. 8 Generalized magnetic fabrics documented in the Huty Fm.  

In the High Tatra Mts., the AARM and opAMS fabrics display vertical or sub-vertical 

magnetic lineations almost parallel to the pole to bedding, and scattered sub-horizontal 

magnetic foliation (Fig. 7; Fig. 4 in Staneczek et al., 2024b) with triaxial to oblate ellipsoid 

shapes and changing Pj values (~1.030-1.110). Interestingly, vertical magnetic lineations are 

present in sites with both normal-lying and overturned beds and are bedding-independent, 

suggesting a tectonic origin younger than the nappe emplacement. Similar vertical to sub-

vertical ferromagnetic-driven lineations were documented in the nearby Choč Mts. where their 

origin has been interpreted as transpressional (Staneczek et al., 2022). Sampling sites in the 

High Tatra Mts. and in the Choč Mts. are located close to large fault zones. In the case of the 

Choč Mts., it is the continuation of the Sub-Tatric Fault, and in the High Tatra Mts. two parallel 

NE-SW large faults that cut the Tatra block (Fig. 2 in Staneczek et al., under review; Lexa et 

al., 2000). Both fault zones were active during the Oligocene-Early Miocene uplift of the Choč-

Tatra Belt under a transpressional regime (Anczkiewicz et al., 2015; Fodor, 1995; Froitzheim 
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et al., 2008; Králiková et al., 2014a; Marko et al., 2005; Peresson and Decker, 1997; 

Ratschbacher et al., 1993; Sperner et al., 2002). Recent studies also suggest a strike-slip 

stepover triggered by a transpressional regime as the main process controlling the Miocene 

exhumation of the Tatra crystalline basement (Campos et al., 2023). Transpression is defined 

as the simultaneous occurrence of vertical stretching, with horizontal shear and shortening 

(Sanderson and Marchini, 1984). Such a tectonic regime was active during the maximum of the 

Oligocene burial and coincided with the episode of a fast magnetite (and hematite) formation. 

Newly crystallized grains were oriented along the vertical stretching which resulted in vertical 

or sub-vertical ferromagnetic lineations, a phenomenon reported by many authors (Bilardello, 

2016; Housen and van der Pluijm, 1991; Housen et al., 1993ab; Parés, 2015; Weil and Yonkee, 

2009). All sites in the Western and some in the Belianske Tatra Mts. are located in the middle 

of the western and eastern Tatra blocks. Hence, the impact of transpression was minor and 

resulted only in a small inclination of the AARM and opAMS lineations. In the Belianske Tatra 

Mts., compaction could prevail over transpression-related deformation due to the highest 

sedimentary load during the Oligocene-Miocene burial which favored the crystallization along 

bedding-parallel planar phyllosilicate matrixes.  

The majority of the Huty Fm. sites in the Tatra Mts. show a coherent AARM fabric 

characterized by a well-defined NW-SE-oriented magnetic lineation and bedding-parallel 

magnetic foliation (Fig. 8; Fig. 5 in Staneczek et al., 2024b; Fig. 10 in Staneczek et al., under 

review), linked with the crystallization of ferromagnetic grains on a restricted phyllosilicate 

matrix. In the majority of the Huty Fm. sites the Pj values are relatively high (~1.2), and the 

AARM ellipsoids are mostly triaxial to oblate. Similarly oriented fabrics were documented in 

the Huty Fm. from the Choč Mts. (Staneczek et al., 2022) and in the Podhale Basin (Márton et 

al., 2009). The orientation of this fabric is coaxial with the Oligocene extension documented by 

structural studies in the Tatra Mts. (Králiková et al., 2014a), and in the Orava and Spiš Basins 

(Pešková et al., 2009; Vojtko et al., 2010). Such an extensional regime could also affect the 

basin basement rocks (the nappe units; see Fig. 4 in Staneczek et al., 2024b).  

A second fabric in the Huty Fm. displays a NE-SW to ENE-WSW-oriented magnetic 

lineation present mainly in the opAMS but also in the AARM. It traces the ipAMS lineation 

orientation (Fig. 5 in Staneczek et al., 2024b; Fig. 10 in Staneczek et al., under review). In the 

Western Tatra Mts. this lineation orientation is recorded only by opAMS and ipAMS. In the 

High Tatra Mts. the opAMS and ipAMS lineations are rarely coaxial with the AARM lineation, 

but in the Belianske Tatra Mts, the overlapping of all three fabrics is frequent. The documented 

magnetic foliations are bedding-parallel. The AARM and opAMS ellipsoids range from triaxial 
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to oblate. The opAMS fabric is controlled mainly by ultrafine grains of magnetite fixed in the 

phyllosilicate matrix. The similar orientation of the ipAMS lineation, opAMS lineations, and 

some AARM lineations suggests a common origin related to the Early Miocene compression. 

Perpendicular orientations of AARM and opAMS lineations are likely the result of different 

magnetite states recording different tectonic events. The older, PSD-MD magnetite populations 

originated during the Oligocene extension, while the younger SP-SSD is linked with the 

Oligocene-Miocene maximum burial and uplift-related compression. This is further supported 

by the frequency of the coinciding opAMS and AARM fabrics. The extensional AARM fabrics 

could be overwritten by a new generation of magnetite that formed according to the new stress 

field during the Miocene uplift. This trend is documented in the highly thermally altered 

Belianske Tatra Mts., where the overlapping of opAMS, AARM, and ipAMS is frequent, in 

comparison to the less affected Western Tatra Mts. 

Interestingly, there is no virtual effect of transpression on the magnetic fabrics of the 

Huty Fm. even in sites sampled close to fault zones. This phenomenon is presumably linked to 

the higher phyllosilicate content in the Huty Fm. shales and siltstones than the Mraznica Fm. 

marls and limestones. The planar phyllosilicate matrix in the Huty Fm. was “stronger” than in 

the Mraznica Fm. and, therefore, more resistant to vertical stretching, prohibiting the formation 

of vertical lineations. Similar conclusions were drawn by Staneczek et al. (2022) for the Choč 

Mts.  

 

f. Summary of the evolution of the CCPB and the Tatra Mts. from the Cretaceous 
to Neogene (Staneczek et al., 2024ab; Staneczek and Marynowski, 2025; 
Staneczek et al., under review) 

 

The earliest stage of evolution documented in this work is related to the magnetic 

mineralogy of the Mraznica Fm., part of the Krížna nappe (the Fatric unit; Fig. 9; Prokešová et 

al., 2012). The sedimentation occurred during the Lower Cretaceous in two types of basins: 

a deep marine setting (Zliechov succession in the Western Tatra Mts.; Nemčok et al., 1993ab) 

and a shallow marine setting (Vysoka succession in the High and Belianske Tatra Mts.; Nemčok 

et al., 1993ab). The presence of pyrite framboids and laminations suggests an oxygen-depleted 

sedimentary environment in the part of the Mraznica Fm., which prohibited the preservation of 

allochthonous magnetite grains. Compaction and diagenesis resulted in the formation of 

a planar phyllosilicate matrix and, thus, a bedding parallel ipAMS foliation (Fig. 9). In the 

Turonian, the collision of the North European Platform with Adria- and Europe-derived units 
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occurred (Castelluccio et al., 2016; Csontos and Vörös, 2004; Kováč et al., 2018; Plašienka, 

2018; Plašienka et al., 1997) and the Fatric-Hronic nappe system was thrust in the NNW-NW 

direction onto the para-autochthonous units of the Central Western Carpathians (Jurewicz, 

2005; Kováč and Bendík, 2002; Plašienka, 2003; Prokešová, 1994; Prokešová et al., 2012). The 

nappe transport affected the magnetic fabric of the Mraznica Fm., resulting in the creation of 

NNE-SSW to NE-SW ipAMS lineations (Fig. 9). Furthermore, the tectonic overburden has led 

to increasing pressure and elevated paleotemperatures. During the Late Cretaceous burial of the 

Mraznica Fm. rocks, the formation of fine-grained magnetite, a by-product of the illite-smectite 

transformation (Katz et al., 1998, 2000; Hirt et al., 1993), has accelerated (Fig. 9). This primary 

authigenic ferromagnetic fabric was most likely closely mirroring the phyllosilicate-based 

ipAMS lineation. However, this pattern was overwritten during further thermal events. The 

extent of this burial and intensity in different Tatra parts was presumably very similar, with 

paleotemperatures reaching over 300°C for the crystalline basement (Králiková et al., 2014a).  

After the thrusting event, the Tatra Mts. experienced a minor uplift and the exhumation 

of the crystalline basement, and the nappe sediments were partly eroded (Činčura 1990, 2002; 

Danišík et al. 2010; Kováč et al. 1994, 2016; Králiková et al. 2014b, 2016; Plašienka 1997; 

Vojtko et al. 2016). In the Late Eocene, the gravitational collapse of the CWC massifs resulted 

in a tectonic subsidence of this area (Wagreich, 1995; Castelluccio et al., 2016). The CCPB 

sedimentation progressed on a basement formed by the eroded nappe sediments with the 

deposition of basal transgressive lithofacies and shallow marine carbonates (Borove Fm.; Gross 

et al., 1984, 1993b; Soták et al., 2001). With time, the basin deepened, and the sedimentation 

of clastic rocks started. The depositional environment of the Oligocene Huty Fm. was 

characterized by an open marine setting indicated by the sterane distribution and additionally 

by the dominance of the planktonic kerogen type II, or a mixture of planktonic (with a large 

contribution of dinoflagellates) and terrestrial organic matter recognized as the kerogen type 

II/III (Staneczek et al., 2014a). The presence of isorenieratane and aryl isoprenoids points 

toward the occurrence of intermittent photic zone euxinia (Fig. 9). Bottom waters were 

generally oxygen-depleted and sporadically disrupted by oxic pulses. The terrestrial organic 

matter input was low, and the most common biomarkers are conifer-derived compounds. Deep 

marine basin facilitated the sedimentation of phyllosilicates which, during compaction, formed 

a very strong and resistant phyllosilicate matrix reflected in the extremely well-defined ipAMS 

foliation (Fig. 9). Continuous burial and elevated temperatures increased the intensity of the 

illite-smectite transformation (Fig. 9). The newly formed magnetite population grew along the 
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NW-SE extension axis, linked with the formation of the CCPB (Králiková et al., 2014a) and in 

the Orava and Spiš Basins (Pešková et al., 2009; Vojtko et al., 2010).  

The transition to the Zuberec Fm. is marked by a transition to an estuarine setting. 

Gradual shallowing resulted in the formation of restricted subbasins with a common occurrence 

of photic zone euxinia. The lower Zuberec Fm. shows similar characteristics to the Huty Fm., 

mainly the moderate productivity, II and II/III kerogen type, and relatively low terrestrial 

organic matter input. The upper Zuberec Fm. and the Biely Potok Fm. were deposited in 

a shallow estuarine environment. Sedimentary conditions changed to predominantly oxic, as 

supported by the presence of large pyrite framboids. The change to the III kerogen type reflects 

the increased input of the terrestrial organic matter (Fig. 9). In the analyzed samples, high 

amounts of angiosperm-, gymnosperm- and funghi-derived biomarkers were found, while the 

algae significance decreased. Petrographic observations revealed the presence of fusinite in 

many of the samples, indicating the occurrence of wildfires during the Late Oligocene and Early 

Miocene (Fig. 9). This was further supported by the presence of various PAHs like 

benzo[ghi]fluoranthene, benz[a]anthracene, or benzo[a]pyrene. Wildfire temperatures were 

estimated based on the measured fusinite reflectance and ranged from 382°C to 734°C 

corresponding with surface and crown fires (Scott, 2000, 2010). Based on the distribution of 

dimethylphenanthrenes, the burned vegetation consisted mainly of hard- and softwood. In the 

upper Zuberec Fm. the PAHs show a mixed smoke-residue origin, which changes to only 

residue-related in the Biely Potok Fm. This feature reflects the increasing input of terrestrial 

organic matter during the Late Oligocene. Moreover, the frequency of wildfires could lead to 

soil degradation and erosion, resulting in intense terrestrial run-offs.  
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Fig. 9 Main processes documented by organic geochemistry methods, rock magnetism, and 

magnetic fabric analysis in the CCPB and the Tatra Mts. from the Late Mesozoic to Cenozoic 

period. Burial (wide part of each triangle) and exhumation were derived from Králiková et al. 

(2014a). 
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The burial maximum occurred with the sedimentation of the last CCPB member, the 

Biely Potok Fm., and coincided presumably with the onset of uplift in the Early Miocene 

(Králiková et al., 2014a; Vojtko et al., 2010). The thickness of the Paleogene sediments varied 

throughout the CCPB and the Tatra Mts. area. Biomarker-derived maturity ratios 

complemented by inorganic parameters suggest that the highest temperatures, and thus the 

highest sedimentary overload, affected the Belianske Tatra Mts. and the Spiš Basin. Based on 

the distribution of methyl phenanthrenes converted to the calculated vitrinite reflectance shows 

values ~3.0% Rc in the Tatra-Ružbachy junction. The measured vitrinite reflectance for the 

Mraznica Fm. samples is lower and reaches 1.70 % Rr. However, there are several factors that 

prohibit a reliable measurement of this parameter. The temperatures must have been higher than 

in the Huty Fm. and the impact of at least the Borove Fm. must be taken into consideration. We 

therefore assume that temperatures could have been up to 30°C higher. The reported 

paleotemperatures reach 200°C in the Spiš Basin and 230°C in the Mraznica Fm. in the 

Belianske Tatra Mts. This area was presumably affected by higher subsidence levels, which in 

turn caused a prolonged sedimentation. An eastward migration of depocenters toward the 

Belianske Tatra Mts. and Spiš region was documented by Kováč et al. (2016). Large active 

fault zones, namely the Ružbachy Fault and a parallel fault cutting the Tatra Mts., could also 

increase the subsidence rate. Śmigielski et al. (2016) reported their activity related to the fast 

uplift of the eastern part of the Tatra Mts. in comparison to the western parts. Moreover, these 

faults seem to bind the region affected by the highest paleotemperatures from the east and west, 

which further supports their impact on the sedimentation during the Paleogene. When crossing 

the Ružbachy Fault, the calculated vitrinite reflectance drops significantly from 1.60% to 

0.66%. Similar abrupt changes of this parameter (1.42%-1.02%-0.87%) are documented in the 

High Tatra Mts. The highest recorded paleotemperatures in the CCPB occur along the 

Mraznica-Huty Fms. contact. The Paleogene outcrops form the lowermost parts of the CCPB 

and thus were affected by the highest sedimentary overburden. The paleotemperatures 

documented by biomarker parameters are generally in line with the results from illite crystalline 

studies (Środoń et al., 2006). However, there are some discrepancies documented mainly in the 

least mature regions. Środoń et al. (2006) suggest temperatures averaging 95-100°C in the 

Orava Basin, however, the biomarker proxies indicate much lower temperatures (~50°C). 

Differences in paleotemperatures estimated using biomarkers and illite/smectite transformation 

were reported also in other areas, e.g., Ediacaran sedimentary rocks in the East European Craton 

(Derkowski et al., 2021). The average paleogradient in the northern CCPB, as documented by 

Środoń et al. (2006) based on data from Poprawa and Marynowski (2005), averaged at 20-
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25°C/km. Other authors suggest higher paleogradients, which in turn would result in a lower 

thickness of the CCPB sediments (Anczkiewicz et al., 2013). However, according to Środoń et 

al. (2006) the paleogradient was likely close to the current gradient (19-23°C/km; Cebulak et 

al., 2004). The approximate minimum thickness of CCPB sediments based on these 

paleogradient values reaches 5-7 km in the Spiš Basin. Moreover, the importance of the 

Ružbachy Fault is once again highlighted by the difference in the sedimentary overload, which 

averages 5 km on the northern site and drops to 2-3 km on the southern site. Such high thickness 

is theoretically possible due to the high estimated thickness of the Biely Potok Fm. which could 

reach even 3.5 km (Gross et al., 1993b). However, higher values of the paleogradient 

(Anczkiewicz et al., 2013), resulting in a lower thickness of sedimentary rocks, seem to be more 

realistic. 

The documented paleotemperatures decrease slowly towards the west and southeast. 

The burial is recorded not only by the biomarker-derived parameters but also by magnetic 

proxies, especially in the Mraznica Fm. rocks. In the Belianske Tatra Mts., the quantity of iron 

oxides (magnetite and/or hematite) is significantly higher than in other parts of the Choč-Tatra 

Belt and is reflected by high ipMS and Kfd values, and characteristic wasp-waisted hysteresis 

shapes. The content of ferromagnetic minerals decreases slowly towards the Western Tatra Mts. 

where the Kfd values reach 0. The Choč Mts. were recognized as an area affected by an 

increased hydrothermal circulation which facilitated the precipitation of magnetite. A similar 

decreasing trend is documented by the magnetic mineralogy of the Huty Fm., but is less 

pronounced due to the lower paleotemperatures affecting this unit. The estimated 

paleotemperatures for the Mraznica Fm. drop from the maximum of 230°C in the Belianske 

Tatra Mts. to 160-100°C in the Western Tatra Mts. and finally ~100°C in the Choč Mts. In the 

CCPB, the thermal maturity decreases toward the Orava Basin and Šariš Upland. These least 

altered regions are characterized by the occurrence of unsaturated compounds, such as 

oleanenes. The maximum estimated thickness of the sediments in the Orava Basin did not 

exceed 2 km. The low maturity of these regions is marked additionally by the presence of 

perylene and simonellite. The hydrocarbon potential of the CCPB rocks is a complex issue. 

Taking into consideration the organic characteristics of the CCPB units and their thermal 

maturity, the majority of the studied rocks show rather poor source rock potential. However, 

some levels in the Huty and Zuberec Fms. display very good or even excellent source rock 

potential. Moreover, most analyzed samples are early mature or mature, which points to the 

possibility of hydrocarbon generation. Due to the prevalence of the type III- and II/II kerogen, 

the rocks are rather gas-prone than oil-prone.  
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Early Miocene is marked by the beginning of uplift and exhumation of the Tatra 

crystalline basement along the south-bounding Sub-Tatric Fault (e.g., Králiková et al., 2014a). 

The main driving force of this process was related to strike-slip stepover during the sinistral 

transpression (Anczkiewicz et al., 2015; Campos et al., 2023; Fodor, 1995; Froitzheim et al., 

2008; Králiková et al., 2014a; Marko et al., 2005; Peresson and Decker, 1997; Ratschbacher et 

al., 1993; Sperner et al., 2002). The maximum burial and elevated paleotemperatures 

accelerated the formation of a new population of iron oxides, that were oriented according to 

the tectonic strain. Transpression-related deformation was documented by opAMS and AARM 

fabrics in the Mraznica Fm. (Fig. 9). Sites in the High Tatra Mts. located near large faults 

recorded vertical opAMS and AARM lineation. Similar fabrics were found in the Choč Mts., 

which form a long fault zone (Staneczek et al., 2022). Similarly, vertical magnetic lineations 

were commonly documented in other regions affected by transpression (Bilardello, 2016; 

Housen and van der Pluijm, 1991; Housen et al., 1993ab; Parés, 2015; Weil and Yonkee, 2009). 

The vertical stretching component of transpression facilitated the crystallization of magnetite 

and presumably hematite along the extension axis. In the Western Tatra Mts., the impact of 

transpression was minor due to the relatively large distance from active faults. There, the 

opAMS and AARM lineations are only slightly inclined. In contrast, in the Belianske Tatra 

Mts., the lack of transpression-related fabric features could result from the prevalence of 

compaction due to the large sedimentary load (5-7 km) during the maximum burial. 

Ferromagnetic minerals crystallized on the preferred planar phyllosilicate matrix, tracing the 

older ipAMS fabric. The uplift affected also the magnetic fabric of the Huty Fm. creating NE-

SW to E-W ipAMS lineations (Fig. 9) perpendicular to the main NW-SE to N-S shortening 

direction (Králiková et al., 2014a; Pešková et al., 2009; Vojtko et al., 2010; Sůkalová et al., 

2012). Some sites in the High and Belianske Tatra Mts. display E-W oriented ipAMS lineations 

which presumably recorded the Middle Miocene stage of uplift related to the northward tilting 

of the Tatra block (Králiková et al., 2014a). The exhumation of the Tatra crystalline basement 

occurred in the Middle to Late Miocene (Anczkiewicz et al. 2015; Burchart 1972; Král, 1977; 

Králiková et al., 2014a). During this period, the Ružbachy Fault changed from transpressional 

to normal faulting, with the southeastern side being the hanging wall (Králiková et al., 2014a). 

This would further explain the large and abrupt differences in paleotemperatures along this 

structure. The northeastern part would be eroded faster, leading to the exposure of lowermost, 

highly thermally altered units, whereas the southeastern side would be less affected by erosion. 

Finally, the latest Miocene to Pliocene uplift acceleration and increased erosion of the CCPB 
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sediments was followed by the Holocene postglacial denudation, which started to shape their 

current morphology (Králiková et al., 2014a).  

Lastly, it is worth discussing which burial (Turonian or Oligocene-Miocene) affected 

the Tatra Mts. the most. This problem is the subject of a long-standing discussion. The majority 

of studies conducted in this area suggest that the Turonian burial was the most prominent 

(Anczkiewicz et al., 2015; Campos et al., 2023; Grabowski, 2000; Králiková et al., 2014a; 

Márton et al., 2016; Plašienka et al., 1997; Śmigielski et al., 2016; Środoń et al., 2006). It is 

important to note, that the majority of these studies focus on the crystalline basement. However, 

Anczkiewicz et al. (2015), Králiková et al. (2014a), and Śmigielski et al. (2016) suggest 

a second burial episode in the Oligocene. It is generally agreed upon that the maximum burial 

and the highest temperatures affected the crystalline basement of the Tatra Mts. in the Late 

Cretaceous. Still, the age of the most prominent burial of the allochthonous nappe sediments 

remains in question. Paleomagnetic studies of the Krížna nappe rocks suggest a Late Cretaceous 

remagnetization linked with thrusting (Grabowski, 1997; Márton et al., 2016). However, some 

data point toward younger, Paleogene-Neogene remagnetization ages (Grabowski, 1997). 

However, these studies focused on the Western Tatra Mts., which were less thermally affected 

than other parts of the massif, which resulted in a lower content of new magnetite formed during 

the Oligocene-Miocene burial and retaining the Late Cretaceous remagnetization ages. Nemčok 

et al. (1993b) estimated the thickness of the thrust nappes in the Tatra Mts. to be lower than 

4km. If the current nappe sedimentary rocks in the Tatra Mts. represent the lower sections of 

thrust folds and the Choč nappe once covered the entire Tatra region, the eroded portion was 

insufficiently thick to generate temperatures reaching 200–230°C. Thermal maturity studies 

conducted in the Choč-Tatra Belt and the CCPB, document a coherent eastward increase of 

paleotemperatures detected in both Mraznica and Huty Fms. Moreover, this trend is further 

supported by maturity studies of Chochołów PIG-1 and Bukowina Tatrzańska PIG-1/GN wells 

(Poprawa and Marynowski, 2005), vitrinite reflectance studies (Poprawa et al., 2002), Tmax 

derived from Rock-Eval analysis (Staneczek and Marynowski, 2025; Staneczek et al., 2024a) 

and illite/smectite studies (Środoń et al., 2006). Apart from the geochemical proxies, also rock 

magnetic parameters indicate a clear maturity trend in the Mraznica Fm. which is closely 

mimicked by Huty Fm. All these trends and patterns documented by various methods clearly 

suggest that the most prominent burial of the (upper) Krížna nappe sediments occurred during 

the Oligocene-Miocene.  
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6. Conclusions 
 

The PhD dissertation provides a study of the geochemical and magnetic evolution of the 

Central Carpathian Paleogene Basin and the Tatra Mts. from the Late Cretaceous to the 

Neogene. It focuses on the depositional conditions, organic matter characteristics and maturity, 

magnetic mineralogy and magnetic fabrics documented in the studied area. The main outcomes 

of the dissertation are as follows: 

• Changes in the depositional conditions during the sedimentation of the CCPB units 

reflect the changes in the basin morphology and proceeding shallowing. The 

sedimentary environment shifted from anoxic coupled with intermittent photic zone 

euxinia to mostly oxic-suboxic.  

• Biomarker analysis reveals the input of algae- angiosperm-, gymnosperm- and fungal-

derived compounds to the organic matter. The composition of biomarkers changes with 

time. 

• Wildfires (documented by fusinite grains and PAHs) were common during the 

deposition of the youngest CCPB units. Estimated temperatures correspond to crown 

and surface fires. Burned vegetation includes both coniferous and deciduous trees. 

• Hydrocarbon potential of the CCPB units ranges from poor to excellent, with the most 

prognostic levels documented in the Zuberec Fm. Organic matter is generally 

characterized by early mature to mature levels. Some regions show oil-prone 

characteristics, while others are gas-prone. 

• Paleotemperature analysis indicates that the Spiš Basin and the Belianske Tatra Mts. 

show the highest thermal maturity with temperatures reaching 200°C and 230°C, 

respectively. The least thermally affected regions are the northern Orava Basin and Šariš 

Upland, where the temperatures did not exceed 60°C.  

• The paleotemperature trend reflected in the CCPB units is mirrored by the 

paleotemperature pattern present in the Mesozoic thrust nappes of the Choč-Tatra Belt. 

It suggests a common origin identified as the Oligocene-Miocene burial. 

• The paleotemperature pattern was documented by both organic geochemistry, Rock-

Eval, and rock magnetic parameters. The study demonstrated the necessity of using 

multiple proxies for thermal maturity reconstructions. 

• Paramagnetic phyllosilicates dominate the magnetic mineralogy of the Huty and 

Mraznica Fms. Ferromagnetic minerals, mainly magnetite with hematite, are more 
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prominent in areas with higher paleotemperatures. The formation of iron oxides, 

reflected by the presence of superparamagnetic phases, accelerated during the 

Oligocene-Miocene burial.  

• The magnetic fabrics recorded in the Mraznica and Huty Fms. show sedimentary-

tectonic features with compaction-related magnetic foliation and magnetic lineations of 

tectonic origin.  

• Magnetic fabrics document different stages of the tectonic evolution of the Tatra Mts. 

The most prevalent fabrics in the Mraznica Fm. shows the impact of the Late Cretaceous 

thrusting. The Mraznica Fm. fabrics carried by iron oxides recorded the impact of 

transpression during the Miocene uplift of the Tatra block. The ferromagnetic-driven 

Huty Fm. fabrics exhibit features linked with the extension during the formation of the 

CCPB. In turn, the phylosilicate-governed fabrics are characterized by uplift-related 

magnetic lineations.  
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8. Appendix 
 

Appendix 1. Sampling site location, sampled units, and their lithologies along with conducted 

analyses. Abbreviations: GC-MS: gas chromatography-mass spectrometry analysis, VR: 

measured vitrinite reflectance, PyF: measurement of the pyrite framboid diameters, ICP-MS: 

Inductively Coupled Plasma Mass Spectrometry; FR: fusinite reflectance measurements, 

TOC&TS&CC: Total Organic Carbon, Total Sulfur and Carbonate Content, AARM: 

Anisotropy of Anhysteretic Remanent Magnetization, AMS: Anisotropy of in-phase and out-

of-phase Magnetic Susceptibility, k/T: temperature-dependent in-phase magnetic 

susceptibility, IRM+comp.: Isothermal Remanent Magnetization (IRM) acquisition curves and 

component analysis, hys+IRMbf: hysteresis curves and IRM back-field measurements, MS: in-

phase and out-of-phase magnetic susceptibility; LOW: thermal demagnetization of a three-

component IRM.  
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No. Site/Depth  
No. of samples and/or code Unit Region Lithology Coordinates Analysis type 

1 Pośrednia Kopka hill Mz7; M: 7; OM: 1  Mraznica Fm. Western Tatra Mts. marl 49.2683850 N, 19.8529691 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

2 Lejowa Valley Mz8; M: 6; OM: 1 Mraznica Fm. Western Tatra Mts. marl 49.2723617 N, 19.8489851 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

3 Kryta Valley Mz9; M: 6; OM: 1 Mraznica Fm. Western Tatra Mts. marly limestone 49.2625374 N, 19.8031314 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

4 Wielka Sucha Dolina Valley Mz10; M: 7; OM: 1  Mraznica Fm. Western Tatra Mts. marly limestone 49.2652065 N, 19.8274639 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

5 Długa Valley Mz11; M: 7; OM: 1  Mraznica Fm. Western Tatra Mts. marly limestone 49.2600380 N, 19.7919426 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

6 Wściekły Żleb Gully Mz 12; M: 7; OM: 1  Mraznica Fm. Western Tatra Mts. marl 49.2659777 N, 19.8607750 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

7 Wielka Sucha Dolina Valley Mz13 Mraznica Fm. Western Tatra Mts. limestone 49.2667083 N, 19.8267128 E  GC-MS, VR, TOC&TS&CC 
8 Kryta Dolina Valley KRY_MZ_1A-KRY_MZ_1B Mraznica Fm. Western Tatra Mts. marly limestone 49.2617147 N, 19.8050303 E  GC-MS, TOC&TS&CC 

9 Broniarski Żleb Gully MK1; M: 6; OM: 1 Mraznica Fm. High Tatra Mts. marly limestone 49.2831321 N, 20.0582192 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

10 Wojskowy Zrąb Gully MK2; M: 6; OM: 1 Mraznica Fm. High Tatra Mts. limestone 49.2611200 N, 20.0797150 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

11 Jaworzyński Żleb Gully MK3; M: 7; OM: 1  Mraznica Fm. High Tatra Mts. marly limestone 49.2823978 N, 20.0755851 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

12 Medzisteny Valley BM1; M: 7; OM: 1  Mraznica Fm. Belianske Tatra Mts. limestone 49.2619703 N, 20.1552051 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

13 Dolina Bieleho Potoka Valley BM2; M: 7; OM: 1  Mraznica Fm. Belianske Tatra Mts. marly limestone 49.2606628 N, 20.2146249 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

14 Suchá Valley BM3; M: 7; OM: 1  Mraznica Fm. Belianske Tatra Mts. marly limestone 49.2354268 N, 20.2919811 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

15 Tokarenský Potok stream BM4; M: 5; OM: 1 Mraznica Fm. Belianske Tatra Mts. marly limestone 49.2441539 N, 20.2551824 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

16 Lúčky village CH1; M: 4 Mraznica Fm. Choč Mts. limestone 49.1544444 N, 19.3730000 E MS 
17 Magura hill CH2; M: 7; OM: 1  Mraznica Fm. Choč Mts. marly limestone 49.1443333 N, 19.3939444 E MS, GC-MS, VR, TOC&TS&CC 
18 Sestrč Valley CH3; M: 7; OM: 1 Mraznica Fm. Choč Mts. marly limestone 49.1466519 N, 19.4406308 E MS, GC-MS, VR, TOC&TS&CC 
19 Sestrč Valley CH4; M: 6; OM: 1 Mraznica Fm. Choč Mts. marly limestone 49.1637222 N, 19.4319444 E MS, GC-MS, VR, TOC&TS&CC 
20 Hulín hill CH5; M: 7; OM: 1 Mraznica Fm. Choč Mts. marly limestone 49.1280556 N, 19.2947778 E MS, GC-MS, VR, TOC&TS&CC 
21 Bukov hill CH6; M: 5 Mraznica Fm. Choč Mts. limestone 49.1457100 N, 19.3555961 E MS 
22 Oravský Biely Potok village 1_Bi Biely Potok Fm. Orava sandstone 49.2895447 N, 19.5591256 E GC-MS, TOC&TS&CC, VR, PyF, ICP-MS 
23 Chochołów 2_Bi-3_Bi Biely Potok Fm. Orava sandstone 49.3524667 N, 19.8257369 E GC-MS, TOC&TS&CC, VR, PyF, FR, ICP-MS 
24 Čierny Potok stream 4_Bi-5_Bi Biely Potok Fm. Orava sandstone 49.3205297 N, 19.7401319 E GC-MS, TOC&TS&CC, RE, PyF, FR, ICP-MS 
25 Jelešňa stream 6_Bi-7_Bi Biely Potok Fm. Orava mudstone 49.3416038 N, 19.7715595 E GC-MS, TOC&TS&CC, RE, ICP-MS 
26 Krivský Potok stream 8_Bi Biely Potok Fm. Orava mudstone 49.2725067 N, 19.5151614 E GC-MS, TOC&TS&CC, VR, PyF, FR, ICP-MS 
27 Zábiedovo village 9_Bi-10_Bi Biely Potok Fm. Orava mudstone 49.3237981 N, 19.6070806 E GC-MS, TOC&TS&CC, RE, VR, PyF, ICP-MS 
28 Studený Potok stream 11_Bi Biely Potok Fm. Orava sandstone 49.2897486 N, 19.5806603 E GC-MS, TOC&TS&CC, PyF, ICP-MS 
29 Blatná Valley 12_Zu-13_Zu Zuberec Fm. Orava mudstone 49.2739610 N, 19.6569169 E GC-MS, TOC&TS&CC, VR, PyF, ICP-MS, RE 
30 Chlebnice village 15_Zu-16_Zu Zuberec Fm. Orava sandstone 49.2281656 N, 19.4742700 E GC-MS, TOC&TS&CC, VR, PyF, ICP-MS, RE 
31 Jelešňa stream 17_Zu-19_Zu Zuberec Fm. Orava sandstone 49.3482398 N, 19.7735595 E GC-MS, TOC&TS&CC, VR, PyF, ICP-MS, RE 
32 Jelešňa stream 20_Zu Zuberec Fm. Orava mudstone 49.3450281 N, 19.7728728 E GC-MS, TOC&TS&CC, VR, PyF, ICP-MS, FR 
33 Krivský Potok stream 21_Zu-22_Zu Zuberec Fm. Orava black shale 49.2743092 N, 19.5000068 E GC-MS, TOC&TS&CC, VR, PyF, ICP-MS, FR 
34 Malatiná 23_Zu Zuberec Fm. Orava sandstone 49.1882962 N, 19.4231115 E GC-MS, TOC&TS&CC, PyF, ICP-MS 
35 Oravice village 24_Zu-27_Zu Zuberec Fm. Orava black shale 49.3034008 N, 19.7482106 E GC-MS, TOC&TS&CC, PyF, ICP-MS 
36 Oravice village 28_Zu-32_Zu Zuberec Fm. Orava black shale 49.3034008 N, 19.7482106 E GC-MS, TOC&TS&CC, PyF, ICP-MS, VR 
37 Oravica river 33_Zu-34_Zu Zuberec Fm. Orava black shale 49.3178235 N, 19.7462642 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE 
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38 Brezovica village 35_Zu-36_Zu Zuberec Fm. Orava black shale 49.3442772 N, 19.6477197 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR, FR 
39 Vitanová village 37_Zu Zuberec Fm. Orava black shale 49.3564383 N, 19.7224356 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, FR 
40 Medzibrodie nad Oravou 38_Zu Zuberec Fm. Orava black shale 49.2272756 N, 19.3437533 E GC-MS, TOC&TS&CC, ICP-MS, RE, VR 
41 Podbiel 39_Zu-40_Zu Zuberec Fm. Orava black shale 49.2935694 N, 19.5075614 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, FR, VR 
42 Pokryváč 41_Zu-45_Zu Zuberec Fm. Orava black shale/coal 49.2079783 N, 19.3906433 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR 
43 Pribiš 46_Zu Zuberec Fm. Orava mudstone 49.2311251N, 19.4003636 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR 
44 Pribiš 47_Zu-49_Zu Zuberec Fm. Orava black shale/coal/sandstone 49.2119687 N, 19.4052959 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR 
45 Pucov 50_Zu-51_Zu Zuberec Fm. Orava mudstone 49.2225997 N, 19.3679462 E GC-MS, TOC&TS&CC, ICP-MS, VR 
46 Oravice 52_Zu-55_Zu Zuberec Fm. Orava black shale 49.3023059 N, 19.7488649 E GC-MS, TOC&TS&CC, ICP-MS 
47 Tvrdošín 56_Zu-57_Zu Zuberec Fm. Orava black shale 49.3051233 N, 19.5205008 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, FR, VR 
48 Žaškov 58_Zu Zuberec Fm. Orava sandstone 49.1710747 N, 19.2096264 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR 
49 Antałowski Potok 59_Ht-61_Ht Huty Fm. Podhale black shale 49.2917233 N, 19.8629594 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR 
50 Bystrá stream 62_Ht-63_Ht Huty Fm. Orava mudstone 49.2906403 N, 19.7372425 E GC-MS, TOC&TS&CC, PyF, ICP-MS, RE, VR 
51 Kvačianka stream CH10; M: 5; OM: 1 (64_Ht) Huty Fm. Orava mudstone 49.2135081 N, 19.5556519 E MS, GC-MS, VR, TOC&TS&CC, RE, VR, ICP-MS 
52 Lomné hill CH11; M: 4; OM: 1 (65_Ht) Huty Fm. Orava sandstone 49.1793089 N, 19.4685319 E MS, GC-MS, VR, TOC&TS&CC, ICP-MS 
53 Huty village CH8; M: 5; OM: 1 (66_Ht) Huty Fm. Orava mudstone 49.2092600 N, 19.5488889 E MS, GC-MS, VR, TOC&TS&CC, RE, PyF, ICP-MS 
54 Ráztocký stream CH9; M: 5; OM: 1 (67_Ht) Huty Fm. Orava mudstone 49.2046400 N, 19.5300931 E MS, GC-MS, VR, TOC&TS&CC, RE,  PyF, ICP-MS 
55 Jasenová 77_Ht Huty Fm. Orava black shale 49.1706062 N, 19.2958838 E GC-MS, TOC&TS&CC, RE, ICP-MS 
56 Huty village 79_Ht-81_Ht Huty Fm. Orava black shale 49.2127750 N, 19.5556561 E GC-MS, TOC&TS&CC, RE, VR, PyF, ICP-MS 
57 Huty village 82_Ht Huty Fm. Orava black shale 49.2157467 N, 19.5599689 E GC-MS, TOC&TS&CC, RE, VR, PyF, ICP-MS 
58 Huty village 83_Ht Huty Fm. Orava black shale 49.2146533 N, 19.5738736 E GC-MS, TOC&TS&CC, RE, VR, PyF, ICP-MS 
59 Vyšny Kubín 84_Ht-85_Ht Huty Fm. Orava sandstone/coal 49.1820288 N, 19.3424839 E GC-MS, TOC&TS&CC, RE, VR, PyF, ICP-MS 
60 Molkówka meadow Ht13 Huty Fm. Western Tatra Mts. shale 49.2795315 N, 19.8308848 E GC-MS, TOC&TS&CC, RE, ICP-MS 

61 Siwa Woda stream M: 9 (Ht14); OM: 1 (71_Ht) Huty Fm. Western Tatra Mts. black shale 49.2833529 N, 19.8372670 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC, PyF, RE, ICP-MS 

62 Molkówka meadow M: 6 (Ht15); OM: 1 (72_Ht) Huty Fm. Western Tatra Mts. black shale 49.2812580 N, 19.8240323 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC, PyF, RE, ICP-MS 

63 Kirowa Woda stream M: 6 (Ht12); OM: 1 (68_Ht) Huty Fm. Western Tatra Mts. mudstone 49.2893128 N 19.8532217 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC, PyF, RE, ICP-MS 

64 Droga pod Reglami-Jaroniec 76_Ht Huty Fm. Western Tatra Mts. black shale 49.2791775 N, 19.8587803 E GC-MS, TOC&TS&CC, RE, VR, ICP-MS 

65 Głęboki Potok stream M: 8 (Ht10); OM: 1 (69_Ht) Huty Fm. Podhale black shale 49.3021375 N, 19.8722247 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC, PyF, RE, ICP-MS 

66 Antałowski Potok stream M: 6 (Ht5); OM: 3 (73_Ht-75_Ht) Huty Fm. Podhale sandstone 49.2921908 N, 19.8566775 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, ICP-MS, MS, 
LOW, GC-MS, VR, TOC&TS&CC, PyF, RE 

67 Antałowski Potok stream ANTPO Huty Fm. Podhale mudstone 49.2895439 N, 19.8681869 E GC-MS 
68 Groń village GR_ZU_1B-GR_ZU_1C Huty Fm. Podhale mudstone 49.3559795 N, 20.0695022 E GC-MS, RE 
69 Groń village GR_ZU_2B Huty Fm. Podhale mudstone 49.3723175 N, 20.0652909 E GC-MS, RE 

70 Bachledzki Wierch hill Ht11; M: 6; OM: 1 Huty Fm. Podhale silty sandstone 49.2987386 N, 19.9724381 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

71 Bachledzki Potok stream Ht7; M: 5; OM:1 Huty Fm. Podhale mudstone 49.3036672 N, 19.9678622 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

72 Trybsz stream Ht9 Huty Fm. Podhale mudstone 49.4030078 N, 20.1342183 E GC-MS, RE 
73 Kacwinianka stream KAC1 Huty Fm. Podhale mudstone 49.3842461 N, 20.2875753 E GC-MS 
74 Łapszanka stream LAP1 Huty Fm. Podhale mudstone 49.3620436 N, 20.1835067 E GC-MS 
75 Mały Rogoźnik stream MARO1 Huty Fm. Podhale mudstone 49.3919875 N, 19.9447908 E TOC&TS&CC, GC-MS 
76 Mały Rogoźnik stream MARO2 Huty Fm. Podhale mudstone 49.4115086 N, 19.9798956 E TOC&TS&CC, GC-MS 

77 
Sucha Woda Gąsienicowa 
stream ZA1; M: 7; OM: 1 Huty Fm. High Tatra Mts. black shale 49.2881000 N, 20.0568650 E 

AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

78  Zazadnia forester's lodge ZA2; M: 10; OM: 1 Huty Fm. High Tatra Mts. black shale 49.2845138 N, 20.0829667 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 
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79 Białka river ZA3; M: 7; OM: 1 Huty Fm. High Tatra Mts. black shale 49.2800444 N, 20.1283947 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

80 Dolina Filipka Valley ZA4; M: 8; OM: 1 Huty Fm. High Tatra Mts. black shale 49.2764134 N, 20.0904376 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

81 Filipczański Potok stream ZA5; M: 9; OM: 1 Huty Fm. High Tatra Mts. black shale 49.2923139 N, 20.0820428 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

82 Dolina Bieleho Potoka Valley BH1; M: 7; OM: 2 Huty Fm. Belianske Tatra Mts. mudstone 49.2683631 N, 20.2284592 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

83 Javorinka stream BH2; M: 7; OM: 1 Huty Fm. Belianske Tatra Mts. mudstone 49.2795911 N, 20.1769178 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

84 Ždiar village BH3; M: 8; OM: 2 Huty Fm. Belianske Tatra Mts. mudstone 49.2697389 N, 20.2655328 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

85 Bachledova Dolina Valley BH4; M: 8; OM: 2 Huty Fm. Belianske Tatra Mts. mudstone 49.2689161 N, 20.3071444 E 
AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

86 Lendak stream 
M: 5 (BH5); OM:2 (Len_Ht_1A-
Len_Ht_1B) Huty Fm. Belianske Tatra Mts. mudstone 49.2479699 N, 20.3419734 E 

AMS, AARM, k/T, IRM+comp., hys+IRMbf, MS, LOW, GC-
MS, VR, TOC&TS&CC 

87 Haligovce village Hg_Ht_1A Huty Fm. Spisz mudstone 49.3443611 N, 20.4416389 E  GC-MS, TOC&TS&CC, RE 
88 Haligovce village Hg_Ht_2A-Hg_Ht_2B Huty Fm. Spisz mudstone 49.3315278 N, 20.4370833 E GC-MS, TOC&TS&CC, RE 
89 Jezersko village Jz_Ht_1A Huty Fm. Spisz mudstone 49.2990833 N, 20.3356944 E GC-MS,TOC&TS&CC, RE, VR 
90 Jezersko village Jz_Ht_2A-Jz_Ht_2C Huty Fm. Spisz mudstone 49.3100833 N, 20.3643333 E GC-MS, TOC&TS&CC, RE 
91 Lechnica village Lch_Ht_1A-Lch_Ht_1B Huty Fm. Spisz mudstone 49.3805833 N, 20.4078333 E GC-MS, TOC&TS&CC, RE 
92 Lysá nad Dunajcom village Ly_Ht_1A-Ly_Ht_1B Huty Fm. Spisz mudstone 49.3976944 N, 20.33013889 E GC-MS, TOC&TS&CC, RE 
93 Rieka stream Rie_Ht_1A Huty Fm. Spisz mudstone 49.3471408 N, 20.6086459 E GC-MS, TOC&TS&CC, RE, VR 
94 Stráňany village Sn_Ht_1B-Sn_Ht_1C Huty Fm. Spisz mudstone 49.3681944 N, 20.5326389 E GC-MS, TOC&TS&CC, RE 
95 Slovenský Potok stream Sv_Ht_1A-Sv_Ht_1B Huty Fm. Spisz mudstone 49.2587778 N, 20.4046667 E GC-MS, TOC&TS&CC, RE 
96 Toporec village Top_Ht_1a Huty Fm. Spisz mudstone 49.2810526 N, 49.2810526 E GC-MS, TOC&TS&CC, VR 
97 Vyšné Ružbachy village Vr_Ht_1A, Vr_Ht_1C Huty Fm. Spisz mudstone 49.3165975 N, 20.5633272 E GC-MS, TOC&TS&CC, RE 
98 Ždiar village Zdi_Ht_1A Huty Fm. Spisz mudstone 49.2699819 N, 20.2687192 E GC-MS, TOC&TS&CC, VR 
99 Havka village Hv_Zu_1C-Hv_Zu_1D Zuberec Fm. Spisz mudstone 49.3640833 N, 20.3802222 E GC-MS, TOC&TS&CC, RE 

100 Havka village Hv_Zu_2A, Hv_Zu_2D Zuberec Fm. Spisz mudstone 49.3442222 N, 20.4039167 E GC-MS, TOC&TS&CC, RE 
101 Lechnica village Lch_Zu_2A, Lch_Zu_2D Zuberec Fm. Spisz mudstone 49.376951 N, 20.407869 E GC-MS, TOC&TS&CC, RE 
102 Lendak stream Len_Zu_2A-Len_Zu_2B Zuberec Fm. Spisz mudstone 49.2441956 N, 20.3448040 E GC-MS, TOC&TS&CC, RE, VR 
103 Modrinok stream Md_Zu_1D Zuberec Fm. Spisz sandstone 49.2906278 N, 20.5851574 E GC-MS, TOC&TS&CC, RE 
104 Malá Franková village Mf_Zu_1A, Mf_Zu_1D Zuberec Fm. Spisz mudstone 49.3103056 N, 20.3004722 E GC-MS, TOC&TS&CC, RE, VR 

105 Matiašovce village 
Mt_Zu_1A, Mt_Zu_1C-
Mt_Zu_1D Zuberec Fm. Spisz mudstone 49.3623056 N,  20.3582222 E GC-MS, TOC&TS&CC 

106 Osturňa village Os_Zu_1A-Os_Zu_1B Zuberec Fm. Spisz mudstone 49.3220278 N, 20.2309444 E GC-MS, TOC&TS&CC, RE 
107 Osturňa village Os_Zu_2A Zuberec Fm. Spisz mudstone 49.3284722 N, 20.1962222 E GC-MS, TOC&TS&CC, RE 
108 Osturňa village Os_Zu_3A-Os_Zu_3B Zuberec Fm. Spisz mudstone 49.33525 N, 20.27325 E GC-MS, TOC&TS&CC, RE 
109 Slovenská Ves village Slo_Zu_1A-Slo_Zu_1B Zuberec Fm. Spisz mudstone 49.2307249 N, 20.4259603 E GC-MS, TOC&TS&CC, RE, VR 
110 Toporec village TOP_Zu_2A Zuberec Fm. Spisz mudstone 49.2688461 N, 20.4876889 E GC-MS, TOC&TS&CC, RE, VR 
111 Toporec village Topr_Zu_1A Zuberec Fm. Spisz sandstone 49.2484406 N, 20.5083819 E GC-MS, TOC&TS&CC, RE, VR 
112 Veľká Franková village Vf_Zu_1A Zuberec Fm. Spisz mudstone 49.3311944 N, 20.3149167 E GC-MS, TOC&TS&CC, RE 
113 Tichý Potok stream Ti_Bp_1A-Ti_Bp_1B Biely Potok Fm. Levoča Basin & Šariš Upland sandstone 49.1401994 N, 20.7989481 E GC-MS, TOC&TS&CC, RE 

114 
Chminianska Nová Ves 
village Cnv_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland weathered sandstone 49.0050147 N, 21.0900716 E GC-MS, TOC&TS&CC 

115 Fričovce village Fi_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland weathered sandstone 49.0183953 N, 20.9738602 E GC-MS, TOC&TS&CC 
116 Hermanovce village He_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland weathered sandstone 49.0263330 N, 21.020657 E GC-MS, TOC&TS&CC 
117 Hendrichovce village Hn_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland weathered sandstone 49.0250522 N, 20.9912376 E GC-MS, TOC&TS&CC 
118 Malá Svinka stream Ms_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland weathered sandstone 49.0518802 N, 21.0837281 E GC-MS, TOC&TS&CC 
119 Lačnov village Lac_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland mudstone 49.0718181 N, 20.9234526 E GC-MS, TOC&TS&CC 
120 Lipovce village Lip_Zu_1A Zuberec Fm. Levoča Basin & Šariš Upland mudstone 49.0624402 N, 20.9520969 E GC-MS, TOC&TS&CC, RE 
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121 Plavnica village Pla_Zu_1C Zuberec Fm. Levoča Basin & Šariš Upland sandstone 49.2714388 N, 20.7775576 E GC-MS, TOC&TS&CC, RE 
122 Stará Ľubovňa town Sl_Zu_1A-Sl_Zu_1B Zuberec Fm. Levoča Basin & Šariš Upland sandstone 49.300833 N, 20.702222 E GC-MS, TOC&TS&CC 

123 Bajerovce village 
Baj_Ht_1A, Baj_Ht_1C-
Baj_Ht_1D Huty Fm. Levoča Basin & Šariš Upland mudstone 49.2119208 N, 20.7950319 E GC-MS, TOC&TS&CC, RE 

124 Brezovica village Bre_Ht_1A Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1377708 N, 20.83008163 E GC-MS, TOC&TS&CC 
125 Červená Voda village Cv_Ht_1A-Cv_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1406510 N, 21.0869262 E GC-MS, TOC&TS&CC, RE 
126 Ďačov village Da_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1446478 N, 20.9198484 E GC-MS, TOC&TS&CC, RE 
127 Dubovica village Dub_Ht_1A Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1200249 N, 20.9400288 E GC-MS, TOC&TS&CC 
128 Gregorovce village Gre_Ht_1A-Gre_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.0681450 N, 21.1980117 E GC-MS, TOC&TS&CC, RE, VR 
129 Jakubianka stream Ja_Ht_1A Huty Fm. Levoča Basin & Šariš Upland mudstone 49.2602617 N, 20.6847088 E GC-MS, TOC&TS&CC 
130 Jakubovany village Jbv_Ht_1A-Jbv_Ht_1C Huty Fm. Levoča Basin & Šariš Upland mudstone 49.11315813 N, 21.1461154 E GC-MS, TOC&TS&CC, RE 
131 Jakubova Voľa village Jv_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1280243 N, 21.0169421 E GC-MS, TOC&TS&CC, RE 
132 Kamenica village Kam_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1840956 N, 20.9508217 E GC-MS, TOC&TS&CC 
133 Krivany village Krv_Ht_1A Huty Fm. Levoča Basin & Šariš Upland mudstone 49.161111 N, 20.939444 E  GC-MS, TOC&TS&CC 
134 Ľubovnianske kúpele Lk_Ht_1A-Lk_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.276944 N, 20.741111 E GC-MS, TOC&TS&CC, RE 
135 Lúčka village Lu_Ht_1B, Lu_Ht_1E Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1779882 N, 20.9796123 E GC-MS, TOC&TS&CC, RE 
136 Nová Ľubovňa village Nl_Ht_1A-Nl_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.2750036 N, 20.6793858 E GC-MS, TOC&TS&CC, RE 
137 Ratvaj village Ra_Ht_1A Huty Fm. Levoča Basin & Šariš Upland mudstone 49.1167803 N, 21.2062194 E GC-MS, TOC&TS&CC, RE, VR 
138 Sabinov town Sab_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.0959513 N, 21.1105170 E GC-MS, TOC&TS&CC, RE 
139 Šambron village Sam_Bp_1A-Sam_Bp_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.254444 N, 20.757778 E GC-MS, TOC&TS&CC, RE 
140 Šambron village Sam_Ht_2A, Sam_Ht_2C Huty Fm. Levoča Basin & Šariš Upland mudstone 49.23196 N, 20.75126 E GC-MS, TOC&TS&CC, RE 
141 Šarišské Dravce village Sar_Ht_1A-Sar_Ht_1C Huty Fm. Levoča Basin & Šariš Upland mudstone 49.177778 N, 20.859722 E GC-MS, TOC&TS&CC, RE 
142 Šariš Park recreation center Sp_Ht_1A-Sp_Ht_1B Huty Fm. Levoča Basin & Šariš Upland mudstone 49.0410045 N, 21.2142301 E GC-MS, TOC&TS&CC, RE, VR 
143 Uzovský Šalgov village Us_Ht_1A Huty Fm. Levoča Basin & Šariš Upland mudstone 49.0944668 N, 21.0506788 E GC-MS, TOC&TS&CC, RE 
144 116 m CH2 Zuberec Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
145 193 m CH193/14_Zu Zuberec Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS;  
146 280 m CH280 Zuberec Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS;  
147 436 m CH11 Zuberec Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
148 513 m CH513 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E GC-MS 
149 593 m CH593 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS 
150 666 m CH17 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
151 735 m CH18 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
152 820 m CH820 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E GC-MS 
153 964 m CH21 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
154 1283 m CH29 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
155 1364 m CH30 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
156 1425 m CH32 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
157 1503 m CH35 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
158 1580 m CH36 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
159 1671 m CH1671 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E GC-MS 
160 1757 m CH39 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
161 1953 m CH43 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
162 2011 m CH2011 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS 
163 2075 m CH2075 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
164 2127 m CH48 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
165 2214 m CH49 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
166 2264 m CH52 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
167 2410 m CH2410 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS 
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168 2511 m CH2511 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E GC-MS 
169 2578 m CH58 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
170 2757 m CH63 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS 
171 2859 m CH65 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E TOC&TS&CC; GC-MS; RE 
172 2900 m CH2900 Huty Fm. Chochołów PIG-1 borehole mudstone 49.3511278 N, 19.8227583 E GC-MS 
173 102 m BKT102 Zuberec Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E GC-MS 
174 294 m BKT294 Zuberec Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
175 504 m BKT10 Zuberec Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
176 640 m BKT640 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
177 699 m BKT14 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
178 902 m BKT902 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS 
179 1005 m BKT20 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
180 1141 m BKT22 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
181 1261 m BKT1261 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E GC-MS; RE 
182 1382 m BKT25 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
183 1480 m BKT27 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
184 1594 m BKT1594 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E GC-MS; RE 
185 1649 m BKT30 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
186 1782 m BKT31 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
187 1904 m BKT35 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
188 2043 m BKT38 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
189 2200 m BKT2200 Huty Fm. Bukowina Tatrzańska PIG-1/GN borehole mudstone 49.3295917 N, 20.1009000 E TOC&TS&CC; GC-MS; RE 
190 300 m PIG_FUR Huty Fm. Furmanowa PIG-1 borehole mudstone 49.3219944 N, 19.9528167 E TOC&TS&CC; GC-MS 
191 505 m PIG_PR5 Huty Fm. Furmanowa PIG-1 borehole mudstone 49.3219944 N, 19.9528167 E TOC&TS&CC; GC-MS 
192 1979 m FU_PIG1_1979 Huty Fm. Furmanowa PIG-1 borehole conglomerate 49.3219944 N, 19.9528167 E TOC&TS&CC; VR 
193 2049 m FU_PIG1_2049 Cretaceous-Jurassic Furmanowa PIG-1 borehole limestone 49.3219944 N, 19.9528167 E TOC&TS&CC; VR 
194 484 m BAN484 Zuberec Fm. Bańska IG-1 borehole mudstone 49.3948417 N, 20.0185028 E GC-MS 
195 0 m BDUN0 Huty Fm. Biały Dunajec PAN 1 borehole mudstone 49.3841389 N, 20.0195278 E GC-MS 
196 111 m Z111 Huty Fm. Zakopane IG-1 borehole mudstone 49.2954833 N, 19.9658444 E GC-MS 
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Depositional conditions, wildfires, maturity, and hydrocarbon potential 
evaluation of Central Carpathian Paleogene Basin based on integrative 
approach from Orava Basin 

Dorota Staneczek a, Dariusz Więcław b, Leszek Marynowski a,* 

a Institute of Earth Sciences, Faculty of Natural Sciences, University of Silesia in Katowice, Będzińska 60, 41-200 Sosnowiec, Poland 
b Faculty of Geology, Geophysics and Environmental Protection, AGH University of Krakow, Al. Mickiewicza 30, 30-059 Kraków, Poland   

A R T I C L E  I N F O   
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A B S T R A C T   

Central Carpathian Paleogene Basin (CCPB, Central Western Carpathians) comprises mainly Oligocene clastic 
autochthonous age-equivalents of the widely known Menilite shale formation from the Outer Carpathians. 
However, little is known about the paleoenvironment and its subsequent changes during the basin’s evolution. 
Furthermore, the available hydrocarbon potential data are based on anachronous methods and are not investi-
gated on the sub-basin level. Gas chromatography-mass spectrometry (GC–MS) analyses supported by Rock-Eval 
data along with petrographic measurements enabled us to identify and document the paleoenvironmental 
evolution of the Orava sub-basin (NW remnant of CCPB). Thermal maturity based on vitrinite reflectance, 22S/ 
(22S + 22R) homohopane ratio and 20S/(20S + 20R) sterane ratio increases from N to S and from Upper to 
Lower Oligocene. In the least mature samples ββ-hopanes, hopenes, and oleanenes are present, whereas in the 
most mature deposits less thermally stable compounds dissapeared. This maturation trend is shown also by the 
Rock-Eval data. Terrestrial organic matter input is documented by the predominance of III- and II/III-type of 
kerogen and the occurrence of several biomarkers, such as 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene, cadalene, 
retene, and perylene. The significant contribution of polycyclic aromatic hydrocarbons (PAHs) may be linked 
with wildfire-related land degradation and following runoff to the basin. Based on the measured fusinite 
reflectance values the wildfire types could range from hotter crown fires to colder surface fires. Depositional 
conditions in Lower Oligocene units are characterized by intermittent euxinia, as derived from small (<5 μm) 
pyrite framboid diameters and the presence of isorenieratane. Subsequently, a change of conditions to oxic/ 
dysoxic in younger units is observed, and the input of terrestrial organic matter increased.   

1. Introduction 

The allochthonous Outer Carpathians, composed mainly of Paleo-
gene rocks, belong to one of the largest and oldest oil provinces of 
Central Europe (ten Haven et al., 1993; Kotarba et al., 2007). The source 
rocks are considered to be the so-called Menilite shales, mostly dated to 
the Early Oligocene. Although the importance of these oil fields has now 
decreased, it is estimated that the Lower Oligocene part of the Menilite 
Formation could generate from 10 up to 15 t HC/m2 (Popescu, 1995; 
Kosakowski, 2013; Sachsenhofer et al., 2018; Rauball et al., 2019). The 
organic matter from Menilite shales and Carpathian oils have been the 
subject of many studies (e.g., ten Haven et al., 1993; Kruge et al., 1996; 
Rospondek et al., 1997; Köster et al., 1998a; Curtis et al., 2004; Lewan 

et al., 2006; Kotarba et al., 2007, 2013, 2017; Kosakowski et al., 2018; 
Jirman et al., 2019; Waliczek et al., 2019; Więcław et al., 2020); 
including on their depositional conditions (Köster et al., 1998b; Sach-
senhofer et al., 2015; Wendorff et al., 2017; Wendorff-Belon et al., 2021; 
Wójcik-Tabol et al., 2022), much less is known about the autochthonous 
age-equivalent, the Central Carpathian Paleogene Basin (CCPB). 

The CCPB extends over an approximate area of 9000 km2 (Fig. 1), 
having a sediment volume of c.a. 11,500 km3 (Soták et al., 2001), but a 
large part of the basin has been eroded, mainly during the Miocene 
Carpathian uplift. 

As mentioned above, several studies have been done to identify the 
thermal maturity of the Paleogene rocks of the CCPB. There is a clear 
trend of increasing thermal maturity from west to east (from Orava 
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through Podhale to Spǐs; Poprawa and Marynowski, 2005; ́Srodoń et al., 
2006; although, in the Levoča Basin, only a single data point is given in 
the known literature (Francu and Müller, 1983; Soták et al., 2001). 
Hydrocarbon potential was determined in the extensive study of Soták 
et al. (2001), and minor signs of hydrocarbon migration were also 
mentioned by Marynowski et al. (2001, 2006). However, there is no 
consistent data of sedimentary conditions in the CCPB based on up-to- 
date petrographic and geochemical methods. In addition, there is also 
no successive analysis of the evolution of organic matter (OM) with the 
progression of Oligocene deposition in the CCPB, as well as a discussion 
about depositional environments and hydrocarbon potential of the 
particular formations from the CCPB. 

In this study, we aim to approach the above issue comprehensively, 
using a set of independent petrographic, organic, and inorganic 
geochemical methods. The Orava Basin was chosen as being the least 
thermally mature part of the CCPB (Środoń et al., 2006); thus, margin-
ally affected by diagenetic transformations and offering the opportunity 
for use of both organic and inorganic geochemical data of this previously 
unexplored sedimentary basin. 

2. Geological setting 

Central Carpathian Paleogene Basin was formed during the Late 
Eocene as a result of tectonic subsidence linked with the gravitational 
collapse of Central Western Carpathian (CWC) massifs (Wagreich, 1995; 
Castelluccio et al., 2016). The sedimentation commenced during the 
Late Eocene on eroded Mesozoic carbonates, which belong to a widely 
spread system of thrust nappes in the CWC (Gross et al., 1984; Soták 
et al., 2001; Králiková et al., 2014). The sedimentary infill of the CCPB is 
commonly divided into four major lithostratigraphic units (Gross et al., 
1984, 1993). The onset of sedimentation in the CCPB realm is marked by 
the presence of basal transgressive lithofacies that belong to the Borove 
Fm. (Gross et al., 1984, 1993; Soták et al., 2001; Fig. 1). The oldest 
coarse-grained facies pass gradually into shallow-water carbonates, 

mainly organogenic limestones (so-called ‘Eocene Nummulite sedi-
ments’). Sporadically in the Orava region, Borove Fm. sediments are 
overlain by Pucov conglomerates which are interpreted as sediments of 
submarine alluvial cones (Gross et al., 1984, 1993). The progressive 
deepening of the basin is indicated by the occurrence of mudstone layers 
belonging to the Huty Fm., the second Paleogene lithostratigraphic unit. 
Late Eocene - early Oligocene Huty Fm. is composed mainly of thick 
layers of calcareous mudstones and black shales, which are intercalated 
with sandstones (Gross et al., 1993). Locally, lense-like thin coal layers 
can be found. Gradual increase of sandstone layer volume up to typical 
rhythmic flysh-like sedimentation marks the transition into Oligocene 
Zuberec Fm. (Gross et al., 1984; Soták et al., 2001). In the Zuberec Fm., 
coal seams are more common and tend to be thicker (Gross et al., 1993). 
The youngest Late Oligocene-Early Miocene Biely Potok Fm. consists 
predominantly of thick sandstone beds, locally intercalated with con-
glomerates or thin layers of mudstones, which document the gradual 
shallowing of the basin (Gross et al., 1993). The CCPB sequence is here 
eroded due to shortening and basin inversion related to the Miocene 
uplift of Carpathian massifs. 

3. Materials and methods 

3.1. Samples description and preparation 

A total of eighty-five samples of CCPB rocks were collected from 
surface outcrops in the Orava Basin area (Fig. 1 and Table 1). Consid-
ering the individual formations, 27 samples were collected from Huty 
Fm., 47 from the Zuberec Fm. and 11 from Biely Potok Fm. The lithology 
of the rock specimens is described in Table S1. In addition, four analyzed 
samples (3 in Zuberec Fm. and 1 in Huty Fm.; Table S1) represent coal 
layers or coal/shale mixture. After removing the weathered layer (usu-
ally a few centimeters), a fresh ca. 500–200 g sample was taken. 

The collected samples were additionally cleaned with brush, washed 
with distilled water and dried at room temperature. They were 

Fig. 1. Simplified geological map of the Orava Basin and adjacent areas showing sampling localities.  
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subsequently crushed and, after quartering, a portion was grounded to a 
fraction below 0.2 mm for geochemical analyses. 

3.2. Total organic carbon (TOC) and total sulphur (TS) 

These parameters were measured using an Eltra CS-500 IR-analyzer 
equipped with a TIC module (Faculty of Natural Sciences, University of 
Silesia in Katowice, Poland). Lastly, the total organic carbon (TOC) 
content was calculated from the obtained total carbon (TC) and total 
inorganic carbon (TIC) values (more details in Marynowski et al., 2017). 

3.3. Rock-Eval pyrolysis 

The Rock-Eval analysis was conducted using a Vinci Technologies 
Rock-Eval 6 Turbo apparatus at the Faculty of Geology, Geophysics, and 
Environmental Protection at AGH University of Krakow applying the 
Basic cycle of the Bulk Rock method. Briefly, the analysis consisted of 
two successive steps: firstly, 20–50 mg of rock sample was heated in the 
pyrolytic oven under nitrogen flow (100 ml/min) at temperatures 
ranging from 300 (3 min isothermal) to 650 ◦C at a rate of 25 ◦C/min; 
the afterward oxidation was conducted in the oxidation oven in air (100 
ml/min) at temperatures ranging from 300 (1 min isothermal) to 850 ◦C 
at 20 ◦C/min (5 min at final temperature). The IFP 160000 standard was 
used to calibrate the apparatus. Details of the analysis, measured pa-
rameters and calculated indices are described elsewhere (Więcław and 
Sadlik, 2019). 

3.4. Vitrinite and fusinite reflectance measurements 

Samples for microscopic measurements were prepared according to 
ISO 7404-2 (2009) procedure. Fifty-five specimens (26, 22, and 7 
specimens from Huty, Zuberec, and Biely Potok Fms., respectively) were 
analyzed in reflected light and immersion oil by Zeiss Axio Imager.A2m 
(Faculty of Natural Sciences, University of Silesia in Katowice, Poland). 
It was possible to measure the vitrinite reflectance in 47 specimens (3 
specimens from Biely Potok, 21 from Zuberec, and 23 from Huty Fm.; 

Table 1 
Maturity parameters derived from hopanes, steranes and aromatic 
hydrocarbons.  

Sample Hopanes  Steranes  Aromatic hydrocarbons  

C31(22S/ 
22S + R) 

C30αβ/ 
βα 

C2920S/ 
(20S +
R) 

C29ββ/ 
(αα +
ββ) 

MPI1 Rc 
[%] 

BeP / 
(BeP 
+ Pe) 

Biely Potok Fm. 
1_Bi 0.54 3.99 0.25 0.37 0.40 0.64 0.81 
2_Bi 0.54 3.86 0.18 nd 0.29 0.58 0.27 
3_Bi 0.55 2.85 0.18 0.23 0.26 0.56 0.25 
4_Bi 0.54 2.33 0.21 0.27 0.43 0.66 0.21 
5_Bi 0.51 2.03 0.19 0.26 0.31 0.59 0.20 
6_Bi 0.42 1.77 0.07 nd 0.26 0.55 0.08 
7_Bi 0.40 2.33 0.10 nd 0.29 0.57 0.06 
8_Bi 0.49 4.11 0.12 0.20 0.39 0.63 0.22 
9_Bi 0.49 2.37 0.15 nd 0.45 0.67 0.21 
10_Bi 0.49 2.46 0.13 0.25 0.46 0.68 0.20 
11_Bi 0.42 2.84 0.16 0.12 0.49 0.69 0.65  

Zuberec Fm. 
12_Zu 0.59 5.16 0.37 0.35 0.48 0.69 0.94 
13_Zu 0.59 3.99 0.38 0.32 0.46 0.68 0.86 
14_Zu 0.55 2.82 0.19 0.26 0.26 0.55 0.21 
15_Zu 0.59 4.74 0.31 nd 0.57 0.74 0.92 
16_Zu 0.59 4.89 0.26 nd 0.36 0.61 0.92 
17_Zu 0.45 2.54 0.09 nd 0.38 0.63 0.08 
18_Zu 0.48 3.14 0.10 nd 0.43 0.66 0.09 
19_Zu 0.48 2.93 0.15 nd 0.41 0.65 0.12 
20_Zu 0.49 2.30 0.18 nd 0.37 0.62 0.09 
21_Zu 0.54 4.18 0.22 0.22 0.38 0.63 0.14 
22_Zu 0.53 4.34 0.20 0.23 0.33 0.60 0.11 
23_Zu 0.62 7.67 0.61 0.36 0.75 0.85 1.00 
24_Zu 0.59 6.24 0.48 0.43 0.54 0.72 0.90 
25_Zu 0.60 6.26 0.43 0.36 0.53 0.72 0.86 
26_Zu 0.59 5.17 0.41 0.36 0.52 0.71 0.96 
27_Zu 0.59 6.69 0.47 0.43 0.52 0.71 0.95 
28_Zu 0.59 4.76 0.43 0.37 0.55 0.73 0.94 
29_Zu 0.58 5.81 0.46 0.42 0.56 0.74 0.97 
30_Zu 0.59 5.81 0.47 0.40 0.60 0.76 0.96 
31_Zu 0.58 5.90 0.48 0.40 0.62 0.77 0.97 
32_Zu 0.59 5.99 0.44 0.42 0.53 0.72 0.96 
33_Zu 0.56 5.15 0.19 0.25 0.29 0.58 0.73 
34_Zu 0.55 3.48 0.22 0.27 0.40 0.64 0.40 
35_Zu 0.44 1.78 0.14 nd 0.25 0.55 0.18 
36_Zu 0.43 2.05 0.10 0.29 0.28 0.57 0.15 
37_Zu 0.50 2.28 0.15 nd 0.31 0.59 0.26 
38_Zu 0.58 5.98 0.58 0.51 0.40 0.64 1.00 
39_Zu 0.44 2.94 0.07 0.18 0.26 0.56 0.05 
40_Zu 0.42 2.09 0.10 nd 0.22 0.53 0.07 
41_Zu 0.59 4.43 0.40 nd 0.34 0.60 0.84 
42_Zu 0.59 5.98 0.47 nd 0.38 0.63 0.73 
43_Zu 0.59 8.24 0.46 nd 0.45 0.67 0.82 
44_Zu 0.57 7.49 0.41 nd 0.43 0.66 0.90 
45_Zu 0.57 5.82 0.45 nd 0.41 0.64 0.89 
46_Zu 0.60 7.25 0.41 nd 0.29 0.58 1.00 
47_Zu 0.59 4.40 0.43 nd 0.38 0.63 0.94 
48_Zu 0.59 6.14 0.46 nd 0.37 0.62 0.95 
49_Zu 0.59 5.82 0.43 nd 0.48 0.69 0.92 
50_Zu 0.57 3.00 0.47 nd 0.23 0.54 1.00 
51_Zu 0.56 4.59 0.25 0.32 0.25 0.55 0.98 
52_Zu 0.59 5.15 0.46 0.40 nd nd 0.66 
53_Zu 0.59 6.16 0.45 0.45 0.55 0.73 1.00 
54_Zu 0.59 6.86 0.44 0.43 0.60 0.76 0.97 
55_Zu 0.59 5.29 0.42 0.37 0.52 0.71 1.00 
56_Zu 0.42 4.44 0.09 0.26 0.24 0.55 0.02 
57_Zu 0.42 4.23 0.06 0.23 0.25 0.55 0.05 
58_Zu 0.46 2.38 0.20 nd 0.27 0.56 0.07  

Huty Fm. 
59_Ht 0.61 6.19 0.49 0.51 0.63 0.78 nd 
60_Ht 0.58 6.79 0.53 0.50 0.61 0.77 nd 
61_Ht 0.58 6.76 0.54 0.50 0.44 0.67 nd 
62_Ht 0.59 6.38 0.46 0.50 0.58 0.75 0.92 
63_Ht 0.58 4.79 0.34 0.41 0.55 0.73 0.97 
64_Ht 0.58 7.78 0.57 0.58 0.58 0.75 0.97  

Table 1 (continued ) 

Sample Hopanes  Steranes  Aromatic hydrocarbons  

C31(22S/ 
22S + R) 

C30αβ/ 
βα 

C2920S/ 
(20S +
R) 

C29ββ/ 
(αα +
ββ) 

MPI1 Rc 
[%] 

BeP / 
(BeP 
+ Pe) 

65_Ht 0.58 5.59 0.47 0.39 0.35 0.61 1 
66_Ht 0.56 6.81 0.46 0.56 0.53 0.72 0.97 
67_Ht 0.58 7.27 0.53 0.55 0.64 0.79 0.94 
68_Ht 0.57 6.57 0.55 0.53 0.57 0.74 0.88 
69_Ht 0.59 5.17 0.55 0.51 0.70 0.82 1 
70_Ht 0.59 6.21 0.46 0.50 nd nd nd 
71_Ht 0.57 8.29 0.58 0.56 0.57 0.74 1 
72_Ht 0.57 6.98 0.53 0.55 0.52 0.71 1 
73_Ht 0.56 4.81 0.44 0.50 0.61 0.77 nd 
74_Ht 0.58 6.70 0.59 0.51 0.70 0.82 nd 
75_Ht 0.58 6.16 0.54 0.50 0.67 0.80 nd 
76_Ht 0.57 5.91 0.54 0.50 0.60 0.76 1 
77_Ht 0.58 4.59 0.25 0.33 0.33 0.60 0.88 
78_Ht 0.58 4.81 0.29 0.31 0.32 0.59 0.86 
79_Ht 0.59 7.02 0.62 0.53 0.51 0.70 0.96 
80_Ht 0.58 7.42 0.61 0.54 0.56 0.74 nd 
81_Ht 0.58 8.22 0.62 0.55 0.66 0.79 nd 
82_Ht 0.57 8.12 0.51 0.49 0.46 0.68 1 
83_Ht 0.57 6.28 0.57 0.58 0.57 0.74 1 
84_Ht 0.51 3.30 0.28 nd 0.41 0.64 0.84 
85_Ht 0.53 4.12 0.25 nd 0.45 0.67 0.85 

MPI1 = 1.5 * (3-methylphenanthrene +2-methylphenanthrene)/(phenanthrene 
+9-methylphenanthrene +1-methylphenanthrene). 
Rc = 0.4 + 0.6 * MPI1. 
MPI1 = methylphenanthrene index 1, Rc = calculated vitrinite reflectance, BeP/ 
(BeP + Pe) = benzo[e]pyrene to benzo[e]pyrene plus perylene ratio, nd = no 
data. 
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Table S2). In addition, the vitrinite reflectance values were also calcu-
lated based on methylphenanthrene index (MPI1) values for the ma-
jority of the analyzed samples (Rc = 0.60 MPI1 + 0.40; Radke and 
Welte, 1983; Radke, 1988). The inertinite reflectance was analyzed in 10 
chosen samples (7 from Zuberec and 3 from Biely Potok Fm.; Table S3). 
Standards applied for vitrinite reflectance measurements were 0.420%, 
0.588%, and 0.898% relative reflectance (Rr), and for inertinite reflec-
tance, 1.42% and 3.09% Rr standards were used. 

3.5. Pyrite framboid diameter analysis 

Pyrite framboid diameters were measured using an environmental 
scanning electron microscope Philips XL30 ESEM/TMP (Faculty of 
Natural Sciences, University of Silesia in Katowice, Poland). Sixty pre-
pared polished rock specimens were analyzed in backscattered electron 
(BSE) mode. To obtain statistically reliable results, at least 50 framboid 
diameters were measured. In only one specimen, it was not possible to 
acquire this number of measurements (see Table S4). 

3.6. Biomarker analysis 

3.6.1. Extraction, fractionation and derivatization 
First, bitumen was extracted with a dichloromethane(DCM)/meth-

anol (1:1, v:v) mixture using a Thermo Scientific Dionex ASE 350 solvent 
extractor. Extracts were further separated into aliphatic, aromatic and 
polar fractions by applying the column chromatography method. Pre-
pared Pasteur pipettes were filled with silica gel (heated for 24 h at 
120 ◦C), and the fractions were separated and collected using n-pentane, 
n-pentane/DCM (7:3) and DCM/methanol (1:1), respectively. Obtained 
aliphatic and aromatic fractions were dried and prepared for gas chro-
matography–mass spectrometry (GC–MS) analysis by dissolving in ethyl 
acetate. The polar fractions of selected (less mature) samples were 
additionally derivatised by reaction with N,O-bis-(trimethylsilyl)tri-
fluoroacetamide (BSTFA, Sigma-Aldrich, St. Louis, MO, USA), dissolved 
in dehydrated n-hexane and then heated for 3 h in 70 ◦C (details are 
reported in Simoneit et al., 2021). 

3.6.2. Gas chromatography-mass spectrometry (GC–MS) 
GC–MS analyses were conducted with an Agilent Technologies 7890 

A gas chromatograph (GC) and an Agilent 5975C Network mass spec-
trometer with Triple-Axis Detector (MSD) at the Faculty of Natural 
Sciences, Sosnowiec, Poland. Separation was obtained on an Agilent 
J&W HP5-MS (50 m × 0.32 mm i.d., 0.25 μm film thickness) fused silica 
capillary column coated with a chemically bonded phase (5% phenyl, 
95% methylsiloxane), for which the GC oven temperature was pro-
grammed from 45 ◦C (1 min) to 100 ◦C at 20 ◦C /min, then to 300 ◦C 
(hold 60 min) at 3 ◦C /min, with a solvent delay of 10 min. Helium (6.0 
Grade) was used as a carrier gas at a constant flow of 2.6 ml/min. The GC 
column outlet was connected directly to the ion source of the MSD. The 
GC–MS interface was set at 280 ◦C, while the ion source and the quad-
rupole analyzer were set at 230 and 150 ◦C, respectively. Mass spectra 
were recorded starting from m/z 45 to 550 (0–40 min) and m/z 50–700 
(>40 min). The MSD was operated in the electron impact mode, with an 
ionization energy of 70 eV. 

3.7. Inorganic geochemistry 

The eighty-one samples (26, 46 and 9 from Huty, Zuberec and Biely 
Potok Fms., respectively) were analyzed at AcmeLabs, Vancouver, 
Canada in order to measure the content of 37 elements (Mo, Cu, Pb, Zn, 
Ag, Ni, Co, Mn, Fe, As, U, Au, Th, Sr, Cd, Sb, Bi, V, Ca, P, La, Cr, Mg, Ba, 
Ti, B, Al, Na, K, W, Sc, Tl, S, Hg, Se, Te, and Ga). Four samples suspected 
of being partially weathered were omitted (Marynowski et al., 2017). 
Approximately 5 g of each powdered sample was digested using modi-
fied aqua regia digestion (1:1:1; HNO3:HCl:H2O). Subsequently, the 
content of the previously mentioned elements was measured by using 

Optical Emission Spectroscopy (OES) and Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) techniques. 

4. Results 

4.1. General organic geochemical and petrological data 

Measured total organic carbon (TOC) values are generally low to 
moderate for most of the samples (Table S1). The exceptions are the coal 
samples, where the TOC reaches 82.5 wt%. In Huty Fm., the content of 
TOC rarely exceeds 1 wt%, apart from a few samples displaying slightly 
higher values. Samples taken from Zuberec Fm. are characterized by on 
average higher TOC content than from Huty Fm., sometimes reaching c. 
a. 10 wt% in black shales. Sandstones and mudstones of the Biely Potok 
Fm. show the lowest values of TOC, in the range of 0.02 to 2.4 wt% 
(Table S1). 

Total sulphur (TS) content in analyzed units changes coherently with 
the TOC values and reaches the highest levels in Zuberec Fm. samples. In 
Huty Fm., the TS content is not higher than 2.5 wt% and equals 0.6–0.7 
wt% on average. The TS content in Biely Potok Fm. samples is the lowest 
in all measured units and in some samples drops almost to zero 
(Table S1). Calculated carbonate content (CC) values are strongly site- 
dependent. There is no clear trend in the CC values in the analyzed 
units; however, it seems that the average CC is the highest in Huty Fm. 
(~20%) and decreases in younger units (Table S1). 

Vitrinite reflectance values obtained using two different methods 
differ significantly. The calculated values (based on the methyl-
phenanthrene index 1; MPI1) are c.a. 0.2–0.3% higher than the 
measured ones. The measured vitrinite reflectance values could be used 
with caution since, as already pointed out by Marynowski et al. (2006). 
This is due to the occurrence of both dark hydrogen-rich vitrinites and 
reworked vitrinites observed in the studied samples from Oligocene 
sequences. Especially dark vitrinites occur in large numbers (Fig. S1) 
and prevent proper measurement of reflectance. However, the MPI1 
parameter converted to calculated vitrinite reflectance (Rc) works very 
well for CCPB rocks (Poprawa and Marynowski, 2005). The results of 
both methods follow more or less the same distribution pattern. The 
highest vitrinite reflectance values are reported in the south and 
southeast of the Orava region in the Huty Fm. Generally, in this unit, the 
obtained values range from 0.59 to 0.82% Rc. Slightly lower values are 
documented in the Zuberec Fm. Similarly to Huty Fm., the vitrinite 
reflectance increases towards the southeast (Fig. 3; Table S2). The values 
in the northern part of the Orava Basin tend to be the lowest, averaging 
at 0.50–0.55% Rc. However, the vitrinite reflectance of the southern-
most Zuberec Fm. samples do not differ from those measured in Huty 
Fm. samples. In the Biely Potok Fm., the vitrinite reflectance values are 
similar to the values obtained for the northern Zuberec Fm. samples 
(0.5–0.7%), and follow the same maturity trend (the lowest values in the 
north, the highest in the southern parts). 

Fusinite reflectance was possible to be measured only in Zuberec and 
Biely Potok Fm. samples. Fusinite grains were small and relatively rare 
(Fig. S1), generally more common in Biely Potok Fm., than in Zuberec 
Fm. Higher reflectance values were recorded in the Zuberec Fm. and 
ranged from 1.89% to 4.66%, corresponding with theoretical combus-
tion temperatures (calculated based on Jones and Lim, 2000, and 
Petersen and Lindström, 2012 formulas) between 407 ◦C and 734 ◦C 
(Table S3). In turn, fusinite reflectance, which was measured in Biely 
Potok Fm. samples vary from 1.68% to 2.98%. Calculated combustion 
temperatures for these samples range from 382 ◦C to 536 ◦C (Table S3). 

4.2. Rock-Eval analysis 

The TOC concentrations determined by the Rock-Eval analysis 
(Table S5) are comparable to values presented in Chapter 4.1 (Table S1). 
Statistically, the best source rock levels are recorded within Zuberec Fm. 
with medians of TOC and hydrocarbon potential (S1 + S2) reaching 1.97 
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wt% and 4.4 mg HC/g rock, respectively (Fig. 4). Within this formation 
some coal seams or lenses were recorded with TOC content up to 92.6 wt 
% and S1 + S2 values up to 321 mg HC/g rock (Fig. 4). Huty and Biely 
Potok formations show poor source rock properties with median TOC 
values of 0.50 and 0.45 wt%, respectively and median hydrocarbon 
contents (S1 + S2) of 0.85 and 0.42 mg HC/g rock, respectively (Fig. 4). 
However within Huty Fm. levels rich organic matter (even coals – 
sample 85_Ht) are recorded. 

The hydrogen index (HI) values of all studied samples ranges be-
tween 50 and 380 mg HC/g TOC (Table S5). The lowest values, below 
100 mg HC/g TOC are recorded for Biely Potok Fm. For Zuberec and 
Huty formations values of this index below 200 mg HC/g TOC dominate, 
but for some samples (42_Zu from Zuberec and 77_Ht, 78_Ht and 82_Ht 
from Huty Fm.) values above 300 mg HC/g TOC are recorded (Fig. 5a). 
Similar results were also obtained from the Levoca Basin, part of the 
CCPB (Soták et al., 2001). 

The production index (PI) values range from 0.02 to 0.48 (Table S5, 
Fig. 5b). For Biely Potok and Zuberec Fms. values of this index usually do 
not exceed 0.1 (both medians equal 0.09), whereas for the Huty Fm. are 
mainly from 0.2 to 0.4 (median 0.29) with a maximal value of 0.48 for 
79_Ht sample (Fig. 5b). All studied samples reach a range of Tmax values 
from 421 to 458 ◦C (Table S5). The lowest Tmax temperature was 
recorded for the coal sample (42_Zu) collected from Zuberec Fm. 
(Fig. 5a), but remaining coals (85_Ht, 45_Zu and 48_Zu) evidence much 
higher values of this parameter (445–457 ◦C, Table S5). Statistically, 
organic matter present within Biely Potok and Zuberec formations is 
characterized by lower Tmax values, mainly 430–440 ◦C whereas values 
of this parameter for organic material present in Huty Fm. are from 440 
to 450 ◦C (Fig. 5). 

4.3. Pyrite framboid size analysis 

Out of the total number of 60 inspected specimens (chosen based on 
TS values), pyrite framboids were present in 20 specimens from Huty 
Fm., 24 from the Zuberec Fm. and 6 from the Biely Potok Fm. (Table S4). 
In the majority of examined specimens, it was possible to measure 100 
framboid diameters, otherwise at least 50 measurements were taken. 
Only in one specimen, the number of measurements was significantly 
lower (14; Table S4). 

In all analyzed samples, pyrite framboids with small (<2 μm) and 
large (>20 μm) diameters were present. The mean value of framboid 
diameters was generally coherent in Zuberec and Huty Fms. and equaled 
c.a. 6 μm. In Biely Potok Fm. average framboid diameter values were 
only slightly larger (c.a. 6.5 μm). The calculated percentage of pyrite 
framboids with diameters smaller than 5 μm was similar in Huty and 
Zuberec Fms. and varied around 45%. Moreover, in Huty Fm., the 
calculated percentage for each sample was rather homogenous, while in 
Zuberec Fm., the values are more dispersed, changing from 78% to 12%. 
In the specimens from the youngest analyzed unit, the Biely Potok Fm., 
the percentage of the framboids with diameters below 5 μm was much 
lower (c.a. 30%). 

4.4. Biomarker analysis 

4.4.1. Aliphatic fraction 
The most prominent compound groups present in the analyzed 

samples are n-alkanes, hopanes, and steranes. Among other identified 
compounds are acyclic isoprenoids (pristane, phytane), diterpanes and 
angiosperm derivatives. Based on aliphatic compounds distribution, 
several ratios were calculated (Table S1). 

The distribution of n-alkanes depends both on the maturity and li-
thology of the samples and is rather uniform in each unit. This homo-
logue series generally ranges from n-C12 to n-C37 (sporadically to n-C38 
for some Zuberec and Huty Fm. samples). The calculated values of two 
Carbon Preference Indexes (CPITotal and CPI25–31; Bray and Evans, 1961; 
Marynowski and Zatoń, 2010) are generally close to unity in both Huty 

and Zuberec Fms. However, in the Huty Fm., the CPI values are rather 
coherent, while in the Zuberec Fm., they show a distinct dispersion 
ranging from 0.79 to 2.22. In the Biely Potok Fm., the values of both 
indexes are usually above 1.15 with few exceptions. The terrigenous 
versus aquatic n-alkane ratio (TAR, Bourbonniere and Meyers, 1996) 
shows a bimodal distribution with values grouping at 0.7–0.8 or over 1.2 
in Huty Fm. samples. In Zuberec Fm., the TAR values are even more 
dispersed, ranging from 0.17 to 37.81. A similar situation occurs in the 
Biely Potok samples. The highest reported values (>20) result most 
likely from a very low OM content and therefore a poor quality of the 
obtained data and will be not taken into account in further analyses. 
There is no clear trend in the spatial distribution of samples with high or 
low TAR values. 

Two acyclic isoprenoids identified in all samples are pristane (Pr) 
and phytane (Ph). The calculated Pr/Ph ratio is strongly site-dependent 
and differs significantly according to the unit level. However, the 
changes between all three units are minor. Mean values vary generally 
between 1 and 5, only a few samples show Pr/Ph ratio below 1. The 
second calculated indicator is the Pr/n-C17 ratio, which seems to in-
crease in the profile from Huty to Biely Potok Fm. In Huty Fm., the Pr/n- 
C17 ratio rarely reaches 3 or higher values, which on the contrary are 
noted frequently in Zuberec and Biely Potok Fms. The highest values are 
documented in Zuberec Fm., up to 11.74 (Table S1). Such an increasing 
trend is not related with the Ph/n-C18 ratio. In Huty Fm. the Ph/n-C18 
values are predominantly below 1, while in Zuberec and Biely Potok 
Fms., the documented values are higher, and even reach 5.75 (Table S1). 

Hopanes are abundant in all sampled formations. The dominant 
compounds are C30 αβ hopane and C31 αβS homohopane (Fig. 6), but in 
some samples C29 αβ hopane is also one of the major compound. The 
homohopane C31 22S/(S + R) ratio values are the highest in the Huty 
Fm. samples and those Zuberec Fm. samples which are located in the 
southern part of the Orava basin (Fig. 3). In this two groups, the values 
are quite uniform and vary between 0.55 and 0.60, reaching equilibrium 
(Peters et al., 2005). The values are somewhat lower in the northern 
Zuberec Fm. and Biely Potok Fm., and equal 0.4–0.5 (Table 1). The 
C30αβ/βα (hopane to moretane ratio), shows a clear decreasing trend 
from the oldest units to the youngest. In Huty Fm., the content of the C30 
αβ hopanes is over six times higher than the C30 βα moretanes. This ratio 
decreases slightly over 4 in Zuberec Fm., and over 2 in Biely Potok Fm. A 
few samples of Zuberec and Biely Potok Fms. contain small amounts of 
C30 and C31 ββ-hopanes and hop-(13)18-enes, which were not previously 
identified in the Podhale Basin (Marynowski et al., 2006). Gammacer-
ane was found in a few samples of Huty and Zuberec Fms. (Fig. 6). 

Steranes were identified in all analyzed samples (Table 1). In order to 
assess the maturity of the studied rocks, the C29ααα 20S/(S + R) ratio 
was determined. Similarly to the hopane-derived ratios, it shows a 
consistent decrease in the profile. Huty Fm. samples display the highest 
values (up to 0.62), while the Zuberec samples, located in the north of 
Orava and all Biely Potok Fm. samples are characterized by much lower 
values (up to 0.25). Zuberec Fm. sites in the central Orava have inter-
mediate values of this ratio. In all samples containing regular steranes, 
C27-C29 sterane homologues were identified and in most of them, C30 
steranes were also found. In Huty Fm., the most dominant are, with a 
few exceptions, cholestanes (C27 steranes). In Zuberec Fm., the per-
centage contribution of ergostanes (C28) and stigmastanes (C29) is 
approximately equal, while in the youngest studied unit, Biely Potok 
Fm., the stigmastanes are prevalent. This relationship is clearly visual-
ised in Fig. 7. In some samples of Biely Potok and Zuberec Fms. diaster- 
13(17)-enes were found with the domination of C29 (20R and 20S 
epimer) compounds. 

In most of the samples, angiosperm (flowering land plant) markers, 
including 18α + 18β-oleanane, norlupanes, and bisnorlupanes were 
found (Moldowan et al., 1994; Nytoft et al., 2002; Curiale, 2006). 
Moreover, in less mature samples, olean-13(18)-ene, olean-12-ene, and 
taraxer-14-ene compounds, all derived from angiosperms, were identi-
fied (ten Haven and Rullkötter, 1988; Nytoft et al., 2016). The content of 
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angiosperm biomarkers is diverse and generally increases towards the 
younger formations (Fig. 6). 

Gymnosperm markers are represented by tricyclic and tetracyclic 
diterpanes, between which 16α(H)- and 16β(H)-phyllocladanes, 16α(H)- 
and 16β(H)-kauranes, abietane, 8α(H)- 8β(H)-labdanes as well as 4α(H)- 
and 4β(H)-fichtelite. The 8β(H)-labdane is usually the dominating 
compound; nevertheless, 8α(H)-labdane is minor or absent. Addition-
ally, phyllocladanes and abietane usually dominate over kauranes 
(Fig. 8). These compounds are present in less mature samples only, 
mainly in Zuberec and Biely Potok Fm. 

4.4.2. Aromatic fraction 
The molecular composition of the aromatic fraction is diverse and 

depends strongly on the OM maturity level. Mature samples, namely 
from Huty Fm. and a few Zuberec Fm. samples, are characterized by 
similar molecular composition dominated by gymnosperm biomarkers, 
mainly retene and cadalene which relatively high quantities are docu-
mented in each sample (Fig. 9). In slightly less mature Zuberec Fm. and 
few Huty Fm. samples low quantities of simonellite and 6-isopropyl-2- 
methyl-1-(4-methylpentyl) naphthalene (ip-iHMN) were also identi-
fied. Angiosperm-related biomarkers are also documented in the mature 
samples, but their quantity and diversity are rather limited in compar-
ison to the least mature samples (Fig. 9). Chrysene and picene de-
rivatives, such as 1,2,9-trimethyl-1,2,3,4-tetrahydropicene, 2,2,9- 
trimethyl-1,2,3,4-tetrahydropicene, 3,3,7-trimethyl-1,2,3,4-tetrahydro-
chrysene, 2,2,9,9-tetramethyl-1,2,3,4,9,10,11,12-octahydropicene, 2,2- 
dimethyl-1,2,3,4-tetrahydropicene (Laflamme and Hites, 1979; Wake-
ham et al., 1980) are common in many samples of all formations. Other 
compounds documented in low quantities are triterpene-related des-E- 
D;C-friedo-25-norhopa-5,7,9-triene and oleanane derivatives (e.g., des- 
A-dinoroleana-5,7,9,11,15-pentaene) and they are more typical for 
Zuberec and Biely Potok Fms. (Fig. 9). Polycyclic aromatic hydrocarbons 
(PAHs) were detected in all samples, but their abundances are diverse. 
Their quantities vary significantly with the maturity level of the sample 
and stratigraphic position. PAHs characteristic for pyrolytic processes, 
including phenanthrene, anthracene, 4H-cycopenta[def]phenanthrene, 
fluoranthene, pyrene, benzo[ghi]fluoranthene, benz[a]anthracene, 
chrysene, triphenylene, as well as typical five-ring PAHs including 
benzofluoranthenes, benzo[a]pyrene, benzo[e]pyrene were found in 
almost all samples. On the other hand, two-ring aromatic hydrocarbons 
(like naphthalene or acenaphthene) and their alkyl derivatives were 
found in some samples only, mainly in Huty Fm. 

However, PAHs are highly abundant in Biely Potok and upper 
Zuberec Fms. (Fig. S2). Perylene was virtually not present or at very low 
quantities in the most mature samples (most Huty Fm. samples) and 
gradually reoccurring in the less mature Zuberec and Biely Potok Fms. 
Generally, the abundance of perylene in less mature samples is usually 
higher or at similar abundance to benzo[a]pyrene and benzo[e]pyrene 
(Fig. S3). 

Other PAHs documented in these samples are naphthalene and its 
methyl derivatives, phenanthrene and its methyl derivatives and less 
abundant methyl derivatives of other PAHs. Aromatic sulphur com-
pounds such as methyldibenzothiophenes or benzonaphthothiophenes 
are of low content and present only in some samples. 

In less mature rocks (all Biely Potok Fm. and some Zuberec Fm. 
samples), gymnosperm-related biomarkers contain not only retene, ip- 
iHMN and cadalene as for the most Huty Fm., but also less thermally 
stable compounds like simonellite and dehydroabietane. Similarly, for 
the angiosperm biomarkers, their abundance and variety are greater in 
the northern Zuberec and Biely Potok Fms. All compounds mentioned in 
the paragraph above are present in these samples and, additional others 
are documented, like des-A-dinoroleana-5,7,8,11,13-pentaene and 
23,25-bisnor-des-E-oleana-1,3,5(10)-triene (Fig. 9). 

Almost all analyzed samples contain some amount of triaromatic 
dinosteroids (Table S6). They are most abundant in Huty Fm. and some 
Zuberec Fm. samples but generally their content decreases with the age 

of sediments. Based on the m/z 245 chromatogram and known elution 
times (Ma et al., 2008; Brocks et al., 2016; Wendorff-Belon et al., 2021) 
it was possible to identify D1–7 isomers of these compounds (Fig. S4). In 
most samples, D3 and D7 are the most prominent isomers. 

In addition, we calculated three indices based on the quantity of 
aromatic compounds (Table 1; Fig. 3) used when assessing the maturity 
of organic matter: the methylphenanthrene index (MPI) (Radke and 
Welte, 1983), and the ratio of benzo[e]pyrene/(benzo[e]pyrene + per-
ylene) (Marynowski et al., 2015), and Rc. The MPI parameter values 
change from c.a. 0.2 to c.a. 0.7 in Biely Potok to Huty Fms. respectively, 
and from the northern parts of Orava to the southern. Based on the MPI 
values the theoretical calculated vitrinite reflectance values were ob-
tained (Table 1; Fig. 3; Fig. S5). The Rc values do not exceed 0.9%. The 
second maturity-related parameter, the benzo[e]pyrene/(benzo[e]pyr-
ene + perylene) ratio, documents values close to one in all Huty Fm. 
samples and southern, and south-central Zuberec Fm. samples. Only a 
few analyzed sites were characterized by intermediate values (c.a. 0.4). 
The ratio significantly drops to 0.02 in the northern Zuberec Fm. sam-
ples. A detailed spatial distribution of this parameter is documented in 
Fig. S5. 

Some mudstones from the Huty and lower Zuberec Fms. contained 
low amounts of isorenieratane, the green sulphur bacteria biomarker, 
and its diaryl and monoaryl (aryl isoprenoid) degradation products 
(Fig. 10; Grice et al., 1996; Koopmans et al., 1996). 

4.4.3. Polar compounds 
Three samples, containing immature organic matter were selected to 

identify and interpret polar compounds. The most abundant compounds 
were n-carboxylic acids, but benzoic or hydroxybenzoic acids as well as 
hydroxyacetophenons and hydroxybenzaldehydes were also present in 
significant amounts (Table 2). The other lignin-degradation products 
were isopropylphenol, catechol, vanillin, 3-phenylphenol and proto-
catechoic acid (Table 2). The additional identified polar compounds 
characteristic of terrestrial organic matter were dehydroabietic acid, 
four tocopherol isomers, and β-sitosterol (Table 2). High-molecular- 
weight n-carboxylic acids with a noticeable predominance of even‑car-
bon homologues typical for terrestrial OM were also found. Character-
istic fragmentation for all identified compounds (as trimethylsilyl 
derivatives) is listed in Table 2, together with their molecular masses, 
abundances and likely sources. 

4.5. Inorganic bulk rock geochemistry 

The ICP-MS analysis documented the presence and content of trace 
elements in the Oligocene rocks samples. Molybdenum content is 
strongly formation-dependent and reaches the highest values in Zuberec 
Fm. and one Huty Fm. sample (up to 30.27 ppm; Table S7). The lowest 
content of this element is reported in Biely Potok Fm. samples, while in 
Huty Fm. the values are intermediate. The authigenic uranium (Uaut), 
uranium- and molybdenum enrichment factors (UEF and MoEF, respec-
tively) values were calculated following the procedure by Wignall 
(1994), Algeo and Tribovillard (2009) and Tribovillard et al. (2012). 
Uaut, UEF and MoEF highest values are documented in the Zuberec Fm. 
samples. Although the values are generally dispersed, the mean value of 
Uaut for this unit is close to 1. The values of these two parameters for 
Biely Potok and Huty Fms. display a greater coherence but are lower. 
Calculated MoEF values depend strongly on the unit. In the Biely Potok 
Fm. MoEF values are rather low (c.a. 10–15) in comparison with other 
formations. In Huty Fm., this parameter shows a greater dispersion, but 
the values are higher than in Biely Potok Fm. The highest MoEF values 
are documented in Zuberec Fm. samples, where this parameter often 
exceeds 100. 

In addition, U/Th, V/Cr, TOC/P, U/Mo ratios were calculated 
(Table S7). The U/Th ratio shows consistently low values (0.1–0.7) in 
Huty Fm. (except coal sample) while being slightly higher and/or more 
dispersed in Zuberec (up to 1.4) and Biely Potok Fms. (up to 0.4). This 
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applies as well to the U/Mo ratio, in which calculated values have an 
average between 0.5 and 0.6 in Huty Fm. and are more or less consistent, 
whereas in Zuberec and Biely Potok samples, the dispersion is much 
greater. The V/Cr ratio seems to be rather coherent in all units, with 
values usually not exceeding 4. The TOC/P ratio reaches the highest 
values in coal samples (e.g., 85_Ht). In Huty Fm., the TOC/P ratio av-
erages 20–25, with only two values being significantly higher. In 
Zuberec Fm. samples with values close to or higher than 100 are more 

frequent. In Biely Potok Fm. reported TOC/P values are generally lower 
than in the two previously mentioned units. 

5. Discussion 

5.1. Maturity assessment 

Organic compound parameters, supported by measured vitrinite 

Table 2 
Main polar compounds (by elution order on DB-5MS column) and proportions (%) in selected low mature samples. Identification based on literature data (Kuroda, 
2000; Otto and Simoneit, 2001; Fabbri et al., 2002, 2009; Dickens et al., 2007; Rybicki et al., 2017, 2020) and mass spectra interpretation; *molecular mass (as 
trimethylsilyl derivative in parentheses).  

Compound Mol. mass* Characteristic fragments m/z (%) Source 35_Zu 37_Zu 56_Zu 

Hexanoic acid-TMS 116(188) 75(100), 73(80), 173(80), 117(40) Bacteria? 30 30  
2-Ethylhexanol 130(202) 75(100), 103(80), 73(7), 187(70) Bacteria?  8  
Levulinic acid-TMS 116(188) 75(100), 145(40), 173(40) Saccharide degradation 10 8 3 
Heptanoic acid-TMS 130(202) 75(100), 73(80), 187(80), 117(40) Bacteria? 6 10 3 
Cyclohexanecarboxylic acid-TMS 128(200) 73(100), 75(70), 185(40), 200(5) Higher plants? 6 8  
Isopropylphenol-TMS 134(208) 193(100), 73(50), 208(30) Lignin 2 4  
Benzoic acid-TMS 122(194) 105(100), 179(90), 77(80), 135(50), 194(8) Lignin 10 2 10 
3Me-cyclohexanecarboxylic acid-TMS 142(214) 73(100), 75(70), 199(40), 214(5) Higher plants 5 2  
Octanoic acid-TMS 144(216) 75(100), 73(98), 201(85), 117(60) Bacteria? 15 10 4 
2’-Hydroxyacetophenon-TMS 136(208) 198(100), 208(50), 151(30), 73(20) Lignin 5 8  
Glycerol-TMS 92(308) 73(100), 147(55), 205(45), 117(30) Saccharide degradation 6 6 15 
3’-Hydroxyacetophenon-TMS 136(208) 198(100), 208(50), 151(30), 73(20) Lignin 7 9  
4’-Hydroxyacetophenon-TMS 136(208) 198(100), 208(50), 151(30), 73(20) Lignin 5 9  
Succinic acid-TMS 118(262) 147(100), 73(50), 247(10) Resin/Higher plants 20   
Catechol 110(254) 73(100), 254(30), 239(10) Lignin 15 5  
3-Hydroxybenzaldehyde-TMS 122(194) 179(100), 194(80), 151(65) Lignin 25 6  
Carvacrol-TMS 150(222) 207(100), 222(80), 73(50), 165(20) Higher plants/Lignin 8 8 4 
Nonanoic acid-TMS 158(230) 75(100), 73(98), 201(85), 117(60) Bacteria? 25 35 13 
4-Hydroxybenzaldehyde-TMS 122(194) 179(100), 194(80), 151(65) Lignin 25 7  
Pentanedioic acid 132(276) 147(100), 73(70), 261(50), 158(25) Higher plants? 20   
Decanoic acid-TMS 172(244) 75(100), 229(98), 73(95), 117(80), 129(45), 132(30) Bacteria? 27 10 12 
4-(Methylcarboxyl)phenol-TMS 152(224) 209(100), 224(75), 193(30), 135(30) Lignin   4 
Vanillin-TMS 152(224) 194(100), 209(50), 224(30), 73(30) Lignin 1  2 
1-Dodecanol-TMS 186(258) 243(100), 75(50), 103(20), 73(20) Bacteria?  3 1 
Adipic acid-TMS 146(290) 73(100), 111(80), 147(60), 275(20) Higher plants? 3   
Dodecanoic acid-TMS 186(258) 117(100), 243(98), 73(80), 75(75), 129(45), 145(20) Bacteria? 50 5 10 
m-Hydroxybenzoic acid-TMS 138(282) 267(100), 73(60), 193(50), 223(40), 282(40) Lignin 50 4  
p-Hydroxybenzoic acid-TMS 138(282) 73(100), 267(85), 193(50), 223(50), 282(20) Lignin 50 5  
Dodecanoic acid-TMS 200(272) 257(100), 73(98), 75(95), 117(90), 237(50), 129(48) Bacteria? 100 25 10 
3-Phenylphenol-TMS 170(242) 227(100), 242(80), 211(60), 152(20) Lignin 10 5  
Tridecenoic acid-TMS 214(286) 73(100), 117(95), 271(90), 75(90), 129(50), 132(45) Bacteria? 85 15 12 
2-Naphthoic acid-TMS 172(244) 127(100), 155(100), 229(90), 185(90), 244(50) Diverse 3 1  
4-Phenylphenol-TMS 170(242) 227(100), 242(80), 211(60), 152(20) Lignin 10 7  
1-Naphthoic acid-TMS 172(244) 127(100), 155(100), 229(90), 185(75), 244(50) Diverse 5 0.5  
Protocatechoic acid-TMS 154(370) 198(100), 73(60), 370(45), 355(20) Lignin 10   
Anthrone 194 194(100), 165(90), 82(10) Diverse 8   
Tetradecanoic acid-TMS 228(300) 73(100), 285(95), 117(90), 75(80), 129(50), 132(45) Bacteria? 80 20 20 
Pentadecanoic acid-TMS 242(314) 73(100), 299(95), 117(90), 75(80), 129(60), 132(45) Bacteria? 50 15 20 
1-Hexadecanol-TMS 242(314) 299(100), 75(50), 103(20), 73(20) Bacteria or higher plants  7 15 
6-Phenanthridinol-TMS 195(267) 252(100), 266(80), 267(40), 178(30) ?   5 
Hexadecanoic acid-TMS 256(328) 73(100), 117(100), 313(95), 75(80), 129(60), 132(50) Bacteria or higher plants 90 100 100 
Octadec-1-ol-TMS 268(340) 75(100), 82(40), 96(40), 129(25), 325(25), 340(5) Bacteria or higher plants 15  12 
Phytanic acid 312(384) 73(100), 159(85), 117(80), 369(50), 143(40) Marine photosynthesizers 20 5 10 
Octadecanoic acid-TMS 284(356) 73(100), 117(95), 341(85), 75(80), 129(60), 132(50) Bacteria or higher plants 60 95 70 
Nonadecanoic acid-TMS 298(370) 117(100), 355(100), 73(95), 75(80), 129(60), 132(60) Bacteria or higher plants 10 5 10 
Dehydroabietic acid-TMS 300(372) 239(100), 73(40), 255(10), 357(10), 372(8) Pine resin 5  3 
Eicosanoic acid-TMS 312(384) 73(100), 117(95), 369(85), 75(75), 129(50), 132(50) Higher plants 5 7 15 
Heneicosanoic acid-TMS 326(398) 117(100), 383(95), 73(90), 132(60), 75(55), 129(50) Higher plants 5 5 8 
Docosanoic acid-TMS 340(412) 117(100), 73(90), 397(90), 132(60), 75(55), 129(50) Higher plants 20 10 15 
Tricosanoic acid-TMS 354(426) 117(100), 73(95), 411(85), 75(70), 132(60), 129(50) Higher plants 20 6 10 
Tetracosanoic acid-TMS 368(440) 117(100), 73(95), 425(90), 75(60), 132(60), 145(60) Higher plants 30 7 17 
δ-Tocopherol-TMS 402(474) 474(100), 209(50), 73(50), 208(45), 249(20) Higher plants   8 
Pentacosanoic acid-TMS 382(454) 117(100), 73(98), 439(80), 75(75), 132(60), 145(60) Higher plants 20 5 8 
β-Tocopherol-TMS 416(488) 488(100), 223(60), 73(50) Higher plants   4 
ϒ-Tocopherol-TMS 416(488) 488(100), 223(80), 73(50) Higher plants   4 
Hexacosanoic acid-TMS 396(468) 73(100), 117(95), 453(90), 75(75), 129(50), 132(50) Higher plants 40 6 13 
α-Tocopherol-TMS 430(502) 502(100), 237(75), 73(50) Higher plants   0.3 
Heptacosanoic acid-TMS 410(482) 73(100), 117(90), 467(75), 75(70), 129(50), 132(50) Higher plants 20 2 5 
Octacosanoic acid-TMS 424(496) 117(100), 73(98), 481(80), 75(65), 145(60), 132(55) Higher plants 30 6 15 
Nonacosanoic acid-TMS 438(510) 117(100), 73(90), 495(80), 75(70), 145(65), 132(55) Higher plants 8 1 3 
β-Sitosterol-TMS 414(486) 129(100), 357(85), 396(65), 486(40), 381(30), 471(10) Higher plants 5 2 10 
Triacontanoic acid-TMS 452(524) 73(100), 117(92), 509(60), 75(65), 145(60), 132(55) Higher plants 15 3 5  

D. Staneczek et al.                                                                                                                                                                                                                              

97:9048682664



International Journal of Coal Geology 285 (2024) 104490

8

reflectance, were used to determine the maturity of the Orava Basin. 
Moreover, the maturity of organic matter present in analyzed formations 
was evaluated based on Tmax and PI values received from Rock-Eval 
analysis (Table S5, Fig. 5). Tmax values of all analyzed samples vary 
from 421 to 458 ◦C (Table S5), indicating their changeable maturity. A 
few samples from Biely Potok and Zuberec formations Tmax have values 
below 430 ◦C, suggesting low maturity of organic matter (Fig. 5); for 
most of the samples (from all formations), values of this parameter range 
from 430 to 460 ◦C, which fulfills the whole range of the oil window 
(after Peters and Cassa, 1994). The largest differences in Tmax temper-
ature were recorded for samples collected from Zuberec Fm. whereas 
organic material from Huty Fm. show the narrowest range of this 
parameter, from 440 to 450 ◦C (Fig. 5). The PI values generally very well 
correlate with Tmax values (Fig. 5b). Only for some samples from all 
formations, characterized by Tmax values from 430 to 460 ◦C (oil win-
dow range) PI values are untypically below 0.1 (Fig. 5b). This feature 
may be related to the evaporation of the volatile (free) hydrocarbons 
(S1) from outcropping rocks. However, rocks rich in terrestrial OM also, 
regardless of maturity, are usually characterized by low (<0.1) values of 
this index (Espitalié et al., 1986). 

The main organic indices used to determine thermal maturity were: 
methylphenanthrene index 1 (MPI1) converted to Rc (Radke and Welte, 
1983), 20S/(S + R) for C29 steranes, 22S/(S + R) for C31 homohopanes 
(Peters et al., 2005) and the ratio of benzo[e]pyrene and perylene: BeP/ 
(BeP + Pe) (Marynowski et al., 2015). Some organic indices have pre-
viously been used in thermal maturity changes in the Podhale Basin, 
showing high precision and a gradual increase with depth (Poprawa and 
Marynowski, 2005; Marynowski et al., 2015). Most organic maturity 
indices correlate well with each other (Fig. 11), indicating their poten-
tial usefulness. However, other parameters like the Pr/n-C17, Ph/n-C18, 
C30αβ/βα or ββ/(αα + ββ) ratios (Tables 1 and S1) indicate a general 
trend of changes in thermal maturity, although their correlation with 
each other is less convincing. 

Certain limitations to the application of organic parameters must not 
be ignored. Vitrinite reflectance shows underestimated values due to the 
presence of reworked (Marynowski et al., 2006), and dark vitrinites 
noticed also in the Oligocene of Outer Carpathians (Waliczek and Wię-
cław, 2012; Waliczek et al., 2019). The main reason for the occurrence 
of dark vitrinite and reflectance suppression is the presence of resinite 
(Fig. S1), which generated hydrocarbons that were adsorbed on vitri-
nites (Petersen and Vosgerau, 1999; see also Mansour et al., 2020). 
Sanders et al. (2022) show that free radicals and volatile organic matter 
from liptinite-rich kerogen during maturation slows vitrinite aromati-
zation (but see also Lewan, 2023). In extreme cases, vitrinite reflectance 
values can be underestimated by up to 0.4% Rr (Goodarzi et al., 1994). 
Moreover, TOC values and S2 peak are, in some cases too low to reliably 
determine Tmax values. According to organic compounds, MPI1 is 
dedicated to type III kerogen and fails for immature samples (Ro < c.a. 
0.55–0.6%; see Radke, 1988), while the BeP/(BeP + Pe) ratio is not 
useful above 0.7% of Ro, because of the complete degradation of per-
ylene (Marynowski et al., 2015). Moreover, C31 22S/(S + R) homo-
hopane ratio reaches equilibrium (c.a. 0.58 to 0.6) at Ro = 0.6% (Peters 
et al., 2005). 

Using all of the aforementioned indicators allows the determination 
of thermal maturity for the studied Oligocene rocks of the Orava Basin. 
The schematic maps (Figs. 3 and S5) present the data of organic in-
dicators and show the presumed temperature ranges (based on calcu-
lations presented in Hunt, 1995; Peters et al., 2005), corresponding to 
changes in overburden thickness. By far, the lowest temperatures 
occurred in the N-E part of the basin and in the western part, but only 
one point was measured there, due to the lack of exposures (Figs. 3 and 
S5). The lowermost values were recorded near Tvrdosin, as thermally 
unstable ββ-hopanes, hopenes and oleanenes are present in the extracts 
(samples: 35–36, 39–40, 56–57), all within Zuberec Fm. (Fig. 6). The 
same samples and a few samples of Biely Potok Fm. (samples: 2–3, 6–7, 
9–10) contain unsaturated and relatively unstable diaster-13(17)-enes. 

As the thermal maturity of these samples is low, the MPI1 and Rc 
values are overestimated (Radke, 1988); nevertheless, but other pa-
rameters (e.g., C31 22S/(22S + R) and C2920S/(20S + R)) show the 
lowest values (Figs. 3 and S5; Table 1). Temperatures estimated by 
Środoń et al. (2006), at 95–100 ◦C may be considered suitable in the SE 
part of the Orava Basin; on the other hand, but are far too high for the 
whole Orava Basin area, especially its NE part. According to the formula 
proposed by Waliczek et al. (2021), worked out for Polish Outer Car-
pathian rocks, such concentrations of smectite in illite/smectite diage-
netic conversion temperatures in this area do not exceed 80 ◦C. 
Nevertheless, temperatures above 70 ◦C are not possible for samples 
containing the unstable organic compounds listed above (Peters et al., 
2005). The problem with the discrepancy between % smectite and 
biomarker indicators has also been raised previously (Derkowski et al., 
2021). Although there are some objections are still existing, it should be 
noted that the Orava Basin was estimated to be the least mature among 
CCPB sediments (Środoń et al., 2006), which is also confirmed here. 

5.2. Evaluation of hydrocarbon potential 

The best source rock potential was recorded for Zuberec Fm.; this 
level may be considered as a good source rock, since median values of 
TOC and hydrocarbon potential (S1 + S2) are ca. 2.0 wt% and 4.4 mg 
HC/g rock, respectively (Fig. 4). Due to specific, concentrated form of 
OM of coals, despite high TOC and S1 + S2 values (Fig. 4), their source- 
rock potential should be considered with caution (Sykes and Snowdon, 
2002; Petersen, 2006; Dembicki, 2009; Karayigit et al., 2021). The 
remaining analyzed formations (Huty and Biely Potok) are poor source 
rocks, but within Huty Fm. good or even excellent hydrocarbon poten-
tial levels were recorded (Fig. 4). 

Values of the hydrogen index of all studied formations are usually 
below 200 mg HC/g TOC indicating domination of the gas-prone type-III 
kerogen (Fig. 5a; see also Soták et al., 2001); presence of the reworked 
type-IV kerogen is not excluded. In some samples from Zuberec and 
Huty formations values of the HI are above 300 mg HC/g TOC indicating 
their elevated share of the oil-prone type-II kerogen (Fig. 5a). However, 
in one of these samples (42_Zu), OM content is above 50 wt%, 
evidencing the presence of coal there (Schopf, 1956). The maturation 
path of coaly OM is another than dispersed organic matter (Espitalié 
et al., 1985). Therefore, the type-III kerogen most probably dominates in 
this sample (Fig. 5a). 

5.3. Reconstruction of depositional environments in CCPB 

A combination of organic and inorganic geochemical methods, and 
analysis of pyrite framboid diameters of the Orava Basin deposits were 
used to reconstruct the sedimentary conditions of the CCPB Oligocene 
rocks (Fig. 2). As differences in the oxygenation of the sedimentary basin 
during the deposition of the particular formations are apparent, these 
will be discussed separately. 

5.3.1. Huty Fm. 
The content of TOC in the Huty Fm. is within 1 wt% for most of the 

samples (Table S1). TOC values of four samples are below 0.5 wt% and 
five samples are above or near 2.0 wt% (excluding the coal sample). 
Although TOC strongly depends on redox conditions and productivity 
(Calvert and Pedersen, 1993; Tribovillard et al., 1994), the measured 
values are not typical of anoxic conditions but of a dysoxic or oxic 
environment. The TS content is also relatively similar (0.5–1 wt%), 
although individual samples contain a minimal amount of TS, or on the 
contrary, >2 wt% (Table S1). As it is mainly sulphidic sulphur (no or 
little organic sulphur compounds in extracts), pyrites could be formed 
both in the sediment and in the water column. 

The basic organic parameter indicating organic matter depositional 
conditions is the ratio of two isoprenoids, pristane and phytane (Pr/Ph). 
The values of this ratio for all samples from the Huty Fm. are higher than 
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1 (Table S1), and for more than half of the samples, the values are be-
tween 2.0 and 5.5. Such data suggest aerobic conditions for sedimen-
tation of organic matter (Didyk et al., 1978), although there are many 
exceptions, such as multiple pristane origins (for example, from to-
copherols identified in some immature samples; Rontani et al., 2010). 

In Fig. 7, samples from Huty Fm. cluster mostly in the field charac-
teristic of open marine organic matter (Huang and Meinschein, 1979). 
Even though the ternary diagram was developed for sterols, not steranes, 
and does not always reflect the real depositional conditions (e.g., Peters 
et al., 2005), especially for Paleozoic and older samples (Schwark and 
Empt, 2006), in the case of the CCPB it appears to reflect the nature of a 
shallowing sedimentary basin. The Huty Fm. was deposited in the 
deepest fully marine basin, only rarely shallowing, while the basin 
slowly became more shallow during the sedimentation of the younger 
formations. Marine conditions are further supported by the occurrence 
of algal biomarkers. Dinosteroids, which are the derivatives of 

compounds linked to modern dinoflagellates (Kokinos et al., 1998) are 
most abundant in Huty Fm. samples. 

Hopane distribution in samples of the Huty Fm. is classical, with C30 
αβ hopane predominance (Fig. 6). Among the homohopanes, C31 22S 
and 22R epimers dominate, and abundance decreases towards the 
higher mass homohopanes up to C35 (Fig. 6c). Such a distribution of 
homohopanes is characteristic of the organic matter deposition under 
oxic to dysoxic conditions (Peters et al., 2005). 

Isorenieratane and its derivatives are commonly used biomarkers of 
green sulphur bacteria and the occurrence of photic zone euxinia (PZE) 
in the water column (Summons and Powell, 1987; Koopmans et al., 
1996; Grice et al., 1996, 2005). Aryl isoprenoids were found in a few 
samples of the Huty Fm., and only one has other isorenieratane 
decomposition derivatives, but isorenieratane was not found. This may 
be related to the fact that these compounds undergo decay with 
increasing temperature (Requejo et al., 1992), whereas rocks from the 
Huty Fm. are exposed in the southern part of the study area and have the 
highest (with a few exceptions) thermal maturity (Fig. 3). Small abun-
dances of gammacerane (Fig. 6) were also identified in several samples 
that contained aryl isoprenoids. This compound is interpreted as an 
indicator of water column stratification (Sinninghe Damsté et al., 1995). 
However, it is probable that, unlike in the Oligocene sediments of the 
Outer Carpathians (Köster et al., 1998b; Kotarba et al., 2007), the PZE 
occurred sporadically in the Huty Fm., at least when considering this 
part of the CCPB and comparing data to inorganic proxies and framboids 
(Fig. 2). 

The ternary diagram of the Fe-TS-TOC relation (Fig. S6), which is 
based on pyrite formation in water column and sediments (Dean and 
Arthur, 1989; Arthur and Sageman, 1994), defines the general deposi-
tional conditions, and should be applied to samples where the vitrinite 
reflectance (Ro) is lower than 0.8% (Dean and Arthur, 1989). Based on 
these criteria during deposition of the Huty Fm., the dysoxic to oxic 
conditions prevail while the anoxic conditions occured only localy 
(Fig. S6). Values of the Th/U, Ni/Co and V/Cr ratios suggest domination 
of the aerobic conditions during the Huty Fm. sedimentation (Fig. 12). 
The same evaluation is received applying the Uaut, where its values are 

Fig. 2. Oligocene lithostratigraphy of the CCPB and the main processes 
described in the paper. PZE = photic zone euxinia. 

Fig. 3. Schematic map showing the distribution of calculated vitrinite reflectance (Rc) and C31 22S/(22S + R) homohopane ratio for the Orava Basin area.  
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below 2 for most samples (Table S7), and suggest aerobic conditions 
(Wignall, 1994). However, short euxinic pulses, are not necessarily 
recorded in inorganic proxies because, for example, uranium can be 
oxidized to the soluble U6+ form during the recurrence of oxic condi-
tions on the seafloor (Tribovillard et al., 2006; Pollack et al., 2009). In 
the MoEF vs. UEF diagram (Fig. 13), they are located in an uncharac-
teristic field (probably aerobic to suboxic conditions), or in a field 
typical of a particulate shuttle, when conditions were dysoxic on the 
seafloor and oxic in the water column (Chen et al., 2022). Generally, Mo 
enrichment in relation to U suggests unstable depositional conditions 
with intermittent events of suboxic-anoxic conditions in the generally 
oxic water column (Algeo and Tribovillard, 2009; Ai et al., 2021). This is 
additionally supported by TOC/P ratio values, which differ significantly 
in the analyzed Huty Fm. samples varying from as low as 7 to over 4000 
in coaly beds (Table S7). 

The biomarkers and inorganic geochemical data are well supported 
by the pyrite framboid diameter study. For the Huty Fm., in seven of the 
twenty samples measured, the population of tiny pyrites (<5 μm in 
diameter) is not <50% (Table S4; Fig. 14). Moreover, there are at least 
45% tiny pyrites in a further four samples. 

Such data may suggest the intermittent occurrence of euxinia in the 
water column and the formation of tiny pyrites (Wilkin et al., 1996; 
Bond and Wignall, 2010). However, larger pyrites formed in the sedi-
ment, under variable, generally dysoxic conditions. 

5.3.2. Zuberec Fm. 
In the Zuberec Fm., TOC values are more varied than in the Huty Fm. 

There are more black shales whose TOC values are higher than 2.0 wt%, 
reaching up to 9–10 wt%, although rocks containing <0.5 wt% (mainly 
sandstones) are also present (Table S1). The TS values are similar to 
those recorded for Huty Fm. (Table S1), and as with this formation, it is 
mainly inorganic sulphur. 

In Zuberec Fm., the Pr/Ph ratio values are in fact very similar to 
values noted for Huty Fm. (Table S1). Only two samples were charac-
terized by values slightly below 1, while for about half of the samples, 
the Pr/pH values were higher than 2, suggesting, that oxic conditions 
can also be indicated as occurring during the organic matter 
sedimentation. 

In the sterane ternary diagram (Fig. 7), samples from Zuberec Fm. 
are located in estuarine and terrestrial fields. We believe that the basin 
was surrounded by land (at least partially) and the water was brackish 
due to the numerous river outputs. However, at least in the lower part of 
Zuberec Fm., the estuarine type was rather intermittent (Day, 1981), 
and marine conditions could prevail over relatively wide intervals which 
is additionally documented by relatively high content of dinosteroids in 
most samples (Table S6, Fig. S4). In the upper part of the Zuberec Fm., 
the basin became shallow to the extent that clastic material dominated 
over clay deposition, and organic matter was represented with mainly 
the terrestrial type. 

Homohopanes in samples of Zuberec Fm. are also characterized by 
the predominance of C31 22S and 22R epimers, with a gradual decrease 

Fig. 4. Petroleum source quality diagram according to criteria of Peters and 
Cassa (1994). Solid lines represent median values of TOC and S1 + S2 for Biely 
Potok Fm., dotted lines represent median values of TOC and S1 + S2 for Huty 
Fm. and dashed–double dotted lines represent median values of TOC and S1 +
S2 for Zuberec Fm. 

Fig. 5. Tmax temperature versus (A) hydrogen index and (B) production index. 
Maturation paths for kerogens and maturity ranges after Espitalié et al. (1985). 
Dashed-dotted line represents the maturity path of organic matter concentrated 
in lenses or seams (coals). 
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towards higher masses, but in some cases, there is a slight increase in the 
higher mass homohopanes, for example at C35 (Fig. 6a). However, this 
situation is rare, mostly in samples that contain isorenieratane and its 
derivatives. 

Isorenieratane and its derivatives, including aryl isoprenoids, are 
more common in Zuberec Fm., than in Huty Fm. Although iso-
renieratane was identified in very low abundance only in one sample 
(12_Zu; Fig. 10), the other diaromatic isorenieratane derivatives and 

aryl isoprenoids were found in two profiles from the Oravice village 
(samples: 23_Zu – 32_Zu and 52_Zu – 55_Zu; eight samples in total) and 
four samples from Tvrdosin area (Fig. 1). Gammacerane was also found 
in several samples (Fig. 6). The basin appears to have been fragmented 
into smaller, more restrictive sub-basins or bays during the deposition of 
the Zuberec Fm. due to progressive shallowing. This caused PZE in the 
water column. Continuous pulses of shallowing and delivery of terrig-
enous material into the reservoir interrupted the anoxia, oxygenating 

Fig. 6. Partial m/z 191 mass chromatograms for sample extracts from Zuberec (a) and (b) and Huty (c) Formations, showing the diverse distributions of pentacyclic 
triterpenoids. 
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the bottom waters. 
Inorganic indicators for the Zuberec Fm. show similar values to those 

of the Huty Fm. For the Fe-TS-TOC ternary diagram, a bit more samples 
fall within the anoxic conditions (Fig. S6) In the case of the MoEF vs. UEF 
diagram, more samples are enriched in Mo and are in the range of the 
particulate shuttle field (Fig. 13). In this respect, the samples differ from 
the Oligocene from the Outer Carpathians, as these rocks fall within 
suboxic to anoxic conditions (Wójcik-Tabol et al., 2022). Also, Uaut 
values and TOC/P ratio are quite higher than in the case of Huty Fm. 
(Table S7). Based on inorganic proxies, depositional conditions appear 
to have been similar for both formations, with the Zuberec Fm. tending 
to be a little more restrictive. 

In ten of the twenty-four samples, the amount of tiny framboidal 
pyrite is greater than or equal to 50% (Table S4; Fig. 14). In addition, 3 
samples contain >70% of tiny framboids. This fact, together with the 
presence of isorenieratane and its derivatives in part of the samples, 
suggests periodic euxinia in the water column, primarily in the lower 
part of the Zuberec Fm. The framboid diameter values obtained are 
generally larger than those measured for the Outer Carpathians (Wen-
dorff-Belon et al., 2021; fine framboids accounted for 80% or more in 
most of the samples), indicating more reducing conditions during sedi-
mentation of the early Oligocene Menilite shales. 

5.3.3. Biely Potok Fm. 
TOC values in Biely Potok Fm. are more or less similar to other 

studied Oligocene formations, with the measured values falling rather 
within the lower limits of TOC (mostly below 2 wt%; Table S1). TS 
values are also in the lower ranges, not exceeding 1 wt%. 

The Pr/Ph ratio values are higher than 1 (with two exceptions) and 
generally similar to other formations, tentatively suggesting aerobic 
conditions (but see ten Haven et al., 1987). 

The distribution of steranes in Biely Potok Fm. is characteristic of 
terrestrial organic matter (Fig. 7), with rare estuarine intercalations, 
suggesting a successive shallowing of the basin, up to terrestrial condi-
tions in the latest Oligocene and early Miocene. Algal-derived bio-
markers like steranes and dinosteranes are still present but their content 
is the lowest in comparison to other units (Fig. 7; Table S6). 

In the case of Biely Potok Fm. homohopanes in all samples show a 
distribution typical of oxic conditions, with a clear dominance of C31 22 
(S + R) epimers and very low abundances of the higher mass homo-
hopanes. In contrast, very high amounts of 18α + 18β-oleananes, nor-
lupanes, and bisnorlupanes were detected. Frequently these 
hydrocarbons were the main compounds present in the aliphatic frac-
tion, confirming the terrestrial character of organic matter. 

During the sedimentation of Biely Potok Fm., there is no indication of 
restricted depositional conditions or PZE. Isorenieratane, its derivatives 
and aryl isoprenoids were not found in any sample. 

In the Biely Potok Fm., all samples show an aerobic or occasionally 
dysoxic character (Figs. 12 and 13). TOC/P values seem to be the lowest 
in regard to other analyzed units. Individual samples are slightly 
enriched in Mo, which may suggest an occasional dysoxic bottom-water 
environment (Ai et al., 2021), but the majority were deposited in oxic 
conditions, with relatively rapid sedimentation. 

In the Biely Potok Fm. deposits, the percentage of tiny framboids is 
low. Only in one sample it exceeds 40%, and in the others, the values 
range from 20 to 38%. Such data again confirm the generally oxic 
character of the sedimentation of this formation (Fig. 2). 

5.4. Terrestrial organic matter and evidence of wildfires 

5.4.1. Terrestrial biomarkers 
The terrestrial OM was detected in Orava part of the CCPB sedi-

mentary rocks based on different groups of compounds, including n-al-
kanes (CPI and TAR values), bicyclic, tricyclic, and tetracyclic 
diterpenoids, pentacyclic triterpenoids, aromatic biomarkers and polar 
compounds (Tables 2, S1 and S8). 

According to the GC–MS results, three different types of terrestrial 
organic matter were detected in all three formations. The first type is 
organic matter from angiosperm higher plants. Compounds associated 
with flowering plants were found in both aliphatic and aromatic frac-
tions. Saturated biomarkers common in Oligocene samples are ole-
ananes and lupanes, including 18α- + 18β-oleananes, 24-norlupane, 
24,28-bisnorlupanes, and 24,28-bisnor-18a-oleanane. In some less 
mature Biely Potok samples 17α(H)- and 17β(H)-24,28-bisnorlupanes 

Fig. 7. Ternary diagram showing the distribution of C27, C28 and C29 regular steranes for the rock extracts from the Huty, Zuberec and Biely Potok Fms.  
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and 24-norlupane are dominant peaks in the fraction. Aromatic 
angiosperm-related compounds are more diverse. Many of the identified 
compounds are presented in Fig. 9. A more varied representation of 
aromatic α- and β-amyrin derivatives is found in the rocks of the Biely 
Potok and upper Zuberec Fms., which may be due to differences in 
thermal maturity associated with gradual degradation of less stable 
compounds. For this reason, these compounds are more poorly repre-
sented in Huty Fm. (Fig. 9). 

The second type is organic matter originating from gymnosperms. In 
aliphatic fractions, the organic compounds representing the conifers are 
bicyclic, tricyclic, and tetracyclic diterpenoids, among which labdane, 
norisopimarane, fichtelite, phyllocladane, abietane, and kaurane have 
been identified (Fig. 8). Their distribution varies between rock and coal 
samples (Fig. 8). In coals, bi- and tricyclic diterpenoids dominate with 
traces of tetracyclic diterpenoids while in rocks all groups of diterpe-
noids are present with different proportions (but labdane is usually the 
major). The more thermally altered rock samples from the southern part 
of the Orava Basin usually do not contain diterpenoids. 

Representatives of aromatic biomarkers from gymnosperms include 
cadalene, retene, 6-isopropyl-1-isohexyl-2-methylnaphthalene (iP- 
iHMN), dehydroabietane, and simonellite, with the latter two com-
pounds identified only in non-thermally transformed rocks (Table S8). 
Methyl derivatives of retene and simonellite were also identified. 
Dehydroabietic acid is a typical compound of conifers found in the polar 
fraction (Otto and Simoneit, 2001). Moreover, Kotulová et al. (2019) 

found amber near the Kojsówka village (Podhale Basin) in the fine- 
grained sandstones of the Zuberec Fm., thus confirming the significant 
contribution of resinous plants. 

Due to the split of biomarkers from angiosperm and gymnosperm 
plants between aliphatic and aromatic fractions and their differential 
degradation pathways under diagenesis, it is not possible to quantify the 
relationships between these two groups. In general, it can be concluded 
that the proportion of higher plants in the kerogen in all three forma-
tions was significant (as also indicated by the type of kerogen), and 
gymnosperm and angiosperm higher plants were abundantly 
represented. 

A biomarker of terrestrial origin, most likely from fungi, found in all 
less thermally transformed samples is perylene (Grice et al., 2009; 
Marynowski et al., 2013; Oskay et al., 2019; Li et al., 2022). As shown by 
Marynowski et al. (2015) this compound disappears in samples where 
vitrinite reflectance exceeds values of c.a. 0.7%, which corresponds well 
to the presence of perylene in the studied rocks (Table 1). In less mature 
Biely Potok and upper Zuberec Fms. perylene is one of the major fraction 
constituents (Fig. 9), significantly superior in quantity to other five-ring 
PAHs (Fig. S2). High perylene abundances are sometimes linked to 
humid climates, as fungi thrive more intensively in such conditions (e.g., 
Hossain et al., 2013), leading to organic matter decay (Oskay et al., 
2019). In the case of the samples studied, the origin of perylene in the 
mainly marine CCPB may be related to runoffs from surrounding land, 
possibly in association with intense wildfires (Fig. 2). Such post-wildfire 

Fig. 8. Summed mass fragmentograms (m/z 109 + 123) showing the distribution of diterpanes in rock (a) and coal (b) sample of Zuberec Fm.  
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soil erosion events were previously reported in numerous studies (e.g., 
DeBano et al., 1998; Santín et al., 2008; Uglik and Nowak, 2015). 

5.4.2. Evidences of wildfires 
In the rocks of the Biely Potok and upper Zuberec Formations, 

microscopic observations revealed numerous macerals of the inertinite 
group (mainly fusinite; Fig. S1). Experimentally, it was shown that as the 
fusinite reflectance increased, the temperature affecting the wood dur-
ing the fire was higher (Jones et al., 1991; Belcher et al., 2018). Fusinite 
reflectance measurements were made on ten samples (3 from Biely 
Potok Fm. and 7 from Zuberec Fm.) to determine the type of fires (Scott, 
2000, 2010) occurring in the middle and upper Oligocene in the area 
around the CCPB (Table S3). The results indicate diverse fire types, 
ranging from surface and crown fires in the middle Oligocene (Zuberec 
Fm.), where average temperatures exceeded 700 ◦C, to mainly surface 
fires in the upper Oligocene (Biely Potok Fm.), with temperatures not 
exceeding 550 ◦C. 

A second, independent indication for the occurrence of wildfires in 
the middle and upper Oligocene is the significant contribution of 
unsubstituted polycyclic aromatic hydrocarbons (PAHs) in the samples 
(Fig. S2). A high content of PAHs in marine sedimentary rocks and coal 
seams may indicate wildfires on land (Killops and Massoud, 1992) or 
hydrothermal processes (Simoneit and Fetzer, 1996). As there is no 
evidence of early-diagenetic hydrothermal activity within the CCPB, the 
source of the PAHs must be fire-related. In Zuberec and Biely Potok Fm. 
samples, among other PAHs, as anthracene and methylanthracenes, 4H- 
cyclopenta[def]phenanthrene, benzo[ghi]fluoranthene, benz[a]anthra-
cene and benzo[a]pyrene were identified (Fig. S2), all characteristic for 
pyrolytic processes (Nabbefeld et al., 2010; Denis et al., 2012; Mar-
ynowski et al., 2014; Synnott et al., 2021). Coronene, 6-ring PAH was 
found only in some of the samples. This organic compound requires 
higher temperatures to be formed (Kaiho et al., 2021), hence it was not 
found in samples 2_Bi, 22_Zu, and 37_Zu. In all of these samples, the 
measured temperatures were relatively low (Table 3). Moreover, some 

Fig. 9. Total ion chromatograms (TIC) of the aromatic fraction showing differences in aromatic compounds distribution between Biely Potok (a) and Huty (b) Fms.  
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other common compounds in Oligocene samples, like, e.g., retene could 
also be (at least partially) generated by wildfires (Ramdahl, 1983). 
However, high concentrations of retene do not necessarily indicate the 
dominance of coniferous forest fires on the land (e.g., Karp et al., 2020), 
as other biomarkers of gymnosperm plants such as simonellite, dehy-
droabietane, cadalene, or bi-, tri- and tetracyclic diterpanes (Figs. 8 and 
9) are also present in samples containing elevated unsubstituted PAHs. 
This means that the retene is largely derived from unburned organic 
matter of terrestrial origin. 

The ratios of dimethylphenanthrenes were applied to determine the 
source of burned vegetation (Kappenberg et al., 2019; Karp et al., 2020; 
Zhao et al., 2023). Thermal experiments have shown that 1,7-DMP is 
characteristic of softwood burning, 1,2-DMP for hardwood, whereas 
grass combustion generates both isomers in similar proportions 

(Kappenberg et al., 2019). Our data point to grasses as the main source 
of biomass burned (Fig. 15). However, grasses and other C4 plants did 
not develop until the Miocene (Karp et al., 2018), and before that, their 
importance was minor (Sage, 2004). For this reason, and given the 
presence of biomarkers derived from angiosperms and gymnosperms in 
the organic matter (Figs. 8 and 9), it appears that we are observing a 
dimethylphenanthrenes mix derived from both hardwoods and soft-
woods combustion. During the Late Oligocene in the Thrace Basin (NW 
Turkey, located further south than the CCPB), the woody vegetation was 
mixed, abundant in both conifers as well as angiosperms such as Ulmus, 
Carya, Zelkova, Alnus, Pterocarya and Quercus (Çelik et al., 2017). 
Furthermore, the effect of diagenesis (thermal maturity) should be taken 
into account, which may affect the dimethylphenanthrenes distribution 
(e.g., 1,7-DMP is less stable and its distribution changes with maturity, 

Fig. 10. Partial mass chromatogram m/z 133 of the mudstone from Zuberec Fm. showing aryl isoprenoids distribution and isorenieratane and its derivatives. 
Numbers denote individual carbon number pseudohomologues. 

Fig. 11. Cross plots of main maturity parameters showing their mutual correlation.  
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Zheng et al., 2023). For this reason, for geological samples, dimethyl-
phenanthrenes should be used with caution in determining the source of 
wildfires (Zhao et al., 2023). 

We also tested whether PAHs were derived from smoke or residues, 
using a low-molecular-weight PAHS to total PAHs ratio (LMW/Total; 
Table 3; Karp et al., 2020; Vachula et al., 2022). Low-molecular-weight 
PAHs including phenanthrene, anthracene, fluoranthene, and pyrene 
are more common in smoke migration, while high-molecular-weight 
PAHs are rather adsorbed on charcoal fragments (Karp et al., 2020). 
Most of the examined samples reach LMW/Total values of 0.7–0.8 
(Table 3), which suggests PAHs’ mixed (smoke and residue) character. 
However, this proxy generally had higher values for samples from 
Zuberec Fm. (Table 3) suggesting an origin of PAHs to a greater extent 
from smoke. This is consistent with the bathymetry of the CCPB, as the 
basin became shallower during Biely Potok Fm. sedimentation, 

deposition was more dynamic, and more organic matter (including 
charcoal) was transported from the land. In oxic conditions during Biely 
Potok Fm. deposition, charcoals were preserved as more resistant to 
weathering than unburned terrestrial organic matter (Kubik et al., 
2020). As a consequence, LMW/Total values are lower in Biely Potok 
Fm. (Table 3), indicating a residue source of PAHs transported from the 
land. 

Oligocene wildfires have been relatively frequently reported from 
numerous sedimentary basins, starting from the Eocene – Oligocene 
boundary (Selkin et al., 2015) and continuing throughout the Oligocene 
(Miao et al., 2022). Late Oligocene wildfires have been reported from 
the Neuwied Basin in western Germany (Uhl et al., 2022), from the 
Norken area (Westerwald, Rhineland-Palatinate) (Uhl et al., 2020) and 
from Northern Hesse, central Germany (Uhl and Jasper, 2018) in all 
cases as limnic-brackish or brackish-marine deposits. Conifers were the 
main fuel in these regions (Uhl and Jasper, 2018; Uhl et al., 2022), and 
surface fires predominated (Uhl et al., 2020). Oligocene wildfires were 

Fig. 12. Cross-plot of trace metal ratios showing paleoredox environments 
adopted from Hartkopf-Fröder et al. (2007). 

Fig. 13. MoEF versus UEF diagram for the Oligocene deposits of the 
Orava Basin. 
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also documented with black carbon detection in marine formations of 
the northern South China Sea (Jia et al., 2003), charcoals in the North 
Pacific Ocean (Herring, 1985), as well as in marginal lacustrine and 
fluvial deposits of the northern Tibetan Plateau based on microcharcoal 
detection (Miao et al., 2022). Low content of inertodetrinite was also 
reported from the late Oligocene coal seams in the Malkara coalfield 
from the Thrace Basin (NW Turkey), documenting wildfire episodes in 
paleomires (Karayigit et al., 2021). Moreover, low-temperature wild-
fires in the late Eocene to early Miocene of NE Bengal Basin were 
determined using PAH detection, during the early to middle phase of the 
Himalayan uplift (Hossain et al., 2013). 

Here, based on organic geochemical data, we suggest that Oligocene 
wildfires have contributed to land degradation, which resulted in the 

intensification of continental run-off, and in consequence, increased 
terrigenous OM deposition in the CCPB (Fig. 2). Intensive soil erosion 
and runoff processes are commonly associated with wildfires in various 
geological periods (Boudinot and Sepúlveda, 2020; Synnott et al., 2021). 
Furthermore, enhanced soil erosion (also confirmed by perylene) and its 
migration into the CCPB could potentially be responsible for nutrient 
inputs into the basin and periodically enhanced productivity (e.g., Kaiho 
et al., 2016). However, because the rocks from the upper Zuberec and 
Biely Potok Fms. are generally organic-poor (Table S1), this process had 
limited impact in this case. 

6. Conclusions 

Biomarker and Rock-Eval studies revealed increased thermal matu-
rity from the northern to southern part of the Orava sub-basin, and from 
Biely Potok Fm. (Upper Oligocene) to Huty Fm. (Lower Oligocene). The 
gas-prone type-III kerogen occurs in most Paleogene samples but in 
some rocks taken from Zuberec and Huty Fms. oil-prone type-II kerogen 
dominates. The best source rock potential was documented for Zuberec 
Fm., and it may be considered as fair to good source rock interval. The 
Huty and Biely Potok Fms. are poor source rocks. The maturity of the 
Oligocene sedimentary rocks from the Orava sub-basin is well defined by 
the lipid biomarkers. The occurrence of ββ-hopanes, hopenes, oleanenes, 
and low values of 22S/(22S + 22R) homohopane ratio (reaching c.a. 
0.4), as well as 20S/(20S + 20R) sterane ratio (reaching c.a. 0.1–0.2), 
suggest immature organic matter in northern and northeastern parts of 
the Orava sub-basin. On the contrary, the S part is characterized by 
relatively high values of 22S/(22S + 22R) ratio (>0.5) and 20S/(20S +
20R) ratio (>0.4), and lack of unsaturated compounds, indicating that 
these units have reached the oil window stage. 

The dominance of type-III and type-II/III kerogen in both the Lower 
and Upper Oligocene suggests terrestrial organic matter input to the 
marine sedimentary rocks. Biomarkers of terrestrial origin, including 
both angiosperm and gymnosperm affinity, were detected in all samples. 
Moreover, the high content of perylene in less mature samples indicates 
fungal input to organic matter, most possibly associated with soil 
erosion. In the upper part of Zuberec and Biely Potok Fms. the evidence 
of wildfires was found in several sites. Both, fusinites and elevated py-
rolytic PAHs were found. The results indicate diverse fire types, ranging 
from crown fires in the middle Oligocene (Zuberec Fm.), when average 

Fig. 14. Cross-plot showing percentage of pyrite with diameters above and 
below 5 μm (a) and graphs showing the percentage of pyrite diameters in each 
formation (b). 

Fig. 15. Cross-plot of the DMPx = (1,7-DMP + 2,6-DMP + 3,5-DMP)/(1,7-DMP + 2,6-DMP + 3,5-DMP + 1,2-DMP) vs. DMPy = 1,7-DMP/1,2-DMP denoting the 
source of dimethylphenanthrenes in the Oligocene Orava Basin samples. 
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temperatures exceeded 700 ◦C, to mainly surface fires in the Late 
Oligocene (Biely Potok Fm.), when temperatures did not exceed 550 ◦C. 

Sedimentary conditions in the Oligocene of Central Carpathian 
Paleogene Basin changed from predominantly anaerobic to aerobic. In 
the Lower Oligocene (Huty and lower part of Zuberec Fms.), dysoxic to 
intermittently euxinic depositional environments were present, which is 
manifested by the occurrence of isorenieratane and its derivatives, as 
well as high content of small (<5 μm) pyrite framboids. During the 
Upper Oligocene, the conditions in the basin were oxic, with increased 
input of terrestrial organic matter caused by soil erosion, and intensive 
runoff associated with wildfires. 
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Fig. S1. Examples of macerals observed in reflected light. Abbreviations: Te – tellinite; Ct – 

collotellinite; Py – pyrite; Re – resinite; Vd- vitrodetrinite; Sf – semifusinite; Fu – fusinite. 

 

 

Fig. S2. Summed mass fragmentogram (m/z 178 + 190 + 192 + 202 + 226 + 228 + 252) showing 

distribution of pyrolytic PAHs in extract of Biely Potok sample (for the abbreviations see the legend to 

the Fig. 9 in the manuscript).  
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Fig. S3. Partial m/z 252 mass chromatograms showing high content of perylene in relation to other 

pericondensed pentacyclic PAHs in Zuberec and Biely Potok samples.  

 

Fig. S4. Distribution of D1-D7 isomers of triaromatic dinosteroids in a Zuberec Fm sample extract. 
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Fig. S5. Schematic map showing the C29 20S/[S+R] sterane parameter distribution and BeP/[BeP+Pe] 

ratio values for the Orava Basin area.  

 

Fig. S6. TOC–TS–Fe ternary diagram for the Palaeogene samples from Orava Basin. DOP = degree of 

pyritisation. 
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Tables 
 
Table S1. Sample lithology, bulk geochemical data and n-alkanes derived parameters. 

 
Sample code Lithology TOC [wt%] TS [wt%] CC [wt%] CPITotal CPI25-31 Pr/Ph Pr/n-C17 Ph/n-C18 TAR 

Biely Potok Fm.           

1_Bi sandstone 0.02 0.04 33.29 1.02 1.07 0.60 1.53 0.25 35.20 

2_Bi mudstone 0.89 0.46 8.07 1.15 1.18 3.12 3.77 1.37 4.87 

3_Bi mudstone 0.60 0.28 11.47 1.32 1.47 3.14 4.08 1.81 3.69 

4_Bi sandstone 0.59 0.57 18.68 1.25 1.34 0.56 3.11 0.53 16.33 

5_Bi sandstone 2.43 0.71 9.01 1.50 1.35 3.49 4.27 2.38 2.65 

6_Bi mudstone 1.24 0.97 19.41 1.17 1.34 2.66 4.46 1.44 5.81 

7_Bi mudstone 0.54 0.36 16.68 1.17 1.44 1.63 4.35 0.96 11.09 

8_Bi sandstone 1.08 0.89 11.34 1.28 1.41 1.71 1.63 2.06 0.98 

9_Bi mudstone 0.89 0.27 11.94 1.35 1.30 1.96 2.38 0.84 0.73 

10_Bi mudstone 0.50 0.36 13.27 1.43 1.35 2.65 2.36 1.19 0.69 

11_Bi sandstone 0.36 0.00 10.64 0.94 0.98 1.10 3.23 0.27 24.45 

   
 

       

Zuberec Fm.           

12_Zu mudstone 1.37 1.27 9.80 1.25 1.28 1.66 1.34 1.78 0.43 

13_Zu mudstone 2.20 2.37 11.38 1.26 1.37 2.39 1.94 0.90 1.32 

14_Zu shale - - - 1.28 1.71 3.75 3.50 1.15 0.58 

15_Zu sandstone 0.37 0.17 21.29 1.07 1.19 1.12 4.12 0.94 5.11 

16_Zu sandstone 0.55 0.23 15.47 1.06 1.15 1.87 3.19 0.87 3.02 

17_Zu sandstone 3.15 1.71 17.53 1.44 1.38 3.57 4.47 2.60 0.78 

18_Zu sandstone 0.76 0.69 19.25 1.27 1.28 1.13 4.65 1.68 4.55 

19_Zu sandstone 0.19 0.02 26.71 0.99 1.11 0.85 2.80 0.23 34.55 

20_Zu mudstone 3.55 3.40 18.70 1.34 1.33 4.36 3.79 2.96 1.88 

21_Zu shale 0.76 1.28 19.29 1.30 1.48 3.48 5.41 1.79 2.77 

22_Zu shale 1.09 1.15 16.61 1.39 1.57 4.62 3.47 1.70 1.72 

23_Zu sandstone 0.62 0.00 14.19 1.06 1.06 1.18 0.99 0.74 3.00 

24_Zu shale 1.47 1.53 14.34 1.12 1.14 1.63 1.72 1.44 0.67 

25_Zu shale 0.90 1.38 17.98 1.19 1.25 2.25 1.55 1.21 0.90 

26_Zu shale 0.83 1.10 19.04 1.18 1.18 1.73 1.00 1.16 0.74 

27_Zu shale 0.85 1.36 16.55 1.13 1.09 1.48 1.44 1.84 0.73 

28_Zu shale 0.78 1.26 17.06 1.13 1.19 2.35 2.08 1.17 1.27 

29_Zu shale 0.98 1.34 16.25 1.11 1.15 1.92 1.95 1.15 1.13 

30_Zu shale 0.89 1.46 13.80 1.10 1.14 1.40 1.18 1.13 0.99 

31_Zu shale 0.87 0.60 13.79 1.09 1.14 1.54 1.57 1.10 1.22 

32_Zu shale 1.56 2.02 14.07 1.14 1.14 1.91 1.56 1.45 0.87 

33_Zu shale 0.68 0.02 0.01 1.21 1.38 1.13 4.69 0.73 9.60 

34_Zu shale 0.67 0.73 8.76 1.10 1.23 1.44 4.95 0.89 5.22 

35_Zu shale 9.91 4.16 5.16 2.22 1.87 4.37 1.13 4.38 1.12 

36_Zu shale 2.32 1.45 9.25 1.83 1.53 4.21 6.09 1.81 0.68 

37_Zu shale 5.01 2.46 7.51 1.38 1.17 3.99 2.91 2.53 1.04 

38_Zu shale 1.06 0.01 16.37 0.98 1.17 3.99 2.27 0.58 0.26 
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39_Zu shale 6.99 3.27 6.10 1.96 2.16 3.15 11.74 4.13 5.25 

40_Zu shale 3.50 1.87 7.30 1.38 1.42 5.17 9.25 2.52 2.04 

41_Zu shale 3.00 0.79 9.68 1.19 1.24 5.48 2.38 0.63 0.45 

42_Zu coal 82.51 0.92 0.23 1.09 1.16 2.19 0.62 0.35 0.40 

43_Zu shale 3.05 0.97 10.43 1.20 1.22 2.20 1.41 0.55 1.24 

44_Zu shale 1.61 0.00 7.35 0.79 1.32 1.68 1.30 0.70 0.30 

45_Zu shale + coal 56.44 0.71 0.28 1.04 0.88 2.35 0.83 0.45 0.17 

46_Zu mudstone 0.75 0.00 27.04 1.07 1.08 1.16 0.61 0.46 1.34 

47_Zu shale 10.11 0.09 13.81 1.27 1.32 4.20 1.78 1.76 1.84 

48_Zu coal 56.00 0.53 0.38 1.02 1.33 5.09 5.26 1.43 1.21 

49_Zu sandstone 0.45 0.21 23.76 1.08 1.14 1.36 3.52 0.70 6.49 

50_Zu mudstone 0.41 0.00 41.99 0.79 1.06 1.74 2.23 0.06 28.65 

51_Zu mudstone 0.22 0.00 0.35 0.88 1.11 1.25 1.27 0.06 37.81 

52_Zu shale 0.67 1.54 11.99 1.14 1.20 2.49 1.67 0.87 1.65 

53_Zu shale 0.50 0.81 14.56 1.09 1.12 1.42 1.19 1.20 0.78 

54_Zu shale 1.89 2.04 12.54 1.14 1.14 1.48 1.47 1.62 0.59 

55_Zu shale 2.46 2.31 13.56 1.10 1.11 2.19 2.12 1.38 1.07 

56_Zu shale 2.08 2.04 16.88 1.14 0.83 1.20 6.96 5.75 1.79 

57_Zu shale 5.65 2.08 0.00 1.46 1.92 0.93 3.95 5.62 1.89 

58_Zu sandstone 0.48 0.07 16.77 0.97 1.04 1.61 5.69 1.74 2.35 

           

Huty Fm.           

59_Ht shale 0.78 0.94 18.05 1.13 1.24 1.20 3.52 0.70 3.36 

60_Ht shale 0.87 1.12 18.02 1.10 1.17 3.21 2.86 0.73 1.00 

61_Ht shale 0.76 0.61 16.62 1.09 1.19 2.63 2.77 0.71 1.43 

62_Ht mudstone 0.85 1.49 15.27 1.07 1.15 1.96 1.83 0.95 1.31 

63_Ht sandstone 0.94 1.08 8.90 1.07 1.15 2.26 1.65 0.65 1.74 

64_Ht mudstone 0.44 0.07 35.67 1.08 1.10 1.31 1.23 0.90 0.82 

65_Ht sandstone 0.37 0.01 36.27 1.04 1.10 1.08 2.74 0.99 2.48 

66_Ht mudstone 0.31 0.04 36.81 1.07 1.11 1.93 5.16 0.97 2.72 

67_Ht mudstone 0.58 0.39 25.13 1.11 1.18 2.20 2.15 0.81 1.29 

68_Ht mudstone 0.59 0.59 16.85 1.08 1.11 2.86 2.57 0.57 1.51 

69_Ht shale 0.65 0.86 18.45 1.09 1.18 2.39 3.23 0.79 1.81 

70_Ht shale 0.57 0.00 13.79 1.09 1.15 2.24 1.89 0.45 2.42 

71_Ht shale 0.66 1.16 17.77 1.09 1.18 3.04 2.40 0.71 0.73 

72_Ht shale 1.10 0.25 14.81 1.23 1.27 5.27 2.17 0.53 1.46 

73_Ht sandstone 0.64 0.59 16.39 1.21 1.51 1.99 2.67 1.27 0.85 

74_Ht sandstone 0.40 0.44 22.76 1.07 1.21 1.59 2.66 0.69 1.63 

75_Ht sandstone 0.62 0.58 19.02 1.09 1.17 3.04 2.67 0.64 1.15 

76_Ht shale 1.03 1.20 18.14 1.09 1.14 2.01 1.65 0.87 1.09 

77_Ht shale 2.72 0.03 7.24 1.21 1.41 2.66 3.12 1.35 0.68 

78_Ht shale 1.98 0.01 14.93 1.07 1.27 2.39 3.46 1.64 0.69 

79_Ht shale 0.76 0.94 24.87 1.08 1.16 3.35 1.60 0.46 0.68 

80_Ht shale 0.87 0.88 22.32 1.14 1.18 2.24 1.77 0.70 0.90 

81_Ht shale 1.02 0.62 68.42 1.07 1.11 1.60 0.93 0.58 0.46 

82_Ht shale 3.19 2.17 5.04 1.10 1.06 2.28 2.00 1.00 0.16 
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83_Ht shale 2.20 1.31 13.30 1.13 1.07 2.11 0.80 0.39 0.29 

84_Ht sandstone 5.39 0.04 11.48 0.99 1.36 1.64 1.94 0.57 0.56 

85_Ht coal 50.64 0.66 1.62 1.12 1.23 3.33 1.55 0.56 0.30 

 

TOC = total organic carbon; TS = total sulphur, CC = carbonate content, CPITotal = Carbon Preference Index, CPI25-

31 = Carbon Preference Index for long chain n-alkanes, Pr/Ph = pristane/phytane ratio, Pr/n-C17 = pristane/ C17 n-

alkane ratio, Ph/n-C18 = phytane/ C18 n-alkane ratio, TAR = terrigenous vs. aquatic n-alkane ratio 

CPITotal = (C17+C19...+C27+C29)+(C19+C21...+C29+C31)/[2(C18+C20...+C28+C30)] 

CPI25-31 = (C25+C27+C29)+(C27+C29+C31)/[2(C26+C28+C30)] 

TAR = (C27 + C29 + C31)/(C15+C17+C19) 

 
 
Table S2. Measured and calculated vitrinite reflectance values. 

Sample code 
Vitrinite reflectance [%] Calculated vitrinite 

reflectance [%] Min Max Avg SD N 

Biely Potok Fm.       

1_Bi 0.14 0.59 0.26 0.09 55 0.64 

2_Bi 0.17 0.72 0.51 0.12 100 0.58 

9_Bi 0.11 0.66 0.37 0.11 53 0.67 

       

Zuberec Fm.       

13_Zu 0.21 0.61 0.38 0.09 55 0.68 

15_Zu 0.18 0.69 0.44 0.11 64 0.74 

17_Zu 0.28 0.65 0.45 0.07 100 0.63 

20_Zu 0.14 0.77 0.55 0.10 101 0.62 

22_Zu 0.17 0.68 0.39 0.12 100 0.60 

23_Zu 0.21 0.55 0.37 0.07 100 0.85 

32_Zu 0.11 0.86 0.49 0.16 100 0.72 

35_Zu 0.20 0.58 0.47 0.07 102 0.55 

36_Zu 0.21 0.68 0.50 0.09 103 0.57 

38_Zu 0.33 0.68 0.53 0.08 102 0.64 

39_Zu 0.28 0.59 0.42 0.06 100 0.56 

40_Zu 0.27 0.58 0.43 0.06 102 0.53 

42_Zu 0.37 0.58 0.50 0.04 100 0.63 

43_Zu 0.31 0.64 0.49 0.06 103 0.67 

46_Zu 0.20 0.63 0.39 0.08 51 0.58 

47_Zu 0.26 0.65 0.44 0.07 101 0.63 

48_Zu 0.12 0.60 0.46 0.08 66 0.62 

50_Zu 0.44 1.12 0.84 0.20 25 0.54 

55_Zu 0.12 0.90 0.46 0.19 101 0.71 

57_Zu 0.21 0.47 0.33 0.06 100 0.55 

58_Zu 0.20 0.72 0.43 0.11 100 0.56 

       

Huty Fm.       

59_Ht 0.23 0.78 0.45 0.14 50 0.78 

60_Ht 0.23 0.77 0.50 0.14 55 0.77 

61_Ht 0.25 0.68 0.47 0.10 54 0.67 
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62_Ht 0.21 0.85 0.48 0.12 100 0.75 

63_Ht 0.27 0.60 0.45 0.06 50 0.73 

64_Ht 0.16 0.52 0.35 0.10 50 0.75 

65_Ht 0.25 0.80 0.44 0.17 30 0.61 

66_Ht 0.20 0.65 0.41 0.09 100 0.72 

67_Ht 0.26 0.81 0.55 0.10 100 0.79 

68_Ht 0.25 0.79 0.55 0.13 57 0.74 

69_Ht 0.25 0.68 0.41 0.12 31 0.82 

71_Ht 0.22 0.74 0.53 0.11 61 0.74 

72_Ht 0.31 0.86 0.62 0.15 30 0.71 

73_Ht 0.21 0.75 0.53 0.13 58 0.77 

76_Ht 0.27 0.80 0.57 0.13 61 0.76 

78_Ht 0.09 0.46 0.27 0.08 50 0.59 

79_Ht 0.38 0.79 0.58 0.10 59 0.70 

80_Ht 0.33 0.88 0.54 0.12 53 0.74 

81_Ht 0.28 0.87 0.57 0.15 54 0.79 

82_Ht 0.28 0.73 0.47 0.13 55 0.68 

83_Ht 0.21 0.81 0.49 0.12 101 0.74 

84_Ht 0.33 0.58 0.44 0.04 100 0.64 

85_Ht 0.38 0.54 0.45 0.03 100 0.67 

Rc = 0.60 * MPI1 + 0.40 

 

Min = minimum vitrinite reflectance value [%], Max = maximum vitrinite reflectance value [%], Avg = average 

vitrinite reflectance value [%], SD = standard deviation, N = number of measurements. 

 

Table S3. Measured fusinite reflectance values and calculated combustion temperatures 

(abbreviations as in Table S2).  

Sample code 
Fusinite reflectance [%] Combustion temp [°C] 

Min Max Avg SD N Avg  Min Max 

Biely Potok Fm.         

2_Bi 0.71 6.20 1.68 0.72 100 382 268 914 

5_Bi 1.55 2.76 2.35 0.26 50 461 367 510 

8_Bi 0.93 4.92 2.98 1.14 104 536 294 765 

         
Zuberec Fm.         
20_Zu 3.15 5.85 4.66 0.65 50 734 556 874 

22_Zu 1.00 4.54 2.43 1.01 53 471 302 720 

36_Zu 0.60 6.08 2.25 1.45 41 449 255 902 

37_Zu 0.88 3.80 1.89 0.66 20 407 287 632 

40_Zu 2.12 6.08 4.50 0.91 51 715 434 902 

56_Zu 1.54 5.57 3.27 1.27 36 570 366 841 

57_Zu 0.89 6.08 3.35 1.58 33 580 289 902 
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Table S4. Pyrite framboid diameter measurements with statistical data and calculated 

framboid parameter.  

Sample Min FD Max FD Mean SD N % 

  
[µm] [µm] [µm] 

    
F <5 µm 

Biely Potok Fm.       

1_Bi 1.87 19.96 6.46 3.51 50 42 

2_Bi 2.48 13.06 6.08 2.29 100 38 

5_Bi 1.83 11.86 5.76 1.96 100 31 

8_Bi 2.23 14.69 6.56 2.89 100 34 

10_Bi 2.73 29.32 7.87 4.78 101 22 

11_Bi 1.63 18.03 6.50 2.63 100 23 

       

Zuberec Fm.       

13_Zu 1.55 14.85 4.38 1.82 100 73 

15_Zu 1.74 22.87 6.71 4.06 50 36 

17_Zu 2.08 13.12 6.09 2.21 100.0 33 

20_Zu 1.19 38.48 7.25 4.58 100 31 

22_Zu 1.87 34.93 7.15 5.53 100 40 

23_Zu 2.56 23.57 7.61 4.86 50 40 

29_Zu 1.56 14.85 4.14 1.81 100 78 

30_Zu 1.59 9.23 4.19 1.37 100 78 

32_Zu 1.69 13.00 4.97 1.88 100 55 

33_Zu 2.32 24.66 7.16 3.70 100 30 

35_Zu 1.96 26.55 6.51 3.13 100 36 

36_Zu 2.87 15.84 6.09 2.08 101 28 

37_Zu 1.75 14.15 5.83 2.05 101 37 

39_Zu 1.84 13.24 5.43 1.99 100 50 

40_Zu 2.47 12.21 5.52 1.71 100 41 

43_Zu 1.94 13.37 4.87 1.94 100 60 

46_Zu 3.21 27.32 9.12 5.00 50 12 

47_Zu 1.91 15.21 6.82 2.60 101 27 

53_Zu 2.14 26.38 6.76 4.74 101 47 

54_Zu 1.31 13.88 4.68 1.82 100 60 

55_Zu 2.12 11.37 4.63 1.70 97 62 

56_Zu 1.86 10.86 4.43 1.85 100 69 

57_Zu 1.48 19.59 4.94 2.35 100 63 

58_Zu 2.58 24.45 10.17 4.95 51 16 

       

Huty Fm.       

59_Ht 2.29 14.28 5.45 1.95 50 48 

60_Ht 1.84 12.27 5.52 1.91 103 49 

61_Ht 2.43 19.60 5.64 2.58 101 50 

62_Ht 1.43 15.07 4.60 1.99 100 64 

63_Ht 1.67 17.37 6.78 3.16 100 33 

66_Ht 2.87 33.20 9.39 5.55 51 12 
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67_Ht 1.71 22.76 5.90 3.27 100 45 

68_Ht 2.28 25.10 6.02 2.96 100 41 

69_Ht 2.96 25.92 7.21 4.59 50 36 

71_Ht 1.54 9.99 5.57 2.26 100 45 

72_Ht 1.60 7.88 5.03 2.50 100 59 

73_Ht 2.30 53.44 8.70 8.36 51 25 

74_Ht 3.60 20.38 7.63 4.02 14 29 

75_Ht 2.72 19.26 6.78 2.75 100 29 

79_Ht 2.23 25.53 5.50 3.46 50 54 

80_Ht 2.01 15.58 5.06 2.26 101 61 

81_Ht 1.91 10.69 4.51 1.46 100 62 

82_Ht 1.99 13.44 5.78 2.12 100 32 

83_Ht 1.69 17.03 4.39 2.32 103 73 

84_Ht 2.17 12.05 5.91 2.15 50 40 

Min, Max FD = the smallest/largest pyrite framboid diameter; SD = standard deviation; N = number of 

measurements; %F < 5 μm = percentage of pyrite framboids with diameter equal or lower than 5 μm. 

 
Table S5. Rock-Eval analysis for CCPB rocks. 

Sample code 
TOC 

(wt%) 
Tmax (°C) S1 S2 S3 PI HI OI 

MINC 

(wt%) 

Biely Potok Fm.          

5_Bi 1.16 434 0.06 1.08 0.05 0.05 93 4 2.5 

6_Bi 1.28 430 0.06 0.89 0.09 0.06 69 7 2.4 

7_Bi 0.33 436 0.03 0.21 0.03 0.13 61 7 2.2 

9_Bi 0.56 448 0.14 0.28 0.46 0.33 50 83 1.62 

10_Bi 0.21 n.a. 0.07 0.12 0.30 n.a. 56 138 1.79 

11_Bi 0.07 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.58 

 
         

Zuberec Fm.          

12_Zu 1.23 438 0.19 1.58 0.03 0.10 128 2 1.18 

13_Zu 2.2 434 0.58 6.0 0.02 0.09 276 1 1.29 

16_Zu 0.23 448 0.05 0.25 0.01 0.17 109 5 2.3 

17_Zu 3.1 422 0.15 4.4 0.05 0.03 144 2 2.3 

18_Zu 0.56 433 0.05 0.38 0.05 0.11 68 9 2.5 

23_Zu 0.30 446 0.07 0.33 0.31 0.17 108 103 1.92 

33_Zu 0.43 444 0.03 0.27 0.47 0.09 62 110 0.15 

34_Zu 0.92 446 0.22 0.60 0.02 0.27 65 2 1.10 

35_Zu 9.8 428 0.50 12.2 1.78 0.04 124 18 1.26 

36_Zu 1.88 433 0.21 1.40 0.26 0.13 74 14 1.37 

37_Zu 4.6 430 0.67 6.6 0.59 0.09 145 13 1.44 

38_Zu 0.76 454 0.21 0.98 0.49 0.18 128 64 2.2 

39_Zu 7.2 424 0.71 19.6 0.84 0.03 272 12 1.19 

40_Zu 3.3 426 0.37 5.0 0.48 0.07 151 14 1.20 

41_Zu 3.0 437 0.83 3.7 0.03 0.18 124 1 1.22 

42_Zu 92.6 421 26.2 294.7 0.05 0.08 318 0 1.72 

43_Zu 3.2 435 0.63 4.9 0.00 0.11 153 0 1.33 

44_Zu 1.19 454 0.07 1.08 0.53 0.06 90 44 1.11 

45_Zu 61.4 457 1.23 51.5 16.7 0.02 84 27 2.19 

46_Zu 0.47 448 0.07 0.44 0.57 0.14 94 120 3.6 

47_Zu 9.2 448 0.17 10.9 3.4 0.02 118 37 2.17 
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48_Zu 58.0 447 1.79 46.9 18.2 0.04 81 31 2.74 

49_Zu 0.22 445 0.05 0.22 0.00 0.17 101 0 3.2 

50_Zu 0.03 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 5.0 

51_Zu 0.07 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.20 

56_Zu 2.1 429 0.15 4.0 0.07 0.04 196 3 2.1 

57_Zu 2.8 424 0.28 7.6 0.14 0.04 276 5 3.0 

58_Zu 0.31 453 0.04 0.27 0.11 0.13 85 35 2.2 

 
         

Huty Fm. 
         

59_Ht 0.59 448 0.23 0.59 0.16 0.28 100 27 2.4 

60_Ht 0.72 446 0.20 0.67 0.12 0.23 94 17 2.4 

61_Ht 0.47 446 0.15 0.47 0.07 0.24 100 16 2.3 

62_Ht 0.82 441 0.16 0.84 0.02 0.16 101 2 1.69 

64_Ht 0.23 445 0.14 0.35 0.15 0.28 152 64 4.5 

65_Ht 0.06 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 4.6 

66_Ht 0.15 446 0.12 0.29 0.12 0.30 187 76 4.7 

67_Ht 0.34 444 0.36 0.58 0.15 0.38 171 44 2.2 

68_Ht 0.48 446 0.21 0.44 0.11 0.33 91 22 2.2 

69_Ht 0.41 444 0.27 0.33 0.11 0.45 81 27 2.4 

70_Ht 0.31 458 0.16 0.34 0.75 0.31 109 239 1.97 

71_Ht 0.46 444 0.21 0.44 0.10 0.32 94 22 2.4 

72_Ht 0.52 442 0.24 0.50 0.07 0.33 96 14 2.3 

73_Ht 0.44 441 0.17 0.49 0.09 0.26 110 21 2.2 

74_Ht 0.19 442 0.13 0.22 0.11 0.36 116 57 3.0 

75_Ht 0.45 443 0.36 0.47 0.13 0.43 104 28 2.5 

76_Ht 0.73 442 0.31 0.68 0.11 0.31 93 14 2.4 

77_Ht 2.5 436 0.26 9.6 0.65 0.03 380 26 1.15 

78_Ht 1.59 436 0.18 5.1 0.62 0.03 319 39 2.0 

79_Ht 0.52 442 0.45 0.48 0.09 0.48 93 17 3.1 

80_Ht 0.53 440 0.29 0.57 0.10 0.34 107 19 2.9 

81_Ht 0.49 442 0.27 0.68 0.64 0.28 139 130 7.9 

82_Ht 3.2 442 0.63 10.5 0.10 0.06 332 3 0.86 

83_Ht 1.96 444 0.51 3.3 0.19 0.14 165 9 1.84 

84_Ht 5.3 445 0.26 8.0 1.68 0.03 151 32 1.61 

85_Ht 53.3 445 5.3 74.5 13.4 0.07 140 25 1.91 

          
TOC = total organic carbon; Tmax = temperature of the S2 peak maximum; S1 = oil and gas yield  (mg HC/g 

rock); 

S2 = residual petroleum potential (mg HC/g rock); S3 = CO2 from decomposition of the organic matter (mg 

CO2 /g rock);  

PI = production index; HI = hydrogen index (mg HC/g TOC); OI = oxygen index (mg CO2/g TOC); MINC = 

mineral carbon; n.a. = not applicable  

 

Table S6. Distribution (relative peak areas in %) of D1-D7 isomers of triaromatic 

dinosteroids. The abbreviations for peak areas correspond to the peak areas in Fig. S4. 
 

        

Sample code 
 

D1 D2 D3 D4 D5 D6 D7 

Biely Potok 

Fm. 
       

1_Bi - - - - - - - 

2_Bi 12 15 13 15 14 15 16 
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3_Bi 3 11 21 12 17 17 20 

4_Bi 8 10 11 13 17 15 26 

5_Bi 8 11 14 13 21 11 23 

6_Bi 9 18 9 16 20 12 17 

7_Bi 3 20 14 17 16 13 17 

8_Bi 4 11 20 14 15 14 21 

9_Bi 18 7 16 6 18 17 17 

10_Bi 13 9 20 15 15 12 16 

11_Bi 27 9 16 12 8 9 19 

        

Zuberec Fm.        

12_Zu 1 11 15 13 17 16 27 

13_Zu 5 11 16 13 17 14 24 

14_Zu 3 8 16 12 13 26 21 

15_Zu 2 17 14 8 15 20 24 

16_Zu 2 13 13 12 16 17 26 

17_Zu 12 6 18 14 23 12 16 

18_Zu 23 9 16 9 12 9 23 

19_Zu 29 8 15 10 12 7 19 

20_Zu 32 13 18 10 10 8 10 

21_Zu 6 12 20 11 13 10 28 

22_Zu 33 10 12 8 10 9 17 

23_Zu 3 10 14 11 21 10 30 

24_Zu 4 17 18 9 17 16 19 

25_Zu 4 15 17 11 17 14 22 

26_Zu 3 18 17 12 18 13 19 

27_Zu 4 18 19 11 16 13 20 

28_Zu 5 18 17 10 14 14 22 

29_Zu 4 15 19 11 15 16 21 

30_Zu 4 17 19 9 17 16 18 

31_Zu 3 14 19 10 15 15 23 

32_Zu 3 14 17 9 16 16 25 

33_Zu 6 10 16 12 16 15 23 

34_Zu 30 7 13 7 11 12 21 

35_Zu 8 9 9 5 34 20 15 

36_Zu 4 9 15 8 28 16 20 

37_Zu 11 10 19 12 12 19 17 

38_Zu 8 17 9 12 24 13 16 

39_Zu 4 9 23 9 16 12 27 

40_Zu 11 14 20 7 20 10 18 

41_Zu 44 7 11 4 6 13 15 

42_Zu 6 13 8 8 6 22 36 

43_Zu 6 12 15 12 14 19 23 

44_Zu 19 13 10 11 11 14 22 

45_Zu 22 13 8 9 12 19 17 

46_Zu 6 16 17 11 15 14 20 
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47_Zu 37 8 13 6 5 23 8 

48_Zu 19 15 12 16 11 13 14 

49_Zu 4 16 15 10 16 19 21 

50_Zu - - - - - - - 

51_Zu 3 10 21 14 14 14 25 

52_Zu - - - - - - - 

53_Zu 2 14 19 12 15 16 21 

54_Zu 2 14 19 12 16 14 24 

55_Zu 2 15 17 11 18 15 22 

56_Zu 2 6 25 14 14 13 26 

57_Zu 2 15 16 11 16 15 24 

58_Zu 8 14 15 15 14 14 19 

        

Huty Fm.        

59_Ht 9 12 19 11 16 12 20 

60_Ht 8 10 15 11 18 18 20 

61_Ht - - - - - - - 

62_Ht 5 12 16 11 16 14 26 

63_Ht 11 13 17 10 14 12 23 

64_Ht 2 10 16 12 16 19 24 

65_Ht 3 8 17 12 17 20 23 

66_Ht 7 20 12 6 25 12 19 

67_Ht 2 10 16 11 13 25 24 

68_Ht 4 13 18 10 14 19 21 

69_Ht 6 14 14 11 14 20 21 

71_Ht 6 10 16 10 18 15 25 

72_Ht 9 15 19 10 18 13 16 

73_Ht 6 15 12 9 18 15 25 

74_Ht 8 14 19 12 18 12 17 

75_Ht 5 12 19 13 19 14 19 

76_Ht 5 9 17 11 13 24 21 

77_Ht 1 10 21 13 16 14 24 

78_Ht 2 15 29 10 14 10 19 

79_Ht 4 14 15 12 21 18 15 

80_Ht 5 11 15 12 18 16 23 

81_Ht 4 10 13 12 17 22 22 

82_Ht 3 9 17 13 16 20 23 

83_Ht 5 12 17 11 14 21 19 

84_Ht 5 12 28 10 10 14 21 

85_Ht 10 10 24 8 10 15 22 

 
 
Table S7. Ratios of U/Th, V/Cr, TOC/P, U/Mo, concentrations of authigenic uranium and 

contents of Mo and the average enrichment factors of U and Mo.  

Sample code U/Th V/Cr TOC/P U/Mo 
Mo 

[ppm] 

Uaut 

[ppm] 
UEF MoEF 

125:8431032322



14 
 

Biely Potok Fm.         

1_Bi 0.22 0.82 0.72 3.64 0.11 0.67 2.22 1.90 

2_Bi 0.26 1.34 15.06 0.88 1.14 0.79 3.54 12.53 

3_Bi 0.16 0.93 12.21 2.44 0.41 0.48 2.81 3.57 

4_Bi 0.21 0.51 14.35 0.69 0.87 0.64 2.55 11.45 

5_Bi 0.25 0.69 63.89 0.58 1.2 0.75 2.89 15.38 

6_Bi 0.40 1.37 33.49 1.01 0.99 1.20 4.96 15.23 

7_Bi 0.29 1.20 17.27 1.30 0.46 0.86 3.28 7.80 

8_Bi 0.24 1.10 20.74 0.23 4.44 0.73 3.01 41.50 

9_Bi 0.17 0.86 23.98 0.48 0.83 0.52 1.84 11.86 

10_Bi 0.24 0.81 13.29 1.25 0.48 0.72 2.65 6.58 

11_Bi 0.16 0.49 9.88 1.71 0.35 0.49 3.07 5.56 

         

Zuberec Fm.         

12_Zu 0.18 1.01 30.55 0.28 3.59 0.55 2.52 28.05 

13_Zu 0.23 0.99 48.89 0.06 27.73 0.70 4.06 205.4 

15_Zu 0.14 1.09 8.85 0.35 1.13 0.43 1.50 13.14 

16_Zu 0.16 1.35 14.18 0.56 0.72 0.48 1.54 8.57 

17_Zu 0.44 1.34 49.20 0.42 3.32 1.31 5.87 43.12 

18_Zu 0.23 1.11 14.55 0.66 1.21 0.69 2.87 13.44 

19_Zu 0.38 0.17 8.35 1.11 0.45 1.15 6.20 17.31 

20_Zu 0.31 3.14 91.15 0.20 3.95 0.92 3.74 57.25 

21_Zu 0.22 1.15 16.15 0.53 2.07 0.66 2.88 16.83 

22_Zu 0.19 1.00 23.65 0.53 1.52 0.57 2.21 12.99 

23_Zu 0.15 0.83 13.84 0.80 0.5 0.44 1.74 6.76 

24_Zu 0.27 1.13 37.61 0.16 11.79 0.80 4.20 80.75 

25_Zu 0.16 0.92 24.20 0.36 3.02 0.49 2.29 19.48 

26_Zu 0.17 0.94 21.24 0.41 2.71 0.52 2.46 18.82 

27_Zu 0.17 0.87 24.23 0.19 5.73 0.52 2.52 40.64 

28_Zu 0.13 0.92 20.09 0.24 3.32 0.39 1.47 18.86 

29_Zu 0.20 0.94 23.80 0.16 8.15 0.61 2.83 55.07 

30_Zu 0.23 0.86 21.23 0.10 15.55 0.70 3.25 104.4 

31_Zu 0.14 0.93 21.80 0.13 6.8 0.41 1.89 44.16 

32_Zu 0.24 0.94 32.48 0.29 5.25 0.71 3.38 36.71 

33_Zu 0.08 0.84 14.49 2.05 0.39 0.24 1.58 2.39 

34_Zu 0.13 1.51 14.78 0.52 0.96 0.39 0.93 5.52 

35_Zu 0.83 3.99 300.4 0.56 5.36 2.50 10.41 57.63 

36_Zu 0.35 1.33 52.66 0.69 1.75 1.06 3.52 15.91 

37_Zu 0.60 1.80 143.3 0.30 5.94 1.80 6.60 67.50 

38_Zu 0.16 1.65 19.66 1.09 0.46 0.47 1.25 3.57 

39_Zu 0.42 1.52 142.7 0.14 23.64 1.26 7.17 164.17 

40_Zu 0.36 1.56 67.31 0.34 4.39 1.07 3.90 35.40 

41_Zu 0.23 1.40 65.31 0.83 1.21 0.68 1.91 7.16 

42_Zu 1.00 178 82510 0.11 0.91 3.00 4.03 113.75 

43_Zu 0.21 1.72 64.98 0.71 1.4 0.64 1.89 8.19 

44_Zu 0.15 2.35 38.37 0.74 0.94 0.44 1.46 6.06 
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45_Zu 0.58 2.75 2015 2.00 1.1 1.74 7.39 11.46 

46_Zu 0.16 0.99 12.50 0.42 1.89 0.47 2.63 19.29 

47_Zu 0.28 1.97 259 1.04 1.06 0.85 2.46 7.36 

48_Zu 0.95 2.41 2800 1.32 1.44 2.85 9.43 22.15 

49_Zu 0.13 1.39 9.32 1.29 0.31 0.39 1.29 3.10 

50_Zu 0.08 0.94 6.09 5.00 0.08 0.24 1.01 0.63 

51_Zu 0.03 0.92 6.01 2.22 0.09 0.09 0.29 0.41 

52_Zu 0.09 0.85 12.61 0.67 0.9 0.26 1.22 5.66 

53_Zu 0.20 1.13 10.12 0.39 2.03 0.59 2.12 16.64 

54_Zu 0.44 0.97 26.29 0.16 16.37 1.31 7.57 142.4 

55_Zu 0.49 1.03 35.66 0.17 20.14 1.48 8.12 149.2 

56_Zu 0.32 1.09 48.29 0.18 12.82 0.97 6.18 106.8 

57_Zu 1.39 1.17 94.20 0.69 13.99 4.16 25.86 115.6 

58_Zu 0.19 1.06 11.59 1.00 0.5 0.56 1.17 3.62 

         

Huty Fm.         

60_Ht 0.16 0.84 21.83 0.71 1.27 0.49 2.18 9.55 

61_Ht 0.09 0.83 16.87 0.48 1.04 0.28 1.07 6.89 

62_Ht 0.15 0.81 21.69 0.12 6.93 0.46 2.17 58.24 

63_Ht 0.22 0.80 15.94 0.99 0.81 0.67 2.19 6.86 

64_Ht 0.22 1.21 9.14 0.68 0.88 0.67 2.48 11.28 

65_Ht 0.35 1.25 9.12 1.40 0.57 1.04 4.37 9.66 

66_Ht 0.21 1.26 7.07 0.66 0.76 0.63 2.18 10.27 

67_Ht 0.14 1.10 10.93 0.54 1.3 0.41 1.69 9.70 

68_Ht 0.09 0.90 13.40 0.69 0.72 0.26 0.93 4.14 

69_Ht 0.09 0.80 12.53 0.83 0.6 0.26 1.18 4.38 

70_Ht 0.10 0.80 13.47 0.34 1.78 0.30 1.40 12.90 

71_Ht 0.11 0.87 16.84 0.35 1.71 0.33 1.32 11.63 

72_Ht 0.09 0.78 24.93 0.76 0.66 0.26 1.10 4.49 

73_Ht 0.14 0.88 10.95 0.58 1.04 0.41 1.74 9.37 

74_Ht 0.15 0.93 8.28 0.65 0.77 0.45 1.77 8.46 

75_Ht 0.15 0.91 11.08 0.56 1.07 0.44 1.74 9.64 

76_Ht 0.16 0.89 25.77 0.47 1.93 0.47 2.13 14.19 

77_Ht 0.09 0.83 75.55 1.40 0.43 0.26 1.51 3.36 

78_Ht 0.11 0.94 53.51 1.49 0.47 0.34 2.03 4.23 

79_Ht 0.09 0.96 17.61 0.59 0.85 0.28 1.20 6.34 

80_Ht 0.11 1.03 20.19 0.25 2.04 0.33 1.21 15.34 

81_Ht 0.26 1.30 16.14 0.56 1.07 0.78 2.58 14.27 

82_Ht 0.70 1.10 62.64 0.13 30.27 2.11 11.52 270.3 

83_Ht 0.24 1.03 42.26 0.24 4.96 0.72 2.81 35.94 

84_Ht 0.18 1.67 125.5 1.25 0.48 0.55 2.25 5.58 

85_Ht 1.53 1.45 4219 1.28 1.79 4.60 23.93 57.74 

Uaut = UTOTAL – (Th/3) 

UEF = (UTOTAL/AlTOTAL) / Post-Archean Australian Shale U/Al ratio 

MoEF = (MoTOTAL/AlTOTAL )/ Post-Archean Australian Shale Mo/Al ratio 
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Table S8. Peak areas of selected angiosperm and gymnosperm biomarkers (in percentage values for angiosperms and gymnosperms respectively).  

Sample code 

Angiosperms Gymnosperms 

m/z292 m/z213 m/z254 m/z324 m/z218 m/z327 m/z292 m/z145 m/z219 m/z237 m/z255 m/z183 m/z197 

Des-A-

26,27-
dinor-

5,7,9,11,13-

pentaene 

27-28-

Bisnoroleana-

13,15,17-
triene 

Des-E-

D;C-

friedo-
25-

norhopa-

5,7,9-
triene 

2,2-Dimethyl-
1,2,3,4-

tetrahydropicene 

1,2,9-Trimethyl-
1,2,3,4-

tetrahydropicene 

2,2,9-Trimethyl-
1,2,3,4-

tetrahydropicene 

3,3,7-trimethyl-
1,2,3,4-

tetrahydrochrysene 

2,2,9,9-

Tetramethyl-

1,2,3,4,9,10,11,12-
octahydropicene 

des-A-

dinoroleana-

5,7,8,11,13-
pentaene 

des-A-

dinoroleana-

5,7,9,11,15-
pentaene 

23,25-
Bisnor-

des-E-

oleana-
1,3,5(10)-

triene 

Retene Simonellite Dehydroabietane Cadalene 
ip-

iHMN 

Biely Potok Fm.                 

1_Bi - 16 10 - - 16 10 - - - 47 47 16 3 6 28 

2_Bi 4 11 5 1 2 34 4 1 1 4 33 69 9 1 11 10 

3_Bi 5 10 7 1 2 31 6 2 1 5 30 16 16 1 52 15 

4_Bi 4 11 10 1 2 18 6 2 1 4 42 62 21 1 1 15 

5_Bi 4 9 10 1 1 20 5 2 1 4 44 35 12 1 41 10 

6_Bi 4 5 4 1 6 54 5 1 1 4 18 69 11 1 14 6 

7_Bi 5 4 3 1 8 52 6 - 1 5 15 78 11 - 6 5 

8_Bi 5 19 7 1 1 18 6 1 4 5 34 48 19 1 21 10 

9_Bi 2 14 12 - 4 5 5 - 1 2 54 30 29 1 27 12 

10_Bi 2 9 11 - 3 27 4 2 1 2 39 28 25 2 30 15 

11_Bi 4 16 4 2 9 33 5 2 1 3 22 31 55 4 1 9 

                 

Zuberec Fm.                 

12_Zu 4 16 5 2 - 36 7 2 1 4 22 89 3 - 5 3 

13_Zu 6 11 4 2 - 34 8 3 1 6 25 89 2 - 3 6 

14_Zu 5 4 5 1 2 43 6 3 1 5 24 48 3 - 46 3 

15_Zu 3 5 2 2 - 44 21 - 1 3 18 99 - - 1 1 

16_Zu 5 6 3 2 - 48 25 - 1 5 6 98 - - 1 1 

17_Zu 11 17 7 - 2 20 3 1 1 11 27 62 18 1 14 4 

18_Zu 8 9 5 1 4 42 4 1 1 8 16 70 20 1 5 4 

19_Zu 4 5 4 1 7 48 6 1 1 4 20 76 16 1 - 6 

20_Zu 4 10 9 1 2 23 6 1 1 4 38 46 12 - 35 7 

21_Zu 1 78 2 - - 7 3 - - 1 7 49 19 1 20 11 

22_Zu 5 21 5 1 - 23 14 1 1 5 24 46 16 - 25 12 

23_Zu 5 4 6 4 1 31 26 2 - 5 15 94 4 - 1 - 

24_Zu 4 13 10 1 1 6 8 - 1 3 52 83 4 - 10 3 

25_Zu 3 13 6 2 - 31 8 1 - 3 33 85 2 - 9 4 

26_Zu 5 13 8 1 - 20 11 1 1 5 35 83 2 - 11 4 

27_Zu 4 17 8 2 - 16 9 1 1 5 38 83 4 - 8 5 

28_Zu 4 14 8 1 - 21 10 1 1 4 36 87 2 - 6 4 

29_Zu 3 14 7 3 - 29 8 1 - 3 31 89 2 - 5 3 

30_Zu 3 14 8 3 - 22 9 1 - 4 35 90 3 - 4 3 

31_Zu 2 11 6 4 - 41 7 1 - 2 26 91 2 - 3 4 

32_Zu 2 10 5 3 - 42 7 1 - 2 28 88 2 - 7 3 

33_Zu 5 16 3 2 1 44 4 2 1 5 16 18 78 2 1 2 

34_Zu 3 8 5 2 1 47 5 2 1 3 24 61 14 - 13 11 
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35_Zu 2 22 10 - 1 10 2 2 1 2 48 14 13 5 62 5 

36_Zu 2 13 14 - - - 4 1 1 2 63 15 23 2 51 9 

37_Zu - - - - - - - - 2 6 93 99 - - 1 - 

38_Zu - - 3 - - 29 17 - - 6 44 - - - - - 

39_Zu 11 60 1 2 1 8 4 - 1 1 10 22 28 - 34 16 

40_Zu 6 37 2 1 1 16 11 - 2 2 21 40 24 - 22 13 

41_Zu 10 5 4 1 - 19 22 - 1 10 27 95 1 - 3 1 

42_Zu 7 2 13 1 - 38 16 - 1 7 15 42 - - 57 1 

43_Zu 9 4 3 2 - 29 24 - 1 9 19 95 1 - 4 1 

44_Zu 6 3 1 2 4 51 11 1 1 6 14 95 - - 3 2 

45_Zu 18 7 1 1 1 6 7 - 2 18 39 94 - - 5 1 

46_Zu 4 12 7 3 1 17 15 - 3 4 33 86 14 - - - 

47_Zu 4 9 1 1 - 12 9 - 2 11 50 97 - - 1 2 

48_Zu 6 9 1 4 - 36 14 1 1 6 23 97 - - 1 2 

49_Zu 5 8 2 2 - 31 28 - - 5 17 98 - - - 1 

50_Zu 4 4 1 1 3 63 10 - - 4 10 90 10 - - - 

51_Zu 3 14 1 2 5 51 9 - - 3 11 53 45 - - 2 

52_Zu - 2 - 3 8 85 - - - - 3 100 - - - - 

53_Zu 4 5 3 4 - 40 11 1 1 4 29 92 2 - 5 1 

54_Zu 2 10 5 3 - 54 4 1 - 2 19 85 4 - 7 4 

55_Zu 3 9 5 3 - 42 7 1 1 3 26 88 3 - 7 2 

56_Zu 8 30 5 1 1 9 9 1 3 8 24 31 45 1 20 3 

57_Zu 10 24 6 1 1 10 8 1 7 11 22 68 14 1 14 3 

58_Zu 10 23 3 1 1 15 16 1 3 11 16 80 9 - 6 5 

                 

Huty Fm.                 

59_Ht - 12 - 3 2 47 8 2 - - 25 100 - - - - 

60_Ht - 9 - 4 2 50 8 3 - - 24 100 - - - - 

61_Ht - 7 - - - 54 10 - - - 29 100 - - - - 

62_Ht 3 6 6 3 1 36 11 - - 3 31 94 3 - 3 1 

63_Ht 2 3 5 3 0 44 10 - - 2 32 96 0 - 4 - 

64_Ht 5 3 3 3 1 28 20 - - 5 32 99 1 - - - 

65_Ht 2 8 18 - - 26 16 1 - 2 27 91 6 - - 3 

66_Ht 2 2 2 3 1 29 14 - - 2 45 99 1 - - - 

67_Ht 3 5 8 2 - 19 17 - - 3 42 98 - - 1 - 

68_Ht 3 2 6 2 - 18 10 3 1 3 52 13 57 5 25 - 

69_Ht 1 3 7 2 - 38 9 2 - 1 38 96 2 - 2 - 

71_Ht 1 53 2 1 1 8 3 1 - 1 30 78 4 - 18 - 

72_Ht 3 19 6 2 3 25 7 2 - 2 33 28 21 7 44 - 

73_Ht - - - 4 2 63 10 1 - - 20 93 - - 7 - 

74_Ht - - - 3 2 62 8 - - - 24 99 - - 1 - 

75_Ht - - - 4 2 67 9 1 - - 18 97 - - 3 - 

76_Ht 2 24 3 2 1 21 8 - - 2 39 92 - - 8 - 

77_Ht 3 30 13 2 - 16 20 2 1 3 10 75 5 - 15 5 

78_Ht 2 29 11 3 - 18 22 2 1 2 9 80 5 - 9 6 

79_Ht 2 2 3 4 2 53 11 1 - 2 21 64 - - 36 - 
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80_Ht 5 2 3 4 1 45 16 1 1 5 17 86 - - 14 - 

81_Ht 4 - 2 5 1 48 20 3 1 4 12 84 - - 16 - 

82_Ht 4 5 3 5 1 46 17 1 - 4 14 94 - - 6 - 

83_Ht 3 19 - 5 2 33 17 - - 3 18 94 - - 6 - 

84_Ht 6 23 2 1 - 22 10 1 1 6 27 90 1 - 2 7 

85_Ht 7 20 2 1 - 18 12 1 1 7 31 96 - - 2 2 
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A B S T R A C T   

The Tatra Mts form the highest part of the Carpathian mountain chain; however, their tectonic and thermal 
evolution is still debatable. Previous magnetic fabric studies have primarily focused on the crystalline basement 
and its autochthonous cover. We investigate the magnetic fabrics of Cretaceous marly limestones from a 
Mesozoic nappe unit and post-thrusting Oligocene shales and mudstones to unravel the most recent tectonic 
evolution of the Tatra massif. In addition to standard petromagnetic measurements such as the acquisition of the 
Isothermal Remanent Magnetization or temperature-dependent susceptibility analyses, we investigated the 
paleotemperature of the Tatra region because high temperatures are known to significantly affect the magnetic 
mineralogy. The most common minerals in the studied units are paramagnetic phyllosilicates which govern the 
in-phase Anisotropy of Magnetic Susceptibility. The ferromagnetic fraction is represented by fine-grained 
magnetite with a minor contribution of hematite. Measured and counted vitrinite reflectances document an 
eastward increase in maturity, which is also reflected in the magnetite–hematite grain size ratios. Because the 
paleotemperatures recorded in the Cretaceous rocks follow the same increasing trend as the post-thrusting shales, 
it appears that both units were affected by a single major thermal event linked presumably to the Late Oligocene/ 
Early Miocene burial. We propose that magnetic fabrics carried by phyllosilicates document the impact of crucial 
tectonic phases such as Miocene uplift and Cretaceous thrusting, whereas the out-of-phase Anisotropy of Mag-
netic Susceptibility and Anisotropy of Anhysteretic Remanent Magnetization fabrics most likely record the stress 
orientation during major burial episodes. Finally, the conspicuous vertical ferromagnetic lineation present in 
some Cretaceous sites documents the transpression-controlled tectonic regime in the Oligocene–Early Miocene.   

1. Introduction 

Magnetic fabric methods such as Anisotropy of in-phase Magnetic 
Susceptibility (ipAMS), Anisotropy of out-of-phase Magnetic Suscepti-
bility (opAMS), or Anisotropy of Anhysteretic Remanent Magnetization 
(AARM) are frequently used to decipher the tectonic evolution of 
mountain belts (e.g., Aubourg et al., 2004; Dudzisz et al., 2016, 2018; 
Hrouda and Hanák, 1990; Szaniawski et al., 2012, 2017, 2020). These 
methods focus on investigating the mineral-preferred orientation: 
diamagnetic, paramagnetic, and ferromagnetic (for AMS) or only 
ferromagnetic minerals (for AARM) in rocks. Studies have shown that 
magnetic fabrics are good indicators of the strain orientation in rock 
formations (e.g., Aubourg et al., 1991; Averbuch et al., 1992; Parés, 

2015). Applying magnetic fabric methods enables studying the tectonic 
deformation in areas where natural outcrops are not sufficiently exposed 
to use traditional structural geology methods or where macroscopic 
indicators of deformation are absent and/or in an incipient stage. 
Modern magnetic anisotropy methods can identify fabrics originating 
from different mineral generations formed during separate stages of 
tectonic evolution (see Biedermann et al., 2020 and references therein). 
Thorough analysis and comparison of all detected magnetic subfabrics 
enable us to trace the geotectonic evolution of orogenic belts. 

The AMS and AARM methodologies have been extensively applied to 
study the tectonic evolution of the Carpathians (i.e., Grabowski et al., 
2009; Gregorová et al., 2009; Hrouda and Potfaj, 1993; Hrouda, 1983, 
1986; Hrouda and Hanák, 1990; Hrouda and Kahan, 1991; Hrouda et al., 
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2009; Madzin et al., 2021; Szaniawski et al., 2012, 2017, 2020). In the 
Tatra Mts, which are the highest part of the Carpathians, ipAMS studies 
are relatively scarce and existing studies largely focused on the crys-
talline basement and its autochthonous cover (Hrouda and Kahan, 1991; 
Szaniawski et al., 2012, 2020). To the best of our knowledge, opAMS 
and AARM data throughout the Tatra Mts are substantially lacking. 

Studies have shown that the paleotemperature determines the 
magnetic mineralogy (e.g., Aubourg and Pozzi, 2010; Aubourg et al., 
2019); however, research that combines temperature estimations, 
magnetic fabrics, and regional tectonic studies is limited (e.g., Antolín 
Tomas, 2010). Most commonly, vitrinite reflectance analyses are 
applied to study mineralogical changes related to changing depth in well 
samples (e.g., Kitamura et al., 2005). Paleotemperature estimations 
based on vitrinite reflectance data can detect a relatively broad tem-
perature spectrum (even up to 300 ◦C; Hunt, 1996). Insights into the 
temperature range, especially below 200 ◦C can also be derived from 
extracted organic compounds (biomarker) analyses. To most effectively 
track the paleotemperature changes in the Tatra area, we apply both 
biomarker analyses and vitrinite reflectance measurements. 

This study aims to analyze new rock magnetic, magnetic fabric, and 
paleotemperature estimate data from the Mesozoic thrust nappe and the 
Paleogene post-thrusting cover in the Tatra Mts (divided here into the 
Western and High Tatra Mts; Figs. 1 and S.1), to evaluate the main stages 
of the Cretaceous–Neogene tectonic evolution. A joint interpretation of 
the magnetic fabrics and paleotemperatures allows for a more in-depth 
understanding of the tectonic evolution of the Tatra Mountains and 
adjacent areas, as well as mountain belts in general. 

2. Geological setting 

The tectonic evolution of the Tatra Mts started in the Late Paleozoic 
with the granitic intrusions and Variscan metamorphic events that 
formed the present crystalline basement (e.g., Burchart, 1972; Kohút 
et al., 1999; Král, 1977; Petrík and Kohút, 1997; Plašienka et al., 1997). 

The Triassic period was dominated by the formation of oceanic regions 
under an extensional regime and the onset of carbonate sedimentation 
that followed the deposition of conglomerates and sandstones (Plašienka 
et al., 1997). This extensional regime continued during the Jurassic. In 
the Cretaceous, the collision of the North European Platform with Adria- 
and Europe-derived units resulted in the emplacement of nappe systems, 
here represented by the Fatric-Hronic nappe system (Castelluccio et al., 
2016; Csontos and Vörös, 2004; Kováč et al., 2018; Plašienka, 2018; 
Plašienka et al., 1997). In the Tatra Mts, the thrusting lasted until the 
Late Cretaceous (Anczkiewicz et al., 2015; Castelluccio et al., 2016; 
Csontos and Vörös, 2004; Kováč et al., 2018; Plašienka, 2018). After-
ward, at the beginning of the Paleogene, the Tatra region was subjected 
to a minor uplift and terrestrial erosion, followed by the opening of the 
Central Carpathian Paleogene Basin (CCPB) and subsequent burial of the 
Mesozoic nappe units under a stack of clastic Paleogene sediments 
(Soták et al., 2001). The sedimentation in the CCPB was terminated 
presumably in the earliest Miocene (Garecka, 2005; Soták et al., 2001). 
During the Neogene, the Tatra horst was elevated and asymmetrically 
tilted to the north along the Sub-Tatric fault (Jurewicz, 2005; Rubin-
kiewicz and Ludwiniak, 2005; Sperner et al., 2002; Szaniawski et al., 
2012). 

In this study, we investigate two formations (the Huty and Mraznica 
Fms) that have previously been proven to be suitable for magnetic an-
alyses in the neighboring Choč Mts (Staneczek et al., 2022). These for-
mations belong to different geological units (Podhale Basin, part of the 
CCPB; and the Krížna nappe, part of the Fatric unit, respectively). The 
sedimentation of the younger Huty Fm predates the uplift of the Tatra 
Mt.; thus, it likely recorded the tectonic strain related to this major 
event. Therefore, studying these two formations may provide new in-
sights into the geological evolution of the Tatras starting from the 
Cretaceous. The first formation, the Mraznica Fm (the Kościeliska Marl 
Fm in Polish terminology; see Lefeld, 1974), is part of a Mesozoic nappe 
system (Krížna nappe, Fatric unit) that was thrust over the crystalline 
basement of the Tatra Mts and its sedimentary cover in the Late 

Fig. 1. Simplified geological map of the study area after Piotrowska et al. (2009, 2013) and Nemčok et al., 1993 with the cross-sections, sampling site locations, and 
ipAMS diagrams (the Pj and T parameters of the mean tensor are plotted for each diagram). 
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Cretaceous (Turonian). The Mraznica Fm comprises Lower Cretaceous 
light to dark gray marly limestones and marls, sometimes intercalated 
by turbiditic calcareous sandstones (Kędzierski and Uchman, 1997; 
Lefeld, 1974; Lefeld et al., 1985). In the Tatra Mts, the Mraznica Fm 
occurs in two slightly different types of successions: the Zliechov and 
Vysoka types. The Zliechov succession in the Western Tatra Mts com-
prises deeper marine deposits, while the Vysoka type (High Tatra Mts) 
consists of shallower water marine sedimentation (Nemčok et al., 1993). 
Both types of successions were sampled for this study. In the Western 
Tatra Mts, the Mraznica Fm strata are normal-lying; conversely, in some 
parts of the High Tatra Mts the bedding is overturned (Bac-Moszaszwili 
et al., 1979). 

The second unit selected, the Huty Fm (Zakopane beds in Polish 
terminology; Westwalewicz-Mogilska, 1986), is a member of the CCPB 
cover. In the Podhale Basin, the Lower Oligocene unit consists of dark 
gray to nearly black siltstones and shales), representing deposition in 
marine conditions depleted in oxygen, locally intercalated with silty 
sandstones and conglomerates (Gross et al., 1993). 

3. Materials and methods 

3.1. Sampling sites 

Nine sites were sampled in the Cretaceous Mraznica Fm (Fig. 1). Six 
of these sites are located in the Western Tatra Mts, and the remaining 
three are in the High Tatra Mts. All sites in the Western Tatras and one 
site in the High Tatras (Mk2) were sampled in beds with a normal po-
sition, whereas two sites in the High Tatras represent overturned 
Mraznica Fm strata. The Krížna nappe outcrops in the High Tatra area 
expose predominantly overturned layers; therefore, sampling normal- 
laying strata is not possible. The samples represent dark gray marly 
limestones. Twelve Huty Fm (Lower Oligocene) sites were sampled in a 

2-km-wide belt along the Mesozoic outcrops of the Tatra Mts. Given that 
we were interested in resolving a record of the tectonic deformation, we 
sampled fine-grained rocks, mostly dark gray siltstones and shales, 
because these lithologies are less likely to have a magnetic fabric 
influenced by turbiditic paleocurrents (Table 1). The collected rock 
samples were used for the magnetic and geochemical analyses. Samples 
from the Furmanowa PIG-1 well were used for an additional comparison 
of the thermal maturity results for the Cretaceous and Paleogene rocks. 
Areas where local intensive tectonic deformations were present were 
strictly avoided during sampling. 

3.2. Rock magnetic methods 

First, the magnetic mineralogies of the Mraznica and Huty Fms were 
investigated by applying standard rock magnetic techniques. Volume- 
normalized in-phase (Kip) and out-of-phase (Kop) magnetic suscepti-
bilities for each specimen were measured using an MFK1-FA Kappa-
bridge (AGICO, Inc.) in 200 A/m field at two different frequencies (976 
Hz and 15,616 Hz). The average percentage loss of susceptibility for the 
in-phase values was calculated using the equation of Dearing et al. 
(1996). 

Temperature-dependent susceptibility measurements were per-
formed to obtain information concerning the paramagnetic- and ferro-
magnetic contents. Powdered rock samples were examined using a KLY 
− 5 A Kappabridge with a CS4 high-temperature unit (AGICO, Czech 
Republic). The changes in the magnetic susceptibility were measured at 
temperatures between room temperature and 700 ◦C in a 400 A/m field 
intensity and 1220 Hz operating frequency. 

The properties of the ferromagnetic components were subsequently 
characterized to identify the type and domain state of the ferromagnetic 
minerals present in the studied units. Specimens chosen for the acqui-
sition of Isothermal Remanent Magnetization (IRM) measurements were 

Table 1 
Lithology and geochemical parameters of the sampled sites.  

Sample Lithology Location TOC TS CC MPI1 Rc [%] Rr [%] 

Huty Fm         
Ht5 silty sandstone 

Western Tatra Mts 

0.55 0.54 19.39 0.61 0.77 0.53 
Ht7 mudstone 0.85 1.09 16.38 0.67 0.80 0.57 
Ht10 mudstone 0.70 0.86 18.45 0.70 0.82 0.41 
Ht11 silty sandstone 0.77 1.25 17.52 0.69 0.82 0.40 
Ht12 mudstone 0.59 0.59 16.85 0.57 0.74 0.55 
Ht14 black shale 0.66 1.16 17.77 0.57 0.74 0.53 
Ht15 mudstone 1.10 0.25 14.81 0.52 0.71 0.62 
ZA1 black shale 

High Tatra Mts 

1.59 1.39 34.85 1.07 1.04 0.92 
ZA2 black shale 1.41 0.74 18.41 1.70 1.42 1.30 
ZA3 black shale 0.59 1.04 18.28 2.07 1.64 1.07 
ZA4 black shale 0.65 1.10 21.99 1.78 1.47 1.18 
ZA5 black shale 0.59 1.33 17.90 1.35 1.21 1.10 

PIG_FUR mudstone 
PIG1_FUR 

1.92 4.13 5.50 0.74 0.84 – 
PIG_PR5 mudstone 2.24 0.70 14.76 0.90 0.94 – 
Mraznica Fm         

MZ7 marl 

Western Tatra Mts 

0.12 0.00 68.17 0.44 0.66 0.72 
MZ8 marl 0.13 0.00 65.43 0.45 0.67 0.86 
MZ9 marly limestone 0.10 0.00 74.48 0.41 0.65 1.09 
MZ10 marly limestone 0.10 0.08 73.38 0.35 0.61 0.82 
MZ11 marly limestone 0.10 0.17 49.37 0.44 0.66 0.91 
MZ12 marl 0.10 0.00 67.20 0.55 0.73 1.06 
MZ13 limestone 0.14 0.00 81.53 0.46 0.67 0.72 
KRY_MZ_1A marly limestone 0.41 0.00 61.32 0.47 0.68 – 
KRY_MZ_2A marly limestone 0.56 0.00 57.21 0.41 0.65 – 
MK1 marly limestone 

High Tatra Mts 
0.10 0.06 69.58 0.64 0.79 1.51 

MK2 limestone 0.10 0.00 55.76 1.71 1.43 1.48 
MK3 marly limestone 0.10 0.00 84.15 1.24 1.14 1.34 

Eocene-Jurassic         
FU_PIG1_1979 conglomerate 

PIG1_FUR 
0.01 0.04 61.13 – – 0.94 

FU_PIG1_2049 limestone 0.52 0.00 56.21 – – 0.99 

Rr = random vitrinite reflectance. 
MPI1 = methylphenanthrene index MPI1 = 1.5 (2-MP + 3-MP)/(P + 1-MP + 9-MP) (Radke and Welte, 1983). 
Rc [%] = 0.4 + 0.6 x MPI1; Ph = phenantrene; MP = methylophenantrene. 
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magnetized along the +z axis using the MMPM10 pulse magnetizer 
(Magnetic Measurements, UK) in 28 steps up to 3 T. After each step, the 
acquired IRM was measured using a 2G SQUID cryogenic magnetometer 
(2G Enterprises, USA). A component analysis of the IRM acquisition data 
was performed using the Maxunmix software (https://maxunmix.shin 
yapps.io/). 

Thermal demagnetization of the three-component IRM experiments 
(Lowrie, 1990) was performed for specimens for which IRM acquisition 
was previously performed. Each specimen was magnetized along three 
perpendicular axes (z: 3 T, y: 0.5 T, x: 0.15 T) using an MMPM10 pulse 
magnetizer followed by thermal demagnetization in 25–50 ◦C steps up 
to 700 ◦C (MMTDSC thermal demagnetizer, Magnetic Measurements, 
UK). After the initial IRM application and each demagnetization step, 
the remanence was measured using the 2G SQUID cryogenic 
magnetometer. 

Hysteresis curves were acquired and IRM back-field experiments 
were conducted using a Micro-Mag vibrating sample magnetometer. 
Samples were demagnetized prior to hysteresis experiments in a 1 T 
field. Hysteresis curves were acquired in fields up to 1 T (500 mT for the 
Mraznica Fm and 1 T for the Huty Fm). Paramagnetic slope correction 
was applied at 70% of the highest field. 

3.3. AMS and AARM 

To analyze the magnetic fabrics of all the magnetic minerals in the 
studied units, ipAMS and opAMS measurements were repeated three 
times for each specimen to enhance the data quality. We used a KLY-5 A 
induction bridge with a 1220 Hz operating frequency and a 700 Am− 1 

field intensity. Standard-size cylindrical and cubic specimens were 
measured using the automated three-dimensional rotator, and the ob-
tained susceptibilities were volume-normalized (κ, SI units). In total, 
209 and 155 specimens were measured from the Huty and Mraznica 
Fms, respectively. The AMS ellipsoids and quantitative parameters of 
the AMS ellipsoid were calculated using the Anisoft5 software (AGICO). 

To study the ferromagnetic fabrics, we applied the Anisotropy of the 
Anhysteretic Remanent Magnetization method. Measurements were 
performed on 118 Huty Fm specimens and 89 Mraznica Fm specimens in 
the 0–130 mT coercivity window. Directional Anhysteretic Remanent 
Magnetization was applied in six different directions: either along six 
phase diagonals of specimens coordinate system axes or along three 
principal specimen coordinate axes and their antipodals (B- and C- 
modes, respectively, see: https://www.agico.com/downloads/docume 
nts/agicoprints/arm_guide.pdf). After each magnetization- 
measurement step, the sample was demagnetized in a 140 mT alter-
nating field (LDA-5 demagnetizer, AGICO). Directional ARM measure-
ments and AARM calculations were conducted using a JR-6 A spinner 
magnetometer (AGICO) and the Rema6 software using full-vector 
method, respectively. Quantitative ellipsoid parameters were calcu-
lated via the Anisoft5 software. All magnetic fabric analyses were con-
ducted in the Paleomagnetic Laboratory of the Institute of Geophysics, 
Polish Academy of Sciences in Warsaw (Poland), and in the magnetic 
laboratory of AGICO in Brno (Czech Republic). 

3.4. Total organic carbon and total sulfur 

The total carbon (TC), total sulfur (TS), and total inorganic carbon 
(TIC) contents were measured using an Eltra CS-500 IR-analyzer with a 
TIC module (Faculty of Natural Sciences, University of Silesia in Kato-
wice, Poland). 

3.5. Vitrinite reflectance 

The sample preparation process followed the procedure described in 
ISO 7404-2 (2009). Freshly polished rock chips were examined in re-
flected light and immersion oil using an Axio Imager.A2m (Faculty of 
Natural Sciences, University of Silesia in Katowice, Poland). The 

standards used were 0.898% and 1.71% relative reflectance (Rr). 

3.6. Gas chromatography–mass spectrometry 

Gas chromatography–mass spectrometry (GC–MS) was performed on 
an Agilent Technologies 7890 A gas chromatograph and an Agilent 
5975C Network mass spectrometer with a Triple-Axis Detector (MSD). 
Separation was conducted on a fused silica capillary column (J&W HP5- 
MS, 60 m × 0.25 mm i.d., 0.25 μm film thickness) coated with a 
chemically bonded phase (5% phenyl and 95% methylsiloxane), for 
which the GC oven temperature was programmed to increase from 45 ◦C 
(1 min) to 100 ◦C at a rate of 20 ◦C/min, and then to 300 ◦C at a rate of 
3 ◦C/min (holding time: 40 min), with a solvent delay of 10 min. Helium 
(6.0 grade) was used as the carrier gas at a constant flow rate of 2.6 ml/ 
min. 

The GC column outlet was directly connected to the ion source of the 
MSD. The GC–MS interface was set to 280 ◦C, while the ion source and 
quadrupole analyzer were set to 230 ◦C and 150 ◦C, respectively. Mass 
spectra were recorded from m/z 45–550 (0–40 min) and m/z 50–700 (>
40 min). MS was conducted in the electron impact mode, with an ioni-
zation energy of 70 eV. Spectra from the Wiley Registry of Mass Spectral 
Data (9th edition) and from the literature were used for the MS data 
comparison. Quantification of the compounds to calculate the molecular 
parameters was performed using Agilent Technologies MSD Chem-
Station E.02.01.1177 via integration of the peak areas on the appro-
priate mass chromatograms or total ion currents. The concentration of 
the selected aromatic compounds was calculated via comparisons of the 
peak area for an internal standard (9-phenylindene) with those of the 
individual compounds. The analysis was performed at the Faculty of 
Natural Sciences, University of Silesia in Katowice, Poland. 

4. Results 

4.1. Petromagnetic investigations 

The in-phase magnetic susceptibility in the lower frequency is fairly 
consistent in the Huty Fm samples. The highest measured values are 
recorded in ZA3 and in Ht14 (Table 2). The lowest values are recorded 
for the samples from sites Ht7 and Ht11. The average Kip values in the 
Mraznica Fm sites are lower than the Kip measured for the Huty Fm 
samples. In general, the average obtained values range from 4.858 ×
10− 5 [SI] to 1.164 × 10− 4 [SI]. There are no significant differences 
between the samples from the Western and High Tatra Mts (or their 
forelands). The Kip values were also measured at a higher frequency, 
and the obtained results were nearly identical. Moreover, the differences 
between the susceptibilities measured at different frequencies at most 
sites fluctuate at the sensitivity limit of the MFK1A. Therefore, the 
calculated average percentage loss of susceptibility for the majority of 
sites is close to zero. The Xfd parameter is higher, at ~2% (Table 2), only 
for three Mraznica Fm sites from the High Tatra Mts. 

The temperature-dependent susceptibility measurements show 
consistent results for the sampled shales and limestones, respectively. 
The thermomagnetic curves show a hyperbolic decrease in the suscep-
tibility up to 400 ◦C; this is followed by a sharp increase in the suscep-
tibility values and a subsequent drop at ~575 ◦C. The estimated ferro/ 
para ratio (according to the method proposed by Hrouda et al. (1997) 
shows a general prevalence of paramagnetic minerals and varies at the 
specimen level (Fig. 2). Ferro/para ratio obtained from the hysteresis 
experiments also suggests a high paramagnetic contribution in Huty and 
Mraznica Fms (Table 3). This is mirrored by the characteristics of the 
hysteresis loops in these units. The uncorrected loops show a nearly 
linear trend indicating the prevalence of paramagnetic minerals (Fig. 2). 

The hysteresis loop experiments show consistent values of the 
hysteresis-related parameters at the lithology-level (Table 3; Fig. 2). In 
the Mraznica Fm, the magnetization (M) uncorrected for the para-
magnetic slope reaches a maximum value of ~30 mAm2⋅kg− 1 in the 500 
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mT applied field, while the saturation magnetization (Ms) reaches 3.031 
mAm2⋅kg− 1 and the remanence magnetization (Mr) is up to 180.3 
μAm2⋅kg− 1after the paramagnetic slope correction. All three parameters 
have slightly lower values for the High Tatra samples. The mean coer-
civity (Hc) and remanence coercivity (Hcr; obtained from backfield 
experiments) differ somewhat in the Western and High Tatra samples, 
having values of ~10 mT and ~ 24 mT, respectively. The hysteresis 
parameters (apart from the mean coercivity) for the Huty Fm show some 
distinct differences from those determined for sites sampled in the 
Western and High Tatra Mts. The M (~60.15 μAm2⋅kg− 1) and Hcr (~49 
mT) values are higher for samples from the Western Tatra Mts, while the 
saturation magnetization and remanent magnetization values are 
significantly higher in the High Tatra Mts (1151.66 μAm2⋅kg− 1 and 
126.87 μAm2⋅kg− 1, respectively). 

The IRM acquisition curves are fairly homogeneous in each sampled 
unit (Fig. 2; Table 4). In the Huty Fm specimens, the saturation IRM 
(SIRM) reaches a maximum of 140 mA/m. The values of the magneti-
zation grow quickly until an applied field of approximately 130 mT. 
Then, the curves flatten slowly until 500 mT and there is only a very 
subtle increase in the magnetization in higher fields. The Mraznica Fm 
specimens show similar behavior with respect to the magnetization 
curve as the Huty Fm specimens in fields of up to 500 mT. The SIRM 
values are quite high and reach 108 mA/m. Afterward, the magnetiza-
tion values continue to increase gradually until the maximum applied 
field. 

The IRM component analysis revealed four main components in the 
Huty and Mraznica Fms (Table 4). Components 1 and 2 are similar in 
both sampled units. The first component is characterized by low B1/2 
values (11–21 mT) and the dispersion parameter (DP) averaging 0.35. 
The second component has higher coercivity values (~75 mT) and, for 
the majority of the analyzed specimens, is the dominant component of 
the IRM. The B1/2 values for the third component range from 150 mT to 
300 mT and the DP averages from 0.30 to 0.35. The contribution of this 
component is rather low in the Huty Fm and in most Mraznica Fm 
specimens; however some Mraznica Fm specimens from the Western 
Tatra Mts, it is the main IRM constituent. The fourth distinguished 
component is not present in all the analyzed specimens and is charac-
terized by high coercivity, reaching even >6 T. 

The thermal demagnetization of a three-component IRM follows 
different patterns for the Mraznica and Huty Fm specimens. The pattern 
typical for the Huty Fm shows a dominance of the low coercivity mag-
netic phase characterized by a maximum unblocking temperature of 
575 ◦C, while the magnetization values for the intermediate and high 

coercivity curves are close to zero. The second pattern, the Mraznica 
pattern, is characterized by higher magnetization values of the high and 
intermediate coercivity curves than those measured for the Huty Fm. 
While the drops in the magnetization values on the intermediate coer-
civity curves are not consistent for the analyzed specimens, the high 
coercivity curves experience drops at 675 ◦C for a considerable number 
of specimens. Regardless, the low coercivity magnetic phase displays the 
highest magnetization values, which drop to zero at the 575 ◦C 
demagnetization step. 

4.2. Magnetic fabrics 

The in-phase magnetic susceptibility (Kip) measured for the nine 
Mraznica Fm sites ranges from 0.25 × 10− 5 to 1.51 × 10− 4 [SI] (Fig. 3). 
The corrected anisotropy degree (Pj; Jelínek, 1981) is low (~1.05) and is 
relatively consistent in each site. The ellipsoid shape for the majority of 
the analyzed specimens is predominantly oblate. There are virtually no 
differences in the ellipsoid parameters between the sites sampled in the 
Western and High Tatra Mts. The IpAMS foliation in all of the Mraznica 
Fm sites is well defined and bedding-parallel (Fig. 4). In the Western 
Tatras, the kmax axes are moderately (Mz7 and Mz11) or well-grouped 
(Mz8–10 and Mz12). The ipAMS lineation is approximately NE-SW to 
ENE-WSW oriented and parallel to the bedding. In sites Mk1 and Mk3 in 
the High Tatra Mts, the maximum ellipsoid axes form a girdle that is sub- 
parallel to the bedding plane. Site Mk2, which represents the beds of the 
Mraznica Fm. at a normal stratigraphic position in the High Tatra Mts, is 
characterized by an ipAMS fabric similar to those documented in the 
Mraznica Fm sites in the Western Tatras. The IpAMS foliation traces the 
bedding plane and the quite well-defined ipAMS lineation has an 
approximate ENE-WSW orientation. 

The out-of-phase magnetic susceptibility (Kop) in Mraznica Fm sites 
is lower than the in-phase magnetic susceptibility (Fig. 3B). The Pj 
values are generally higher than those documented by ipAMS mea-
surements, which is typical for opAMS fabrics (Hrouda et al., 2022). The 
T values are much lower, corresponding primarily to prolate ellipsoid 
shapes. In the Western Tatra Mts, the magnetic fabric typically shows a 
moderate dispersion of ellipsoid axes (Fig. 4). The OpAMS foliation 
tends to be rather sub-parallel to the bedding and is more poorly defined 
than the magnetic lineation. The opAMS lineation is inclined with 
respect to the bedding plane (except at sites Mz7 and Mz12). In the High 
Tatra Mts, the opAMS lineation is vertical in all sites while the opAMS 
foliation is sub-perpendicular to the bedding. 

The in-phase magnetic susceptibility measured for the 12 Huty Fm 

Table 2 
Site-average volume-normalized magnetic susceptibility for each sampling site measured at low and high frequencies.  

Site Unit Location Average Kip 976 Hz [SI] Average Kip 15,616 Hz [SI] Kip 976 Hz - Kip 15,616 Hz Average Xfd [%] 

Za1 

Huty Fm 

High Tatra Mts 

1.822E-04 1.828E-04 -5.802E-07 − 0.318 
Za2 1.827E-04 1.825E-04 2.245E-07 0.123 
Za3 2.267E-04 2.272E-04 − 4.798E-07 − 0.212 
Za4 1.709E-04 1.715E-04 − 6.174E-07 − 0.361 
Za5 1.853E-04 1.856E-04 − 3.411E-07 − 0.184 
Ht5 

Western Tatra Mts 

1.725E-04 1.737E-04 − 1.214E-06 − 0.704 
Ht7 1.587E-04 1.593E-04 − 5.173E-07 − 0.326 
Ht10 1.977E-04 1.983E-04 − 5.550E-07 − 0.281 
Ht11 1.636E-04 1.623E-04 1.302E-06 0.795 
Ht12 1.978E-04 1.989E-04 − 1.074E-06 − 0.543 
Ht14 2.050E-04 2.047E-04 3.696E-07 0.180 
Ht15 1.799E-04 1.796E-04 2.464E-07 0.137 
Mk1 

Mraznica Fm 

High Tatra Mts 
7.497E-05 7.289E-05 2.076E-06 2.770 

Mk2 1.164E-04 1.130E-04 3.324E-06 2.856 
Mk3 5.188E-05 5.070E-05 1.172E-06 2.260 
Mz7 

Western Tatra Mts 

8.205E-05 8.201E-05 4.200E-08 0.051 
Mz8 8.874E-05 8.883E-05 − 9.518E-08 − 0.107 
Mz9 4.858E-05 4.849E-05 8.953E-08 0.184 
Mz10 8.738E-05 8.768E-05 − 3.077E-07 − 0.352 
Mz11 8.724E-05 8.725E-05 − 1.200E-08 − 0.014 
Mz12 8.166E-05 8.178E-05 − 1.264E-07 − 0.155  
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Fig. 2. Results of petromagnetic investigations for selected Mraznica and Huty Fm samples.  
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sites varies significantly from 3.42 × 10− 5 to 2.62 × 10− 4 [SI] (Fig. 3). 
The shape of the AMS ellipsoid is oblate. The corrected anisotropy de-
gree varies with the lithology of the sampling site. In shales and silt-
stones (sites Ht7, Ht10, Ht12, 14, 15, and Za1–5), it is significantly 
higher (1.022–1.149) than in more sandy sites (Ht5 and Ht11; 
1.022–1.055). The IpAMS fabric is consistent in all Huty Fm sites. It is 
characterized by well-defined and bedding-parallel magnetic foliation 
(Fig. 5) and similarly oriented magnetic lineations (ENE-WSW in the 
Western Tatras and E-W in the High Tatras). Only in site Ht5 are the kmax 
axes more NE-SW oriented. 

The out-of-phase magnetic susceptibility values for the Huty Fm are 
low and range from 4.11 × 10− 8 to 7.33 × 10− 7 [SI] (Fig. 3). The cor-
rected anisotropy degree reaches higher values than those reported for 
ipAMS (a typical feature of opAMS fabrics; Hrouda et al., 2022). The T 

parameter varies from 0.9 to nearly 0, corresponding primarily to 
triaxial to oblate ellipsoid shapes. The out-of-phase magnetic fabric 
orientation is highly consistent in the High and Western Tatra Mts. The 
OpAMS foliation follows the bedding, and the magnetic lineation is 
generally well defined (and NE-SW oriented Fig. 5). In sites Ht10, Ht11 
and Ht12, maximum ellipsoid axes are dispersed, and, therefore, the 
opAMS lineation is poorly defined. 

The AARM was measured in the 0–130 mT coercivity range for the 
nine Mraznica Fm sites. The anhysteretic remanence values range from 
3.25 × 10− 3 [SI] to 148.0 × 10− 3 [A/m] (Table S.1; Supplementary 
materials). The shape of the AARM ellipsoid varies at the specimen level 
from oblate to prolate, and the corrected anisotropy degree ranges from 
1.077 to 1.114 (Fig. 3). In the majority of sites in the Western Tatra Mts, 
the magnetic rmin axes (the minimum axes of the AARM ellipsoid) are 

Table 3 
Hysteresis and isothermal remanent magnetization (IRM) back-field parameters.  

Formation Site Sample values 

Sample Hysteresis loop (after holder 
correction) 

Hysteresis loop (after slope correction) IRM 
back- 
curve 

Ferro/para 
content (%) 

Ms 
(mAm2/ 
kg) 

Initial slope 
(mAm2/T*kg) 

Ms 
(μAm2/ 
kg) 

Mr 
(μAm2/ 
kg) 

Hc 
(mT) 

Initial slope 
(mAm2/T*kg) 

Slope correction 
(mAm2/T*kg) 

Hcr (mT) 

Huty Fm, 
Western Tatra 
Mts 

Ht5 Ht53 50.4 53.8 734.5 78.9 12.28 4.072 − 49.73 25.75 7.57 
Ht55 70.72 87.49 3268 168.2 5.735 19.94 − 67.55 22.68 22.79 

Ht7 Ht72 28.34 64.36 1081 65.92 5.15 9.819 − 54.54 21.67 15.26 
Ht74 24.55 58.81 1274 80.14 5.094 12.24 − 46.57 15.48 20.81 

Ht10 
Ht102 71.93 75.19 807.6 50.45 7.042 3.959 − 71.23 16.84 5.27 
Ht103 79.45 83.41 790.9 72.37 9.632 4.638 − 78.77 16.01 5.56 

Ht11 
Ht111 24.16 55.75 1006 60.95 5.51 9.427 − 46.32 15.68 16.91 
Ht115 29.62 73.65 2241 181.5 7.369 18.87 − 54.78 20.35 25.62 

Ht12 Ht121 60.5 62.92 492.6 47.01 9.416 2.833 − 60.09 10.86 4.50 
Ht122 54.83 57.91 569 86.87 14.08 3.569 − 54.34 18.98 6.16 

Ht14 
Ht147 62.92 65.85 679.2 64.21 9.391 3.521 − 62.33 21.9 5.35 
Ht145 55.86 60.7 1400 60.33 7.442 6.165 − 54.54 21.78 10.16 

Ht15 
Ht154 73.92 77.12 733.7 50.59 6.438 3.832 − 73.29 17.47 4.97 
Ht156 68.85 72.26 765.3 64.46 7.935 4.073 − 68.19 19.17 5.64 

Average values 54.00 67.80 1131.63 80.85 8.04 7.64 − 60.16 18.90 11.18 
Standard deviation 18.93 10.13 732.24 40.04 2.59 5.53 9.91 3.68 7.27 

Huty Fm, High 
Tatra Mts 

ZA1 ZA14 28.09 59.37 674.40 64.07 8.72 4.50 − 54.87 18.64 7.58  
ZA18 29.86 62.95 508.00 51.19 10.41 4.21 − 58.74 18.74 6.69 

ZA2 ZA24 13.19 34.13 947.80 119.00 7.89 9.62 − 24.51 24.20 28.18  
ZA28 33.31 83.26 1926.00 212.80 6.82 20.45 − 62.81 18.81 24.56 

ZA3 ZA33 32.95 73.90 1252.00 121.80 8.26 10.46 − 63.44 22.40 14.15  
ZA35 7.33 18.03 423.70 57.31 8.76 4.20 − 13.83 19.54 23.29 

ZA4 ZA46 27.91 63.07 1003.00 100.60 7.89 9.20 − 53.87 19.43 14.59  
ZA47 28.03 63.70 946.70 109.90 9.00 9.48 − 54.22 20.51 14.88 

ZA5 ZA54 31.49 82.99 2205.00 260.00 6.78 24.37 − 58.62 20.06 29.36  
ZA59 31.06 75.47 1630.00 172.00 7.02 16.58 − 58.89 21.22 21.97 

Average values 26.32 61.69 1151.66 126.87 8.15 11.31 ¡50.38 20.36 18.53 
Standard deviation 8.34 19.84 567.95 65.36 1.08 6.64 16.09 1.71 7.68 

Mraznica Fm, 
Western Tatra 
Mts 

Mz7 
Mz73 31.19 46.65 3031 180.3 6.648 18.45 − 28.2 25.29 39.55 
Mz74 28.72 31.27 485.9 58.97 11.63 2.995 − 28.28 23.48 9.58 

Mz8 Mz82 17.51 19.26 385.1 39.11 14.71 2.109 − 17.15 30.67 10.95 
Mz83 45.1 60.45 3017 187.8 6.918 18.31 − 42.14 25.17 30.29 

Mz9 Mz91 6.216 8.117 358.1 39.24 10.25 2.251 − 5.866 25.47 27.73 
Mz96 11.15 18.4 1061 57.51 4.32 8.298 − 10.1 13.99 45.10 

Mz10 
Mz101 19 21.04 410.3 48.59 11.52 2.422 − 18.61 23.42 11.51 
Mz106 31.42 33.54 472.2 51.19 11.97 2.551 − 30.99 21.83 7.61 

Mz11 
Mz112 21.83 23.78 376.5 49.52 14.08 2.295 − 21.49 18.48 9.65 
Mz113 27.97 30.05 349.3 45.11 11.59 2.394 − 27.66 19.38 7.97 

Mz12 Mz122 26.46 28.12 295.7 52.53 13.82 1.919 − 26.2 28.2 6.82 
Mz127 29.76 31.78 441.1 46.94 10.2 2.424 − 29.36 22.98 7.63 

Average values 24.69 29.37 890.27 71.40 10.64 5.53 ¡23.84 23.20 15.02 
Standard deviation 9.90 13.13 972.70 50.73 3.07 5.97 9.42 4.26 13.28 

Mraznica Fm, 
High Tatra Mts 

MK1 MK11 9.62 22.47 421.20 52.63 8.11 4.06 − 18.41 22.20 18.07  
MK13 6.46 17.16 506.80 77.17 8.53 5.25 − 11.92 24.78 30.57 

MK2 MK25 18.87 43.03 726.40 113.70 11.03 6.71 − 36.32 25.77 15.59  
MK27 12.54 28.94 514.50 74.94 9.46 4.87 − 24.07 24.76 16.83 

MK3 MK34 7.44 17.88 365.30 52.75 8.80 3.72 − 14.16 24.21 20.81  
MK35 7.33 18.03 423.70 57.31 8.76 4.20 − 13.83 26.44 23.29 

Average values 10.38 24.59 492.98 71.42 9.11 4.80 ¡19.79 24.69 20.86 
Standard deviation 4.29 9.19 116.47 21.35 0.95 0.99 8.39 1.33 5.03  
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grouped rather well (Mz9, Mz10, and Mz12) or are somewhat dispersed 
(Mz7, and Mz11), and the mean AARM foliation plane is parallel to the 
bedding (Fig. 4). Only in site Mz8 site do the rmin axes form a girdle. The 
AARM lineation is rather well defined in each site. The mean AARM 
lineation orientations lie on the bedding plane (Mz7, Mz11, and 12) or 
are or are gently dipping with respect to the bedding planes. After 
applying the bedding correction, they are generally NNE-SSW to NE-SW 
oriented. In the High Tatra Mts, the AARM ellipsoid characteristics differ 

from those reported in the Western Tatra Mts and are similar to the 
features of the opAMS ellipsoid. The minimum ellipsoid axes are 
dispersed, and only for site Mk1 are they well-grouped and horizontally 
oriented. The magnetic AARM lineation is well defined and sub-vertical 
in all High Tatra Mts sites. 

The ARM in the 0–130 mT coercivity range for the 12 Huty Fm sites 
ranges from 4.13 × 10− 3 to 37.7 × 10− 3 [A/m]. The ellipsoid shapes are 
oblate to triaxial and the Pj parameter values are nearly 20% greater 
than those for the Mraznica Fm, varying from 1.079 to 1.292 (Fig. 5). In 
all sites, the AARM foliation is parallel to the bedding. The rmax axes (the 
maximum axes of the AARM ellipsoid) are generally well-grouped and 
lie within the bedding plane. The AARM lineation varies slightly by site, 
however, it is generally NW-SE oriented. 

4.3. Bulk geochemical data and vitrinite reflectance 

The bulk geochemical data for the Mraznica Fm (Lower Cretaceous) 
and Huty Fm (Lower Oligocene) samples vary widely. Samples of the 
Mraznica Fm are characterized by low TOC and TC contents. In most 
samples, the TOC contents oscillate in the range of 0.1 wt%, and the TOC 
values reach 0.4 wt% and 0.5 wt% in only two Mraznica samples. In 
addition, the TS contents are very low, not exceeding 0.2 wt%, and are 
below the detection range in most samples. All the samples from the 
Mraznica Fm are marly limestones with carbonate contents in the range 
of 55–85 wt%. In the Lower Oligocene samples from the Huty Fm, TOC 
content is higher, ranging from 0.5 wt% to 1.6 wt%. Moreover, the total 
sulfur values are >1.0 wt% in half of the samples and are not below 0.5 
wt% for all samples. Carbonates are present in all samples but are below 
20 wt% in most samples (only two samples contain higher carbonate 
content, reaching 22 wt% and 35 wt%; Table 1). 

The vitrinite reflectance was measured for all of the outcrop samples 
from the Huty and Mraznica Fms (Table 1). Only two Mraznica samples 
did not contain vitrinite, or the grains were too small. The vitrinite 
reflectance was not measured for the Huty samples from the Furmanowa 
well. The obtained results differ significantly between the Western and 
High Tatra Mts. For the Mraznica Fm in the Western Tatra Mts, the 
measured vitrinite reflectance ranges from 0.7% to 1.1% Rr (Table 1). 
For the Mraznica Fm samples from the High Tatra Mts, the vitrinite 
reflectance values are higher, in the range of 1.3%–1.5% Rr (Table 1). 
The same situation applies to the Huty Fm. The measured vitrinite 

Table 4 
Analysis of IRM components.  

Sample Unit Location  Component 1  Component 2  Component 
3   

Component 
4  

logB1/ 
2 

B1/2 
[mT] 

DP logB1/ 
2 

B1/2 
[mT] 

DP logB1/ 
2 

B1/2 [mT] DP logB1/ 
2 

B1/2 [mT] DP 

Ht524 

Huty Fm 

Western 
Tatra 

1.20 15.93 0.34 1.88 75.52 0.24 2.38 241.61 0.35 3.63 4293.35 0.37 
Ht725 1.08 12.01 0.29 1.86 72.62 0.26 2.27 188.16 0.28 3.14 1386.06 0.40 
Ht1082 1.25 17.77 0.36 1.88 76.42 0.25 2.31 205.17 0.34 2.93 852.94 0.27 
Ht1132 1.32 21.11 0.40 1.91 81.95 0.25 2.36 231.23 0.31 2.94 862.81 0.27 
Ht1213 1.23 17.00 0.35 1.87 73.59 0.24 2.26 183.65 0.28 2.87 736.15 0.78 
Ht1474 1.17 14.74 0.35 1.88 75.79 0.28 2.36 230.95 0.31 3.23 1714.41 0.42 
Ht1564 1.25 17.95 0.39 1.90 80.10 0.28 2.55 358.32 0.45 – – – 
Za133 

High Tatra 

1.20 15.90 0.36 1.85 71.21 0.23 2.16 143.77 0.22 3.02 1043.22 0.47 
Za284 1.24 17.56 0.39 1.89 77.13 0.27 2.40 251.51 0.35 3.12 1324.93 0.20 
Za352 1.24 17.54 0.39 1.91 80.51 0.26 2.49 307.43 0.32 3.22 1678.27 0.44 
Za478 1.05 11.32 0.26 1.86 72.80 0.26 2.36 230.40 0.32 3.15 1403.87 0.37 
Za598 1.06 11.52 0.27 1.87 74.55 0.27 2.49 307.32 0.43 3.79 6164.70 0.29 
Mz742 

Mraznica 
Fm 

Western 
Tatra 

1.10 12.49 0.28 1.88 75.06 0.24 2.49 307.92 0.31 3.50 3188.97 0.31 
Mz825 1.18 15.12 0.32 1.81 65.02 0.23 2.19 153.76 0.28 3.48 3019.71 0.24 
Mz953 1.22 16.69 0.36 1.85 71.07 0.24 2.31 204.91 0.32 3.52 3313.99 0.25 
Mz1015 1.10 12.70 0.29 1.84 68.93 0.25 2.27 184.85 0.33 3.58 3772.58 0.30 
Mz1136 1.21 16.15 0.36 1.84 68.80 0.26 2.23 170.10 0.19 3.39 2461.00 0.47 
Mz1223 1.21 16.32 0.40 1.87 73.52 0.25 2.34 217.42 0.28 3.48 2998.01 0.27 
Mk142 

High Tatra 
1.12 12.63 0.32 1.87 75.63 0.24 2.16 228.51 0.37 3.58 3123.83 0.34 

Mk263 1.22 16.66 0.36 1.87 73.52 0.26 2.22 164.91 0.30 3.56 3631.28 0.51 
Mk334 1.10 12.63 0.33 1.88 75.63 0.25 2.36 228.51 0.32 3.49 3123.83 0.38  

Fig. 3. Magnetic susceptibility and ipAMS, opAMS and AARM ellipsoid pa-
rameters (Pj: corrected anisotropy degree, T: ellipsoid shape parameter, Kip: in- 
phase magnetic susceptibility, Kop: out-of-phase magnetic susceptibility). 
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reflectance values for the High Tatra Mts range from 0.9% to 1.3%, 
while the values for the Western Tatra Mts do not exceed 0.65%. The 
measured vitrinite reflectance values from the Western Tatra Mts are 
consistent but much lower than previously published data (Poprawa 
et al., 2002). However, for the Huty Fm samples, the measured vitrinite 
reflectance values do not correspond to those previously mentioned by 
Marynowski et al. (2006) and ́Srodoń et al. (2006). The measured values 
are too low compared to the biomarker or clay mineral maturity pa-
rameters. This may be related to the suppression of the measured values 
as a result of the saturation of vitrinites with bitumens, given that the 
rocks are in the oil window maturity range (Staneczek et al., 2024). 

4.4. Maturity parameters based on GC–MS analyses 

The organic compounds used to determine the thermal maturity of 
the Mraznica and Huty Fms in the Western and High Tatra Mts were 

methylphenanthrenes (MP). The methylphenanthrene index (MPI1) was 
calculated and then converted to a theoretical value of the vitrinite 
reflectance (Table 1; Radke and Welte, 1983; Radke et al., 1986). This 
group of compounds has previously been used in thermal maturity 
studies of Oligocene rocks and shows a consistent increase in value with 
depth in the Chochołów PIG1 and Bukowina Tatrzańska IG1 boreholes 
(Marynowski et al., 2015; Poprawa and Marynowski, 2005). 

The MPI1 and Rc values differ for samples from the Western and 
High Tatra Mts (Table 1). The MPI1 values for the Huty Fm from the 
High Tatra Mts range from ~1 to 2, corresponding to Rc values in the 
range from 1% to 1.65% Rc. In the Huty Fm sites in the Western Tatra 
Mts, MPI1 varies insignificantly (from 0.5 to 0.7), resulting in Rc values 
from 0.7% to 0.82%. The MPI1 and Rc values for Mraznica Fm are 
similar but relatively lower than those for the Huty Fm samples 
(Table 1). However, MPI1 is not recommended for the marine organic 
matter type (Radke et al., 1986), which is typical for the marly 

Fig. 4. Magnetic fabrics recorded in the Mraznica Fm rocks. All fabrics are plotted in lower hemisphere projections in geographic coordinates. Squares and circles 
represent the maximum and minimum ellipsoid axes derived from the site-mean tensor, respectively. Black colour indicates the ipAMS fabric, green indicates the 
opAMS, and red indicates the AARM fabric. The blue great circle indicates the bedding orientation, and the blue stars indicate the pole to bedding. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Magnetic fabrics recorded in the Huty Fm rocks (symbol explanation as in Fig. 4).  
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limestones of the Mraznica Fm. Therefore, we used the values of the 
measured vitrinite reflectance (Ro) for these rocks. The MP distribution 
is similar in Huty and Mraznica Fms in the Western Tatra Mts, and Huty 
and Mraznica Fms from the High Tatra Mts, and clearly differs between 
the mentioned Tatra parts (Fig. 6). In addition, phenylphenanthrenes 
(PhP), compounds whose distributions vary with thermal maturity 
(Grafka et al., 2015; Huang et al., 2016; Rospondek et al., 2009), show 
clear differences for the Western and High Tatra mountain samples 
(Fig. 7). 

5. Discussion 

5.1. Paleotemperature changes across the southern part of the Podhale 
Basin and the Tatra Mts 

This study aims to measure the maturity range of the youngest de-
posits of the Krížna nappe and the oldest deposits of the Paleogene in 
both the Western and High Tatra Mts. Note that the presented data were 
derived from two independent methods and converged in both cases. 
Our results show no distinct differences between the maturities of the 
Mesozoic (Mraznica Fm) and Cenozoic (Huty Fm) deposits in both the 
Western and High Tatra Mts (Fig. 8), as well as in the central part of the 
southern Podhale (Furmanowa PIG-1 well; Fig. 8). The vitrinite reflec-
tance measurements gave optimal results for the Mraznica Fm, and MPI1 
was converted to reflectance values (Rc) for the Huty Fm (Table 1). If the 
two data groups are compared, there are no significant differences be-
tween the maturities of the Mraznica and Huty Fms in the Western Tatra 
Mts, and the Mraznica and Huty Fms in the High Tatra Mts. The only 
differences arise from the locations of individual points (Fig. 8) because 
the thermal maturity increases toward the SE direction, as also reported 
by Środoń et al. (2006). This means that the maximum burial (and 
maximum temperatures) of the Lower Cretaceous (Mraznica Fm) rocks 

occurred after the Oligocene, which is consistent with a previous 
reconstruction of the burial and thermal history of the Podhale Trough 
(Poprawa et al., 2002; Marynowski et al., 2006). If this is the case, at 
least part of the Mesozoic Krížna nappe reached maximum temperatures 
long after the Late Cretaceous thrusting event. Fission track data pre-
sented by Králiková et al. (2014) and Śmigielski et al. (2016) also show 
significant differences in the temperature influence for the Western and 
High Tatra Mts; this may, however, be associated with differences in the 
thicknesses of Mesozoic nappes. The lack of important differences be-
tween the thermal maturity of the Mraznica Fm and the directly over-
lying Huty Fm rocks presented here raises a question where the thermal 
influence of the Paleogene overburden ends and that of the Cretaceous 
begins (see Králiková et al., 2014). In other words, the new data suggest 
that the probable tectonic cover of the Krížna nappe with other nappes 
(e.g. Choč) had a lower temperature effect than the Paleogene to earliest 
Miocene burial. 

5.2. Main magnetic carriers and their origins 

The rock magnetic investigations (temperature-dependent suscepti-
bility and hysteresis loop experiments) document the dominance of the 
paramagnetic minerals over the ferromagnetic minerals in the Mraznica 
and Huty Fms (Fig. 2). These results agree with previous magnetic in-
vestigations of the Mraznica Fm in the Tatra Mts (Grabowski et al., 
2013), Choč Mts (Staneczek et al., 2022) and Strážov Mts (Grabowski 
et al., 2009) and of the Huty Fm (Hrouda and Potfaj, 1993; Hrouda et al., 
2018; Madzin et al., 2021; Márton et al., 2009). Considering the li-
thology of the marly limestones in the Mraznica Fm, the most likely 
paramagnetic mineral group is phyllosilicates (Grabowski et al., 2013; 
Lefeld, 1974). Similarly, for the siltstones and shales in the Huty Fm, the 
paramagnetic minerals are primarily phyllosilicates identified in previ-
ous mineralogical studies as biotite, muscovite, illite, and montmoril-
lonite (Gross et al., 1999). 

The IRM component analyses as well as the mean coercivity and 
coercivity of the remanence derived from hysteresis and IRM back-field 
experiments, indicate that low-coercivity minerals are prevalent in both 
the Huty and Mraznica Fms. Thermal demagnetization results document 
a ~ 580 ◦C maximum unblocking temperature of the low coercivity 
component, which is the Curie temperature for magnetite (Dunlop, 
1986). Considering the coercivity values derived from the IRM analysis, 
the magnetite in the Huty and Mraznica Fms occurs in two grain sizes: 
single domain (SD, higher coercivity values; second component of the 
IRM; Table 4) and pseudo-single domain (PSD, lower coercivity values; 
first component of the IRM). The origin of SD-magnetite can likely be 
attributed to diagenetic processes and/or later mineral recrystallizations 
(which are also coherent with the remagnetizations of the analyzed 
rocks; Grabowski, 1995, 2000; Grabowski et al., 2009; Jackson et al., 
1988; Katz et al., 1998, 2000; Márton et al., 2016). In the case of the 
Mraznica Fm, the latter explanation is more likely because such an event 
is documented by paleomagnetic studies of the Mraznica Fm in the 
Strážov Mts (Grabowski et al., 2009). The crystallization of new 
magnetite grains is interpreted as being an effect of the Cretaceous 
nappe thrusting. However, we suggest that the high burial-related 
temperatures during the Late Oligocene documented by biomarker 
analysis and vitrinite reflectance results indicate the possibility of a 
second episode of magnetite formation. This has already been discussed 
in the Choč Mts area by Staneczek et al. (2022) and the Tatra Mts by 
Grabowski (1997) and Márton et al. (2016). Nevertheless, in the latter 
study, the whole-rock remagnetization was interpreted as being a result 
of a Mid-Miocene thermal event, as also suggested by fission-track 
studies (Anczkiewicz et al., 2013; Danǐsík et al., 2012). Our data sug-
gest a clear link between the organic matter maturity of the Cretaceous 
and Oligocene rocks and the Paleogene burial. If a Mid-Miocene thermal 
event did occur, its significance was mostly local because of the pro-
nounced differences in the maturities of the Cretaceous and Oligocene 
rocks between the Western and High Tatras. 

Fig. 6. Mass chromatograms (m/z 192) showing changes in the distribution of 
the methylphenanthrenes (MP) between the Western and High Tatra Mts. The 
more thermodynamically stable 2-MP and 3-MP clearly dominate in the High 
Tatra Mts. IS indicates the internal standard (9-phenylindene). 
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The younger remagnetization (crystallization of new magnetite) 
could have been driven by a few mechanisms, such as precipitation from 
migrating mineralized fluids (Lewchuk and Symons, 1995; Symons and 
Sangster, 1992), oxidization of pyrite grains by fluids (Suk et al., 1990), 
illite/smectite transformations (Katz et al., 1998, 2000) or hydrocarbon 
migration and maturation of organic matter (Abdulkarim et al., 2022; 
Badejo et al., 2021a, 2021b; Banerjee et al., 1997; Blumstein et al., 
2004; Brothers et al., 1996; Elmore et al., 1987; McCabe and Elmore, 

1989). The TOC values measured for the Mraznica Fm are low (Table 1), 
such that the by-products of the organic matter maturity (organic acids, 
Brothers et al., 1996) could not result in a faster magnetite formation. 
Hydrocarbon migration paths from the Western Tatra Mts have been 
reported (Marynowski et al., 2001) but are limited to tectonic zones and 
are therefore negligible at the orogenic scale. Therefore, bitumen- 
related remagnetization can also be excluded. Taking into consider-
ation the lithology of the Mraznica Fm, which includes phyllosilicates 

Fig. 7. Mass chromatograms (m/z 254) showing changes in the distribution of the phenylphenanthrenes (PhP) and binaphthyls (BiN) between the Western and High 
Tatra Mts. The more thermodynamically stable 2-PhP and 3- PhP dominate in the High Tatra Mts. 

Fig. 8. Comparison of the vitrinite reflectance changes in the Podhale–Tatra area. Note the significant differences in the maturity values for the Western and High 
Tatra Mts for the Mraznica Fm (red points) and Huty Fm (blue points). The purple asterisk denotes the location of the Furmanowa PIG-1 well, and the two adjacent 
numbers show the measured vitrinite reflectances of two samples from different depths. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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(Lefeld, 1974), a possible remagnetization mechanism would be the 
illite/smectite transformation under an elevated temperature regime 
which is a commonly reported process in clay-rich rocks (Elmore et al., 
1993; Gill et al., 2002; Hirt et al., 1993; Katz et al., 2000). In addition, 
experimental studies performed by Moreau et al. (2005) show that even 
larger PSD grains of magnetite can form as a result of phyllosilicate 
transformations as demonstrated on our k(T) curves (Fig. 2). This could 
explain the presence of a population of larger grains in the Mraznica Fm. 
Because there are no indications of large-scale mineralized (ore-type) 
fluid migrations in the Tatra Mts, the precipitation of magnetite from 
these fluids is rather unlikely. However, migrations of hydrothermal or 
meteoric fluids could have affected the thrust nappe rocks. Therefore, 
we suggest that magnetite formation from pyrite oxidation was a second, 
presumably less important remagnetization mechanism during the 
Oligocene in the Mraznica Fm rocks. 

The origin of authigenic SD-magnetite in the Huty Fm is seemingly 
related to illite/smectite transformations during diagenesis because the 
Huty Fm is composed predominantly of clay minerals (Gross et al., 
1993). This process could be accelerated via increasing temperatures 
and/or the impact of organic acids. Studies from other parts of the CCPB 
also suggest a mainly diagenetic origin of the SD-magnetite in the Huty 
Fm (Madzin et al., 2021; Márton et al., 1999, 2009; Staneczek et al., 
2022). 

PSD-size grains were documented in both the Mraznica and Huty Fm. 
Similar to the SD-magnetite, their origin is likely related to different 
stages of diagenesis. In addition, the magnetite in Mraznica Fm could be 
detrital and/or related to illite/smectite transformations under elevated 
temperatures. In organic-rich rocks (such as the dark shales of Huty Fm), 
larger detrital magnetite (also MD-magnetite) is likely to dissolve 
(Canfield and Berner, 1987). Therefore we interpret these grains as PSD- 
magnetite with a purely diagenetic origin. 

The rock magnetic investigations revealed the presence of a third 
ferromagnetic mineral in the analyzed units. High coercivities (>600 
mT) and the highest unblocking temperatures (~680 ◦C) imply that the 
mineral in question is hematite. Apart from a detrital origin, hematite 
could be authigenic (Jackson and Swanson-Hysell, 2012), especially in 
the Mraznica Fm, where it contributes significantly to the IRM.Similarly 
to magnetite, hematite may have formed as a result of the oxidation of 
pyrite grains by fluids (Hu et al., 2006). In addition, weathering of 
surface rocks could also affect the increase in the hematite content in 
both the Huty and Mraznica Fms. 

We identified the last, fourth component as goethite because of its 
very high coercivities, which are attributable to this mineral (e.g., 
Kruiver et al., 2001). Its presence in nearly all of the analyzed specimens 
is likely linked to the surface weathering of rocks. 

5.3. Correlation of magnetic and geochemical data 

To better understand the magnetic susceptibility and its carriers, we 
compared the obtained geochemical data with the magnetic properties 
of the analyzed units. The relationship between the carbonate content 
(CC; Table 1) and the magnetic susceptibility was determined (Fig. 9). 
Both the in-phase and out-of-phase susceptibilities decrease with 
increasing carbonate contribution. These changes likely result from 
changes in the clastic input rates. The increased input of terrigenous 
material correlates with higher susceptibilities as well as low CC values 
(Grabowski et al., 2013; Grabowski and Sobień, 2015). However, this 
trend is also present in the out-of-phase magnetic susceptibility mea-
surements. Here, the negative correlation with CC is related to the most 
common formation mechanism, namely, the illite/smectite trans-
formations. If the clastic input rates were lower, the amount of terrige-
nous hematite would also be lower. In addition, with the decreasing 
clastic input, the content of phyllosilicates which are mainly responsible 
for “producing” new magnetite via illite/smectite transformations, 
would decrease. Therefore, the lower content of phyllosilicates 
compared with carbonates results in a lower amount of newly formed 

diagenetic magnetite. 
Next, we plotted the remanent magnetization/saturation magneti-

zation and remanence coercivity/mean coercivity ratios (Mrs/Ms. and 
Hcr/Hc) of our samples on a Day diagram (Day et al., 1977) with added 
mixing lines and domain state regions after Dunlop (2002). However, 
the results must be interpreted carefully due to the presence of not only 
magnetite but also hematite and goethite in our samples. The Day dia-
gram is valid for magnetite purely compositions, and the addition of 
other ferromagnetic minerals may lead to erroneous interpretations 
(Roberts et al., 2018, 2019). Interestingly, the samples affected by 
higher paleotemperatures in both the Huty and Mraznica Fms appear to 
group very well in the PSD-magnetite window, whereas samples with 
lower measured vitrinite reflectances are more scattered and display less 
coherent Mrs./Ms. and Hcr/Hc values (Fig. 10A). The samples from the 
Western and High Tatra Mts can also be distinguished. Mraznica Fm 
specimens in the High Tatra Mts appear to contain a larger amount of 
high coercivity ferromagnetic minerals, which could also have formed as 
a result of increased burial temperatures. In the Huty Fm the content of 
SD-magnetite grains appears to increase with increasing vitrinite 
reflectance. Similarly, coherent Mrs./Ms. and Hcr/Hc ratios for samples 
from the High Tatra Mts point to a single major remagnetization event 
that affected both the Mraznica and Huty Fm samples. The temperature 
impact can also be observed in the Rr to Mrs./Ms. ratio diagram 
(Fig. 10B). The differences in the hysteresis parameters in the Western 
and High Tatra samples suggest that increased temperatures were a 
major trigger for faster magnetite formation mainly for the Huty Fm 
sites. 

5.4. Origin and comparison of magnetic fabrics 

The ipAMS, opAMS, and AARM measurements revealed variable 
fabrics in the analyzed Huty and Mraznica Fm rocks (Figs. 4 and 5). 

Fig. 9. Correlation of the magnetic and geochemical data highlighting a link 
between the carbonate content and the in-phase and out-of-phase magnetic 
susceptibilities (blue dots indicate the Mraznica Fm, and brown dots indicate 
the Huty Fm). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Changes in the magnetic fabrics are controlled by the unit (Huty or 
Mraznica Fm), lithology (siltstone/shale or sandstone), and/or location 
(High or Western Tatra Mts). The ipAMS fabrics show the most consis-
tent patterns, while the detected opAMS and AARM fabrics may vary 
within the same lithology and/or location. 

The ipAMS investigations of the Mraznica Fm rocks revealed pri-
marily planar fabrics (T > 0.7) with low mean anisotropy degrees (Pj <
1.068). The calculated Pj values are slightly higher in the Western Tatra 
Mts than in the High Tatra Mts. The differences are likely a result of the 
changing sedimentation in the shallower (High Tatra Mts) or deeper 
(Western Tatra Mts) basins (Nemčok et al., 1993), which favored the 
sedimentation of phyllosilicates. In all sites, the ipAMS foliation is well 
developed and parallel to the bedding plane. However, in addition to 
these features, which are typical for sedimentary rocks affected by 
compaction (e.g. Parés, 2015; Parés et al., 1999), a clear ipAMS lineation 
is usually present. Sites in the Western Tatra Mts and site Mk2 in the 
High Tatras, have a coherent, approximately ENE-WSW lineation 
orientation and lie on the bedding plane. Similarly oriented ipAMS 
lineations are present in other Central Western Carpathian massifs 
(Grabowski, 1996; Gregorová et al., 2009; Hrouda and Kahan, 1991; 

Staneczek et al., 2022; Szaniawski et al., 2020). The documented ENE- 
WSW orientation corresponds well with the approximate NW orienta-
tion of nappe thrusting in the Central Western Carpathians reported by 
many structural studies (Jurewicz, 2005; Kováč and Bendík, 2002; 
Plašienka, 2003; Prokešová, 1994; Prokešová et al., 2012). The repeat-
ability of this pattern/orientation indicates that the ipAMS lineation is of 
tectonic origin. However, the presence of bedding-parallel magnetic 
foliation and low Pj values suggests that the deformation was in its initial 
stage. We suggest that the ipAMS lineation in most of the Mraznica Fm 
sites originated during layer-parallel shortening, which predated the 
folding and thrusting processes (Fig. 11). 

Fabrics carried by ferromagnetic minerals (opAMS and AARM) are 
generally coaxial. Minor discrepancies in the orientations of the mag-
netic foliation and lineation are likely a result of different minerals 

Fig. 10. (A) Mrs./Ms. versus Hcr/Hc plot for the Mraznica and Huty Fm 
samples showing the changes in the sizes of the magnetite grains and the 
relationship between the magnetic data and the thermal maturity; (B) Mrs./Ms. 
to vitrinite reflectance (for Mraznica Fm) and calculated vitrinite reflectance 
(taken from MPI1; for Huty Fm); blue dots indicate the Mraznica Fm, brown 
dots indicate the Huty Fm. For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Tectonic interpretation of magnetic fabrics in the Huty and Mraznica 
Fm. Explanations of symbols as in Figs. 3 and 4. 
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contributing to the opAMS and AARM. The coercivity window applied in 
the AARM measurements (0–130 mT) records the orientation of the 
whole magnetite spectrum (SD-PSD-MD magnetite grains). The opAMS 
fabric could be influenced by the orientation of ultra-fine magnetite 
(superparamagnetic to stable single domain size), hematite, and even 
some ferromagnetic iron sulfides (Hrouda et al., 2016, 2022), which are 
relatively common in the Mraznica Fm rocks. In the Western Tatra Mts 
sites, the opAMS and AARM foliations tend to follow the bedding plane, 
with the confidence ellipses for the minimum ellipsoid axes being 
significantly larger/broader for opAMS than AARM. Magnetic lineation 
usually traces the orientation of the ipAMS lineation (sites 8, 9, 10, 11, 
and 12 for opAMS), being typically slightly deflected toward sub- 
horizontal orientations. Because we assume that the minerals that con-
trol the opAMS and AARM fabrics in the analyzed unit are mostly 
authigenic fine magnetite grains, the possible genesis of these fabrics is 
related to episodes of diagenetic magnetite formation. The majority of 
the newly formed magnetite grains were likely formed as a by-product of 
the illite/smectite transformation during the Paleogene burial, when the 
conditions were suitable for a faster magnetite formation (see paragraph 
5.2). Magnetite grains could be controlled primarily by the phyllosili-
cate matrix, resulting in a similar orientation of the tectonic ipAMS 
lineation and both the opAMS and AARM lineations. Such magnetite 
crystallization, restricted by the preexisting mineral fabric, is a 
commonly reported phenomenon (Borradaile and Lagroix, 2000; Calvín 
et al., 2018; Hirt and Gehring, 1991; Li and Kodama, 2005). The mag-
netic lineation in both the opAMS and AARM fabrics in the Western 
Tatras more or less traces the ipAMS lineation orientation. An older 
population of magnetite grains related to the first stages of diagenesis 
was most likely also present in these rocks, and, in the case of the 
Western Tatra Mts, this older fabric has been strengthened by the 
crystallization of new magnetite. Sub-vertical to vertical ferromagnetic 
lineations (opAMS and AARM) are present in the High Tatra Mts (see 
next paragraph) and in the Choč Mts, where it has been attributed to 
transpression (Staneczek et al., 2022). In the Western Tatra Mts, the 
transpression (inducing uplift) was weaker than that in the High Tatra 
Mts and the ferromagnetic lineation retained the 
phyllosilicate-matrix-related orientation (Fig. 11). 

In the High Tatra Mts, the mean/general opAMS and AARM fabrics 
for the Mraznica Fm differ from the fabric most commonly documented 
in the Western Tatras but are similar to AARM fabrics reported in the 
Choč Mts (Staneczek et al., 2022). The orientation of the fabric elements 
points to a significant tectonic imprint. The most striking feature of these 
fabrics is the sub-vertical magnetic lineation that is almost parallel to the 
pole to bedding (Fig. 4), whereas the minimum ellipsoid axes are sub- 
horizontal. This conspicuous fabric is consistent in both normal-laying 
strata and in overturned strata and tends to be bedding-independent, 
which suggests an event younger than the emplacement of the thrust 
nappes. Note, that the magnetic lineations of the AARM fabrics in the 
nearby Choč Mts also display a similar sub-vertical orientation (Sta-
neczek et al., 2022). However, such lineation is not present in the 
Western Tatra Mts sites, where the documented lineations are slightly 
inclined. A potential clue toward disentangling the origin of this specific 
opAMS and AARM lineation may be the presence of large fault zones in 
the vicinity of the sampled sites. Cretaceous sedimentary rocks of the 
Krížna nappe in the High Tatra Mts are close to two parallel, NE-SW- 
oriented major faults that cut the Tatra block in two (Fig. S.1; Lexa et al., 
2000). The Western Tatra Mts are located in the middle of the western 
block, and therefore the Mraznica Fm sampling sites are far from major 
tectonic zones. Similarly, the Choč Mts are limited from the south by the 
continuation of the Sub-Tatric fault (Gross et al., 1994; Lexa et al., 2000; 
Sperner et al., 2002; Fig. S.1). 

The activity of these faults is linked to the Oligocene-Early Miocene 
uplift of the Central Western Carpathians in a sinistral transpressional 
regime that was especially pronounced in the highly elevated Tatra Mts 
(Anczkiewicz et al., 2015; Fodor, 1995; Froitzheim et al., 2008; 
Králiková et al., 2014; Marko et al., 2005; Peresson and Decker, 1997; 

Ratschbacher et al., 1993; Sperner et al., 2002). Transpression is char-
acterized by the co-occurrence of vertical stretching along horizontal 
shear and shortening (Sanderson and Marchini, 1984). Crystallization of 
fine-grained magnetite in the presence of such a vertical extension is 
likely to result in vertical or sub-vertical magnetic lineation (Bilardello, 
2016; Housen and van der Pluijm, 1991; Housen et al., 1993a, 1993b; 
Parés, 2015; Weil and Yonkee, 2009). Therefore, the onset of trans-
pression could likely coincide with the maximum burial and burial- 
related crystallization of ferromagnets, as proposed for the Choč Mts 
(Staneczek et al., 2022). In addition, the impact of higher burial tem-
peratures in the eastern part of the Tatra massif would increase the rate 
of magnetite formation. However, we cannot exclude a possible reor-
ientation of the older population of ferromagnetic minerals, which 
originated during the first, Cretaceous remagnetization. Such mimetic 
growth of secondary minerals over preexisting fabrics has been previ-
ously documented by many authors, e.g., Li and Kodama (2005). The 
resulting fabric can subsequently rotate with the original paramagnetic 
fabric. In cleaved rocks, the strain related to the cleavage formation can 
induce the dissolution and recrystallization of ferromagnetic minerals, 
which affects the previously established ferromagnetic fabric (e.g., 
Housen et al., 1993a, 1993b). Nevertheless, the petromagnetic in-
vestigations in our study point to a close link between the magnetic 
mineralogy and the paleotemperatures. Moreover, the occurrence of this 
fabric in both normal and overturned bedding links its origin to 
post-folding processes. It is worth mentioning, that recent studies on the 
tectonic evolution of the High Tatra Mts identify strike-slip stepover 
controlled by a transpressional regime as the driving force for the 
Miocene exhumation and uplift (Campos et al., 2023). Therefore, we 
suggest that the opAMS and AARM magnetic fabrics of the Mraznica Fm 
in the High Tatra Mts, which originated during the sinistral trans-
pression in the Oligocene-Early Miocene, are more representative 
because of the vicinity of a minor fault zone (Fig. S.1) and the faster 
formation of ferromagnetic minerals at higher temperatures (Fig. 11). 
This agrees with the observation of vertical AARM axes present in the 
Choč Mts by Staneczek et al. (2022). Vertical magnetic lineations have 
been reported by studies performed in other transpression-controlled 
settings (e.g., Archanjo et al., 1999; De Wall et al., 2012; Di Chiara 
et al., 2020). In the Western Tatra Mts, the impact of transpression on 
the fabrics was lower, which resulted in only a slight inclination of the 
AARM lineations in comparison to the ipAMS fabric. 

The ipAMS investigations in the Huty Fm documented one main 
pattern that was present in all sites. Relatively high Pj and T values point 
to a highly oblate fabric which is expected for rocks predominantly 
composed of phyllosilicates (Parés, 2015; Parés et al., 1999). The ipAMS 
foliation follows the bedding plane and likely results from both the 
clayey, flat mineralogy and the compaction processes during diagenesis. 
Apart from a well-developed ipAMS foliation, a distinct magnetic line-
ation lying within the bedding plane is also present. The orientation of 
this ipAMS lineation varies with the bedding, undulating from the pri-
marily NE-SW in the Western Tatra Mts to E-W in the High Tatra Mts. 
The formation of ipAMS lineations in CCPB clastic rocks is usually 
attributed to paleocurrents in sedimentary basins (Madzin et al., 2021; 
Márton et al., 2009). A NE-oriented paleo-transport has been reported, e. 
g., in the Podhale subbasin (Marszałko and Radomski, 1960). However, 
such magnetic lineations are characterized by rather wide/broad con-
fidence ellipses as a result of the larger scattering of the ipAMS axes 
(Hrouda and Chadima, 2020; Hrouda et al., 2009; Parés et al., 1999; 
Stachowska et al., 2020). In addition, note that paleocurrents are more 
likely to affect coarse-grained rocks (Schwab, 2003). Therefore, to avoid 
purely sedimentary fabrics, we sampled mainly silty strata. In light of 
these data, we propose a tectonic origin of the ipAMS lineation in the 
Huty Fm sites (Fig. 11). The detected NE-SW to E-W orientation of the 
ipAMS lineation points to an approximately NW-SE to N-S compression, 
which coincides roughly with the Oligocene-Early Miocene 
transpression-related shortening orientation derived from structural 
studies of CCPB rocks (Králiková et al., 2014; Pešková et al., 2009; 
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Vojtko et al., 2010). The ipAMS lineation in the High Tatra Mts’ sites is 
slightly more E-W oriented, such that it could also be an effect of the 
Middle to Late Miocene northward tilting in the N-S oriented compres-
sion. Because the uplift is known to be larger in the eastern part of the 
Tatra Mts (Śmigielski et al., 2016), the compression related to the uplift 
could also have had a greater impact on the CCPB rocks in the High Tatra 
foreland. Additionally, small differences in the orientation of the ipAMS 
lineation could be explained by differential uplift in the Tatra area 
(Nemčok et al., 1993; Králiková et al., 2014). 

Ferromagnetic fabrics recorded by opAMS and AARM methods 
display some major differences in the analyzed Huty Fm rocks. In gen-
eral, fabrics detected by both methods document a well-developed 
magnetic foliation. The origin of this foliation is related to the growth 
of magnetite restricted by the phyllosilicate matrix of the Huty Fm, 
which was shaped by compaction processes. In addition, a better- 
defined (AARM) or slightly more scattered (opAMS) magnetic linea-
tion is present, which we attribute to tectonic processes. The detected 
magnetic lineation in the AARM fabric of the Huty Fm was coherent in 
all of the Western and High Tatra sites. The mean NNW-SSE to NW-SE 
orientation is approximately perpendicular to the ipAMS phyllosilicate 
fabric. A similar AARM lineation has been reported in the Choč Mts 
(Staneczek et al., 2022). Several authors have proposed that the 
magnetite population that controlled the AARM lineation there crys-
tallized during the early stages of compaction and diagenesis in an NW- 
SE to N-S extensional regime linked to the formation of the CCPB, which 
is reported in multiple structural studies (Pešková et al., 2009; Vojtko 
et al., 2010; Králiková et al., 2014); we agree with this interpretation. In 
addition, this extensional regime could also affect the Cretaceous rocks. 
Site Mz7 in the Western Tatras records a similar NW-SE orientation of 
the magnetic lineation in the ferromagnetic-controlled fabrics that is 
approximately perpendicular to the phyllosilicate-governed ipAMS 
lineation. Similar to the Huty Fm sites, the carrier of the AARM magnetic 
fabric in site Mz7 is magnetite that has crystallized in this NW-SE to N-S 
extensional regime (Fig. 11). 

Our observations lead to a few, sometimes contrasting in-
terpretations. The NW-SE orientation of the AARM lineation in the 
Oligocene rocks has also been reported by Márton et al. (2009) in the 
Podhale Basin. Another possible alternative is that this conspicuous 
orientation of the magnetic lineation could develop independently from 
the phyllosilicate matrix in fractures or joints as a result of crystalliza-
tion from migrating fluids. NNW-SSE-oriented calcite-filled joints have 
been reported from the western part of Podhale by Ludwiniak (2010) 
and other authors (Boretti-Onyszkiewicz, 1968; Halicki, 1963; Pokorski, 
1965). 

It is rarely the case that neither the opAMS nor the AARM magnetic 
lineations coincide with the phyllosilicate-controlled ipAMS lineation. 
In most sites, the confidence ellipses of the opAMS and ipAMS lineations 
overlap, while the confidence ellipse of the AARM lineation has a 
different orientation. The ipAMS fabric carried by phyllosilicates and the 
opAMS fabric governed by ultrafine-grained magnetite fixed in the 
phyllosilicate matrix both document the same Early Miocene compres-
sion event. These ultrafine grains of magnetite could have originated 
from this shortening event. Because superparamagnetic magnetite has 
no magnetic remanence, the AARM fabric is carried by larger magnetite 
grains that originated during the Oligocene extension. Therefore, the 
differences in those fabrics are easily explained by the different grain 
sizes that govern the two fabrics. A second possibility is that the 
magnetite grains are of the same age, yet some of them were later 
recrystallized into larger SD/PSD sizes. The ultrafine magnetite grains 
embedded in the phyllosilicates (similarly as documented by Borradaile 
and Lagroix, 2000) would be more likely to rotate with the para-
magnetic matrix; however, the larger grains could preserve their orig-
inal orientation. The convergence of the opAMS and ipAMS lineations 
could also result from the contribution of hematite to both fabrics. 
Nevertheless, the reported hematite content in the ferromagnetic frac-
tion is below 16% and thus appears to be too low to actively influence 

the fabric. 
Consequently, we suggest that the fine-grained magnetite formed 

either in two populations as a response to different tectonic phases 
(Oligocene extension and Late Oligocene/Early Miocene compression) 
or that different grain sizes of magnetite aligned along two different 
favorable directions with the exact ages of their crystallization being 
debatable. 

Finally, it is worth mentioning that even though the Huty Fm rocks in 
the High Tatras were sampled in the vicinity of a fault zone where 
transpression would be a major trigger of the fabric evolution, the 
ferromagnetic fabrics do not display such transpression-related vertical 
magnetic lineations (Fig. S.1). This phenomenon was also observed in 
the Choč Mts (Staneczek et al., 2022). We believe that, because the 
phyllosilicate content in the Huty Fm shales is much larger than that in 
the Mraznica Fm marls, the phyllosilicate matrix was therefore “stron-
ger” and prohibited the formation of such vertical AARM or opAMS 
lineations. This hypothesis is further supported by the values of the 
initial slopes prior to the slope correction in the hysteresis experiments 
(Table 3). The Huty Fm samples display over two times higher values of 
the initial slope (on average 60 mA⋅m2⋅T− 1⋅kg− 1) than the Mraznica Fm 
samples (~25–30 mA⋅m2⋅T− 1⋅kg− 1). This is in agreement with the 
interpretation of the vertical AARM lineations in Staneczek et al. (2022). 

6. Conclusions 

Petromagnetic investigations of the Mraznica and Huty Fm rocks 
indicate that paramagnetic minerals control the magnetic susceptibility 
in both studied units. These minerals are mostly phyllosilicates such as 
biotite and muscovite. The ferromagnetic fraction is dominated by SD- 
magnetite with some PSD-magnetite and a minor addition of hematite. 
The origin of fine-grained magnetite is related to two major remagne-
tization events: Cretaceous nappe thrusting and Oligocene burial. 
Because the percentage of ferromagnetic minerals is relatively low, the 
ipAMS fabric is dominantly controlled by paramagnetics. 

The maturity data show a gradual increase in the paleotemperatures 
in both studied formations toward the southeast. Furthermore, the 
paleotemperature changes in the Mraznica Fm are related to those re-
ported in the Huty Fm, pointing toward a single major recrystallization 
event during the Oligocene. The occurrence of small-sized magnetite 
grains with the highest vitrinite reflectance confirms the impact of a 
single recrystallization event that affected both the Oligocene and 
Cretaceous rocks. 

Analyses of the magnetic fabrics of the 9 Mraznica Fm and 12 Huty 
Fm sites enabled us to distinguish some major deformation events in the 
Tatra Mts ranging from the Late Cretaceous to the Miocene. All of the 
analyzed sites display sedimentary-tectonic features, indicating an early 
deformation stage. Fabrics governed by paramagnetic minerals (ipAMS) 
document major tectonic events, such as Late Cretaceous nappe 
thrusting (most Mraznica Fm sites) or compression related to the onset 
of the Miocene uplift of the Tatra horst (Huty Fm). The origins of fabrics 
carried by ferromagnetic minerals differ in the Huty and Mraznica Fm. 
In the latter, the opAMS and AARM fabrics are relatively homogeneous 
and result from the transpression-controlled tectonic regime in the 
Oligocene-Early Miocene. Conversely, in a few Huty Fm sites, the 
opAMS lineation is nearly perpendicular to the AARM lineation. We 
attribute this peculiar orientation of the magnetic lineations either to a 
reorienting of two sizes of magnetite grains along two perpendicular 
directions/axes or to the result of two major tectonic phases: NW-SE 
extension during the late stages of CCPB formation and the incipient 
uplift stage of the Tatra Mts in the Late Oligocene/Early Miocene. 
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Hrouda, F., Chadima, M., 2020. Examples of tectonic overprints of magnetic fabrics in 
rocks of the Bohemian Massif and Western Carpathians. Int. J. Earth Sci. 109, 
1321–1336. 

Hrouda, F., Hanák, J., 1990. Magnetic fabric of sedimentary formations of the Strazovske 
vrchy Mts., sedimentological and tectonic implications. Sborník Geol. věd. Užitá 
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Figure S.1. Simplified tectonic setting of the Tatra Mts area (after Lexa et al., 2000). R* - 

Ružbachy horst. 
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measurements for the Huty and Mraznica Fms. specimens 

 

153:6993100712



Site Specimen Mean ARM K1 K2 K3 K1_Dec K1_Inc K2_Dec K2_Inc K3_Dec K3_Inc L F P Pj T U Q E FTest_F FTest_F12 FTest_F23 E12 E23 E13 

Ht5 

HT511 3.53E-05 1.078141 1.001368 0.9204899 171.468746 39.7614853 25.0594576 45.0337406 276.668868 17.4907892 1.076668 1.087865 1.171269 1.171401 6.54E-02 2.60E-02 0.6437194 1.010399 1.9 1.1 1.2 18.5 17.6 9.2 

HT512 7.58E-05 1.056105 1.013909 0.9299858 167.902533 35.400942 59.7768988 23.6412649 303.614385 45.206822 1.041616 1.090242 1.135614 1.138684 0.3587698 0.3308663 0.4017778 1.046683 6.7 1.8 7.2 14.7 7.5 5 

HT521 3.63E-05 1.036115 1.009455 0.9544306 13.5180477 14.9394633 277.319074 22.0333487 134.979487 62.9230744 1.02641 1.057651 1.085584 1.087545 0.3651203 0.3472409 0.3900281 1.030437 0.8 0.2 0.9 38.2 20.9 14.4 

HT522 7.71E-05 1.049852 1.01207 0.9380786 10.0196751 8.75320913 277.635565 15.1187144 129.103618 72.4240889 1.037331 1.078875 1.119151 1.121683 0.3488277 0.3239535 0.4067728 1.040049 3.5 1 3.7 19.7 10.4 6.9 

HT531 3.85E-05 1.045305 1.008637 0.9460576 0.14383714 30.7872973 259.885089 16.6417214 145.506742 54.0893039 1.036353 1.066148 1.104906 1.10638 0.2841239 0.2610933 0.4531651 1.02875 4.5 1.5 4.4 16.1 9.6 6.1 

HT533 8.15E-05 1.051664 1.012601 0.9357351 350.873555 33.8274453 251.459441 13.7167388 142.726588 52.7646419 1.038577 1.082145 1.123891 1.126575 0.3518386 0.3260852 0.4052303 1.04195 1.3 0.4 1.4 30.5 16.7 11.2 

HT542 4.03E-05 1.029777 1.003816 0.9664072 314.494526 18.1576708 46.6710687 6.60553724 155.867592 70.5984706 1.025863 1.038709 1.065573 1.066005 0.1959366 0.1806376 0.5152184 1.012522 0.4 0.2 0.3 41.8 31.9 20.1 

HT543 8.60E-05 1.048061 1.02024 0.9316995 344.884246 23.8609297 254.469831 0.93680008 162.353318 66.1183783 1.027269 1.095031 1.124892 1.131258 0.5427827 0.5218123 0.2715577 1.065963 6.7 0.9 8.8 20.7 6.8 5.2 

HT555 8.86E-05 1.072036 1.002138 0.9258261 345.342198 20.0099702 246.466977 22.9604119 112.206257 58.7410826 1.069749 1.082426 1.157924 1.158106 8.03E-02 4.39E-02 0.6282352 1.01185 17.8 10.1 12.1 6.3 5.8 3 

HT561 8.24E-05 1.049857 1.015945 0.9341981 175.639805 10.4518518 80.7584265 24.7631034 286.7136 62.8408432 1.03338 1.087505 1.123806 1.127931 0.4373747 0.4135813 0.3435796 1.052376 8.6 1.8 10.2 14.9 6.3 4.5 

HT563 3.74E-05 1.097303 1.017368 0.8853284 51.1908244 7.91123907 142.521537 9.48754846 281.99228 77.5995646 1.07857 1.149143 1.239431 1.243275 0.2952664 0.2458079 0.4647178 1.065431 1.1 0.4 1 29.8 19.1 12.2 

Ht7 

HT713 4.30846E-05 1.051312 0.9996969 0.9489913 312.094291 1.62472739 222.062844 1.1083309 97.7762421 88.0330758 1.051631 1.053431 1.10782 1.107826 0.01670611 -0.00888706 0.67459 1.001712 5.7 3.6 3.5 20.9 21.2 10.7 

HT721 5.89015E-05 1.045937 1.012216 0.9418461 271.103965 15.5146267 3.9847777 10.2621012 126.224116 71.2535335 1.033314 1.074715 1.110518 1.113215 0.3747558 0.3520866 0.3865735 1.040066 9.6 2.4 10.5 25.2 12.4 8.4 

HT722 2.92839E-05 1.034515 1.01249 0.9529954 309.898713 14.5705551 218.470421 5.47752981 108.395997 74.3908971 1.021753 1.062429 1.08554 1.088843 0.4756175 0.4596383 0.3123802 1.03981 0.5 0.1 0.6 51.7 25.1 18.9 

HT723 2.71546E-05 1.080068 0.9652621 0.9546704 283.633665 17.5957388 164.061508 57.2750863 22.7824859 26.6273388 1.118937 1.011095 1.131351 1.146348 -0.8211946 -0.831071 1.688456 0.9036203 1.7 2.9 0 11.7 65.9 10.7 

HT732 3.38298E-05 1.058785 1.013572 0.9276431 269.211978 5.93618649 179.126059 0.82624805 81.2311609 84.0061787 1.044608 1.092631 1.141371 1.144254 0.3399154 0.3104678 0.4165767 1.045973 10.9 3.1 11.4 22.3 11.9 7.9 

HT733 1.55352E-05 1.05087 0.9944345 0.9546953 295.163764 1.95475451 204.78933 10.839339 35.2589282 78.9816032 1.056751 1.041625 1.100739 1.101135 -0.150212 -0.1736052 0.8304605 0.9856859 2.3 1.9 1 14.2 19.8 8.5 

HT741 0.000032539 1.058154 1.019423 0.9224235 276.935572 4.80904438 186.305226 7.44990859 39.5070675 81.1179033 1.037993 1.105157 1.147145 1.152541 0.456729 0.4292936 0.3328419 1.064705 0.7 0.1 0.8 44 21.1 15.4 

HT742 7.07411E-05 1.049261 1.015909 0.93483 249.464144 7.4373904 342.678689 23.2462969 142.852491 65.4574566 1.03283 1.086731 1.122409 1.126543 0.4405384 0.41708 0.3411802 1.052188 0.8 0.2 1 72.4 38.3 28.2 

HT751 3.65084E-05 1.057805 1.017656 0.9245389 285.419203 12.2232775 17.0790297 7.61574355 138.299744 75.5355099 1.039453 1.100717 1.144143 1.148729 0.42529 0.3974603 0.3547003 1.05894 7.7 1.7 9 29.9 13.4 9.4 

HT752 1.95156E-05 1.048376 1.01569 0.9359339 301.845144 9.20824538 32.370922 3.23987153 141.561502 80.2290348 1.032181 1.085215 1.120139 1.124212 0.4416343 0.4186175 0.3401271 1.051381 5.9 1.2 7 18.1 7.6 5.4 

Ht10 

HT1013 2.71386E-05 1.067973 1.031011 0.9010164 174.215492 0.48847044 84.0701974 16.5639229 265.857276 73.4284598 1.03585 1.144275 1.185298 1.196556 0.5856044 0.5572281 0.2489421 1.104673 8.1 0.9 11.1 39.4 12.1 9.4 

HT1022 5.67187E-05 1.094915 1.011336 0.8937485 327.835457 7.68191585 58.1775818 2.53486654 166.31458 81.9058608 1.082642 1.131567 1.225082 1.227041 0.2177216 0.1690592 0.5244085 1.04519 2.9 1.2 2.4 34.3 25.1 15 

HT1032 5.96825E-05 1.082759 1.016762 0.9004788 324.869102 6.10349243 55.3947371 4.90370151 183.930237 82.1589281 1.064908 1.129135 1.202425 1.206129 0.3176912 0.2758796 0.442092 1.060312 3.2 1 3.1 37.4 22.3 14.4 

HT1041 3.11396E-05 1.082998 1.020032 0.8969706 353.750501 2.01117158 84.1054891 10.0063274 252.508054 79.7894731 1.06173 1.137196 1.207395 1.212385 0.3643438 0.323041 0.4074333 1.071079 71.2 19.7 75.3 9.1 4.7 3.1 

HT1051 2.30297E-05 1.08383 1.040377 0.8757936 355.228413 7.22934731 265.125424 0.81178933 168.753084 82.7247339 1.041766 1.187925 1.23754 1.253831 0.6160228 0.5822576 0.2332285 1.140299 57.9 5.7 81.4 16.8 4.5 3.5 

HT1062 6.07202E-05 1.059883 1.017312 0.922805 343.006143 12.877907 74.667476 7.22709679 193.28684 75.1714166 1.041846 1.102413 1.148545 1.152907 0.4080079 0.3788857 0.3676442 1.058134 18.1 4.2 20.5 19.5 8.9 6.2 

HT1071 7.50042E-05 1.033082 1.002389 0.9645286 347.744973 4.74114608 79.2795557 17.8951874 243.438958 71.4459509 1.030619 1.039253 1.071074 1.071255 0.1214983 0.1045642 0.5768512 1.008377 1.1 0.6 0.9 47.7 40.2 23.5 

HT1072 3.55728E-05 1.032847 1.012144 0.9550087 338.386404 11.3869846 72.1215633 17.9244122 217.545209 68.5525791 1.020455 1.059827 1.081506 1.084746 0.4831563 0.4680473 0.3067739 1.038583 0.9 0.2 1.2 41.8 18 13.4 

HT1081 7.57533E-05 1.064869 0.9982802 0.9368514 166.675892 35.5859726 69.5607942 9.8205469 326.441554 52.6699837 1.066703 1.06557 1.136646 1.136648 -0.00830148 -0.04030316 0.7029797 0.9989374 4.3 2.9 2.5 23.2 25 12.3 

HT1083 3.41339E-05 1.051521 0.9981684 0.9503108 165.054669 40.6009061 67.4672502 8.75741369 327.595451 48.0594972 1.05345 1.05036 1.106502 1.106518 -0.02903002 -0.0542919 0.7158159 0.9970663 0.7 0.5 0.4 26.6 29.2 14.8 

Ht11 

HT1114 5.83E-05 1.088032 0.9675017 0.9444659 332.862776 32.0708474 95.7075018 40.8788362 219.271151 32.5671459 1.124579 1.02439 1.152007 1.163478 -0.6594126 -0.679091 1.446925 0.9109103 8.1 12.4 0.5 11.4 51.8 9.6 

HT1121 2.77E-05 1.086895 0.9742315 0.9388738 336.268518 14.8459196 184.434752 73.2653188 68.2816728 7.54932783 1.115643 1.03766 1.157658 1.164462 -0.4949713 -0.5222614 1.228751 0.9300999 2.7 3.6 0.4 10.5 30.6 8 

HT1124 5.68E-05 1.046979 1.001595 0.9514259 324.034576 18.509973 73.1058682 44.303317 217.781706 39.8949708 1.045312 1.052731 1.100432 1.100527 7.39E-02 5.01E-02 0.6228821 1.007097 4.3 2.5 3 25.1 22.8 12.2 

HT1131 6.28E-05 1.036067 1.022458 0.9414754 129.153147 18.3385564 18.1442015 47.2449604 233.607349 36.9811641 1.01331 1.086017 1.100472 1.109336 0.7237856 0.7122589 0.1550221 1.071752 30.2 1.3 47.3 33.1 5.9 5 

HT1141 5.64E-05 1.028796 1.011371 0.9598328 324.29191 38.2950707 223.502403 13.3374302 117.900282 48.6043468 1.017229 1.053696 1.071849 1.074982 0.5076244 0.4946733 0.2891985 1.035849 1 0.1 1.3 74.6 33.9 26 

HT1142 2.61E-05 1.049461 0.9915602 0.9589792 352.530431 48.8309476 92.2503408 8.39849209 189.34943 39.931794 1.058393 1.033975 1.094352 1.095448 -0.2588862 -0.279831 0.9409932 0.9769285 1.2 1.2 0.4 18.2 30.3 11.9 

HT1152 2.99E-05 1.049303 0.9836053 0.9670915 148.724513 7.81426911 350.970182 81.5660464 239.157724 3.1534456 1.066793 1.017076 1.085009 1.089932 -0.5849503 -0.5982602 1.330918 0.9533958 0.9 1.3 0.1 17.4 51.3 14.1 

HT1153 6.71E-05 1.048601 0.9845662 0.9668329 157.106818 16.1920291 263.535493 44.2449116 52.3329412 41.2892269 1.065039 1.018342 1.084573 1.08895 -0.5522556 -0.5662553 1.287115 0.9561545 8.3 11.5 0.9 11.9 39.7 9.3 

HT1161 5.94E-05 1.04759 1.015707 0.936703 332.415325 29.3021645 238.801033 6.40887671 137.642351 59.8687083 1.031389 1.084343 1.11838 1.122496 0.4475093 0.4249586 0.3357949 1.051342 6.9 1.4 8.3 32.9 13.9 10 

Ht12 

HT1212 1.97E-05 1.089472 1.047759 0.86277 320.670265 11.7403013 54.4602519 17.6436203 198.665123 68.5886785 1.039811 1.214413 1.26276 1.283923 0.6653289 0.6320029 0.2026414 1.167916 2.1 0.2 3 42.1 11.5 9.4 

HT1214 4.47E-05 1.092635 1.023405 0.8839598 288.622207 25.1870854 25.0975203 13.4849054 140.69645 60.9695287 1.067646 1.157751 1.236068 1.24239 0.3822991 0.3364848 0.3977332 1.084396 3.9 1 4.2 37.1 19.5 13.1 

HT1221 4.29E-05 1.080225 1.028825 0.8909501 302.840359 18.4733898 34.2487487 4.20777056 136.599919 71.0193705 1.04996 1.15475 1.212442 1.221786 0.4938421 0.4568725 0.3142307 1.099804 4.8 0.8 6 40.6 16.3 12 

HT1231 4.22E-05 1.073865 1.038121 0.8880143 295.090338 12.1864825 29.0885268 17.8932202 172.57136 68.1132695 1.034432 1.169036 1.209288 1.224744 0.6437213 0.6153451 0.2127902 1.130124 1.5 0.1 2.1 78.2 26.9 22 

HT1241 4.29E-05 1.093678 1.021422 0.8848996 287.202592 9.16712099 18.9656297 10.7938659 157.694294 75.7665701 1.070741 1.15428 1.235935 1.241379 0.3546593 0.3078223 0.4185097 1.078021 3 0.9 3.1 40 22.5 14.9 

154:6065496600



HT1242 2.08E-05 1.071753 1.041611 0.8866367 307.851585 13.5295359 40.4606983 10.7128127 167.632542 72.6141269 1.028937 1.174789 1.208784 1.226885 0.6991121 0.6743515 0.177255 1.14175 4.3 0.2 6.5 35.5 7.9 6.6 

HT1243 2.05E-05 1.082214 1.033169 0.8846174 306.821543 14.4712146 40.6357842 14.4537261 173.694836 69.3172046 1.04747 1.167927 1.223369 1.235131 0.53992 0.5035849 0.2833755 1.114998 1.3 0.2 1.7 39.2 15.1 11.5 

HT1252 6.12E-05 1.05213 1.043377 0.9044926 241.108981 3.97879888 150.236305 12.3511284 348.649682 77.004476 1.008389 1.15355 1.163227 1.18527 0.889501 0.8814329 6.11E-02 1.143954 3.9 0 6.8 101.6 15.4 14.5 

HT1262 6.13E-05 1.054173 1.019068 0.9267598 250.566932 10.0466381 344.401344 20.6794645 136.145881 66.8039556 1.034448 1.099603 1.137482 1.142886 0.4741657 0.4489547 0.3195432 1.062985 1.9 0.3 2.3 58.1 25.9 19.1 

Ht14 

HT1411 2.57E-05 1.072931 1.025404 0.9016648 318.057593 28.0639415 62.2317919 24.6692314 186.828082 51.0298414 1.04635 1.137234 1.189945 1.197736 0.4789436 0.4449914 0.3222121 1.086859 9 1.6 11 30.3 12.1 8.8 

HT1421 4.58E-05 1.099323 1.01862 0.8820575 308.433484 26.2809831 59.5041753 36.0561617 191.464393 42.5635699 1.079227 1.154823 1.246316 1.250614 0.3074652 0.257105 0.4561689 1.070046 13.1 4.4 12.7 18.9 11.3 7.1 

HT1432 4.04E-05 1.081741 1.009901 0.9083583 269.62594 8.80595474 5.59208116 33.8598714 166.986244 54.7031597 1.071136 1.111787 1.190874 1.192446 0.2132319 0.1713123 0.5226152 1.037951 165.3 70.3 140.4 4.8 3.4 2 

HT1442 3.76E-05 1.065599 1.010031 0.9243699 310.321791 21.6692922 52.4480633 27.8654093 187.923785 53.4407255 1.055017 1.092669 1.152785 1.154439 0.2466385 0.2130738 0.4898274 1.035689 15.7 6 14.2 16.3 10.7 6.5 

HT1452 2.49E-05 1.082619 1.037898 0.8794842 340.563486 29.742853 77.0119401 11.1201725 185.228984 57.8404168 1.043088 1.180121 1.23097 1.245681 0.5939848 0.5596919 0.2473855 1.131373 3.9 0.4 5.3 28.5 8.7 6.8 

HT1454 4.88E-05 1.065582 1.047068 0.8873501 326.153636 25.7612904 64.6078249 16.9432591 184.351138 58.4472689 1.017681 1.179995 1.200858 1.223842 0.8084906 0.7922555 0.1095626 1.159493 2.9 0.1 4.7 89.4 18.3 16.4 

HT1461 5.15E-05 1.074847 1.031471 0.8936814 310.148533 19.5230747 50.0334936 25.8345729 187.492993 56.6904029 1.042053 1.154182 1.202719 1.213837 0.5536717 0.5211429 0.2719897 1.107604 1.6 0.2 2.2 66.7 26.5 20.5 

HT1471 4.81E-05 1.07559 1.027725 0.8966851 0.52355296 33.9394263 91.5425413 1.51372182 183.789299 56.0174286 1.046574 1.146138 1.199518 1.208445 0.4995364 0.4649065 0.3088646 1.095133 1 0.2 1.2 72.4 34.5 26 

HT1481 5.57E-05 1.096489 1.012265 0.8912459 321.028918 23.6560201 64.995452 28.8535111 198.11251 51.1272371 1.083203 1.135787 1.230288 1.232503 0.2287277 0.1792805 0.5162924 1.048545 2.5 1 2.1 37.1 26.8 16.2 

HT1491 4.95E-05 1.097015 1.039219 0.8637667 285.5038 19.57542 26.1836796 27.5263344 164.740697 55.1919824 1.055615 1.203124 1.270036 1.284911 0.5471716 0.5044261 0.2828274 1.139738 3.8 0.5 5 48.2 17.8 13.5 

Ht15 

HT1511 2.56E-05 1.04957 1.03396 0.9164706 14.5313388 23.950306 276.759678 16.9319453 154.899848 60.0258869 1.015097 1.128198 1.14523 1.160313 0.7790027 0.7654417 0.1245848 1.111418 0.6 0 1 69.9 19.9 17.7 

HT1512 5.23E-05 1.086169 0.9863465 0.9274848 315.392954 24.4357829 59.0088194 27.3887366 190.152086 51.7811548 1.101204 1.063464 1.171091 1.172588 -0.2208041 -0.2581262 0.917713 0.9657283 1.6 1.5 0.5 31.1 48.6 20.1 

HT1521 4.78E-05 1.049592 1.023512 0.9268961 324.149445 30.2184148 66.2027989 19.7241884 184.279156 52.7007176 1.02548 1.104236 1.132372 1.140481 0.5952078 0.5748962 0.2378272 1.0768 0.8 0.1 1.1 84.9 35.5 28.6 

HT1541 4.79E-05 1.074946 0.9939917 0.9310624 308.688185 26.3082369 59.6451481 35.8828025 191.536763 42.7072263 1.081444 1.067589 1.154537 1.15476 -8.97E-02 -0.1252747 0.7828746 0.9871885 1.6 1.3 0.8 33.6 41.7 19.7 

HT1542 2.62E-05 1.057142 1.000476 0.9423816 328.188541 30.9341922 73.5441024 23.8389167 194.290072 49.162768 1.056639 1.061647 1.121777 1.121813 4.11E-02 1.25E-02 0.6556429 1.00474 4.5 2.7 2.9 12.1 11.8 6 

HT1551 5.17E-05 1.047782 1.022969 0.9292486 318.492063 28.3258375 56.898615 15.174868 171.773806 57.1868028 1.024255 1.100857 1.127558 1.135497 0.6007492 0.5813406 0.2338002 1.074787 2.5 0.2 3.6 63.7 21 16.7 

HT1552 2.41E-05 1.038007 1.027125 0.934868 314.088553 15.7653244 50.4520325 21.4345609 190.586977 62.911041 1.010595 1.098684 1.110325 1.122143 0.798586 0.7889769 0.1113879 1.087166 1.3 0 2.1 64.3 13.7 12.3 

HT1553 2.34E-05 1.061833 1.004324 0.9338427 335.343077 22.5538262 72.0650958 15.7400067 194.044092 61.9794951 1.057261 1.075475 1.137058 1.137487 0.1329835 0.1013613 0.5795124 1.017228 1.3 0.6 1 23.9 19.9 11.3 

HT1561 4.44E-05 1.054633 1.026957 0.9184093 49.2893567 18.2486643 310.028908 26.0147808 170.312261 57.3901346 1.02695 1.118191 1.148326 1.158096 0.6154453 0.5936662 0.2261387 1.088847 0.6 0.1 0.8 91.8 40.4 33.2 

HT1562 2.38E-05 1.043993 1.022363 0.9336448 323.705275 14.2789922 60.3662136 24.5016003 206.189755 61.1499424 1.021157 1.095023 1.118191 1.126106 0.6251721 0.6079642 0.217317 1.072336 0.4 0 0.6 62.5 25.1 20.7 

ZA1 

ZA113 5.44E-05 1.081307 1.055022 0.8636709 345.901708 45.0030777 245.573589 10.1632158 145.878127 43.2118238 1.024915 1.221555 1.25199 1.27957 0.7809914 0.7584456 0.1285396 1.191861 15.3 0.5 24.8 51.1 8.1 7.1 

ZA131 5.29E-05 1.091756 1.02375 0.8844945 277.091597 20.0911197 31.4632264 48.4465241 172.491806 34.5720062 1.066428 1.157441 1.234327 1.240817 0.3890077 0.3437668 0.3925113 1.085343 35.8 9.3 38.9 13.2 6.5 4.4 

ZA132 2.12E-05 1.066302 1.035074 0.8986239 279.290141 19.9263789 24.7865133 36.3905683 166.55951 46.8265762 1.03017 1.151843 1.186594 1.200606 0.6525314 0.6275237 0.2053612 1.11811 1.5 0.1 2.2 45.9 13.3 10.9 

ZA141 4.92E-05 1.086646 1.037875 0.8754784 273.970984 5.63572608 10.7371864 50.0516898 179.323968 39.3860328 1.046991 1.185495 1.241203 1.255678 0.5749693 0.5380832 0.2611114 1.132288 15.5 1.9 20.8 28.3 8.8 6.8 

ZA142 1.45E-05 1.079308 1.036761 0.8839314 81.6664198 6.964599 344.927298 43.8498782 178.75914 45.3073981 1.041039 1.172897 1.221031 1.2352 0.5971965 0.564457 0.2443811 1.12666 29 3.1 40.1 11.3 3.2 2.5 

ZA161 4.79E-05 1.076516 1.034004 0.8894799 72.0340078 10.2705059 335.904277 30.5107612 178.523091 57.445785 1.041115 1.162481 1.210276 1.222853 0.5777607 0.5454077 0.2564401 1.116574 21.8 2.6 29.6 24.5 7.4 5.7 

ZA163 1.11E-05 1.091297 1.023603 0.885099 57.6933182 12.7315126 323.307149 18.7006532 180.035348 67.1039409 1.066133 1.156485 1.232966 1.239397 0.3884323 0.3434084 0.392768 1.084747 39.4 10.2 42.7 6.3 3.1 2.1 

ZA171 4.88E-05 1.098 1.072181 0.82982 289.046222 19.4416403 30.6962176 29.7735264 170.79575 53.2871055 1.024081 1.292064 1.323178 1.364152 0.8300549 0.8074504 0.1011436 1.261682 862.6 16.4 1446.8 9.9 1.1 1 

ZA174 1.00E-05 1.095703 1.059756 0.844541 63.1964772 10.7988785 326.15818 32.7170412 169.068619 55.1071003 1.033921 1.25483 1.297395 1.327566 0.743754 0.7137511 0.1541562 1.213662 8.7 0.4 13.7 29.8 5.5 4.7 

ZA181 3.55E-05 1.087486 1.056811 0.8557026 284.465878 11.7818424 22.8430647 34.9335805 178.658195 52.55919 1.029026 1.235021 1.270869 1.299308 0.7612621 0.735312 0.141722 1.200185 15.8 0.6 25.2 46.9 8 7 

ZA2 

ZA211 4.03E-05 1.043836 1.025316 0.9308476 320.146738 39.8380104 66.7645972 18.9212015 176.172736 44.1093436 1.018063 1.101486 1.121383 1.131175 0.687474 0.6721735 0.1785463 1.081943 6.5 0.4 9.9 55.3 12.8 10.7 

ZA231 4.36E-05 1.08249 1.017538 0.899972 291.570448 28.1249242 31.2960668 17.5390073 149.213463 55.9794927 1.063832 1.130633 1.202804 1.206801 0.3298053 0.2882716 0.4328889 1.062793 3 0.9 3.1 38.7 22.6 14.8 

ZA241 3.96E-05 1.060436 1.040265 0.8992985 277.70453 30.7713182 38.7658342 40.909214 164.216341 33.7964567 1.019391 1.156751 1.179182 1.197524 0.7669542 0.7496334 0.1335419 1.134747 8.3 0.3 13.4 61.8 11 9.6 

ZA251 4.47E-05 1.059246 1.013581 0.9271727 287.355911 24.0535288 43.3247466 44.4514302 178.522082 35.8765755 1.045053 1.093196 1.142447 1.145324 0.3381893 0.3084923 0.41802 1.046067 1.5 0.4 1.5 52.9 31.1 21 

ZA252 2.01E-05 1.057666 1.015201 0.9271337 7.24232054 45.2489504 271.54227 5.62330254 176.04764 44.2008201 1.041829 1.094988 1.140791 1.14433 0.377809 0.3493537 0.3885203 1.051025 1.2 0.3 1.3 33.2 17.5 12 

ZA262 3.89E-05 1.083155 1.032542 0.8843037 293.701144 29.9116848 51.9864944 39.4777619 178.899186 36.0980037 1.049017 1.167633 1.224867 1.236213 0.528144 0.4909507 0.2916394 1.113073 4.5 0.7 5.7 44.5 16.7 12.5 

ZA271 3.34E-05 1.097634 1.076084 0.8262815 324.100302 29.7194691 65.8890936 19.6923794 184.437877 53.1706585 1.020026 1.302322 1.328402 1.373114 0.8603537 0.8411683 0.0826997 1.276753 83.8 1.1 143.6 36.5 3.4 3.1 

ZA281 4.51E-05 1.112065 1.018787 0.8691475 306.141868 22.1560235 50.698054 31.6836294 187.430828 49.7142272 1.091558 1.172168 1.27949 1.283859 0.2890897 0.2320198 0.4752322 1.073849 41.7 15.1 38.9 10.4 6.5 4 

ZA282 1.98E-05 1.090681 1.038198 0.8711209 21.349529 21.5026913 285.057514 15.5458961 161.975109 62.9945287 1.050552 1.191796 1.252043 1.266531 0.5612032 0.5219267 0.2714839 1.134447 5.5 0.7 7.3 22.6 7.4 5.7 

ZA291 3.52E-05 1.099896 1.061839 0.838265 329.03332 38.0801345 85.2214485 29.3898877 201.312366 37.9839869 1.035841 1.26671 1.312111 1.34371 0.7407271 0.7090731 0.1568731 1.22288 7.4 0.3 11.6 57.7 11.8 10.1 

ZA3 
ZA311 6.33E-05 1.043501 0.9964606 0.9600382 291.451997 28.7481403 74.6631525 55.5890735 191.638012 17.260704 1.047207 1.037938 1.086937 1.087108 -0.1066484 -0.1272188 0.7847582 0.9911488 13.1 10.3 6.2 12.5 16.1 7.1 

ZA312 2.76E-05 1.023965 0.9931042 0.982931 221.49052 82.9003197 9.75871819 6.04696099 100.1519 3.70634513 1.031075 1.01035 1.041746 1.043463 -0.4964741 -0.5041522 1.205325 0.9798998 0.1 0.2 0 39.1 67.9 31.4 

155:2295576483



ZA321 5.31E-05 1.053549 1.024043 0.922408 262.685637 1.301714 353.455018 30.5800674 170.484848 59.3861892 1.028813 1.110184 1.142173 1.150284 0.5726224 0.5500085 0.2535157 1.079092 12.1 1.4 16.5 32.5 9.9 7.7 

ZA332 6.28E-05 1.040828 1.025255 0.9339162 102.329312 2.66991002 10.6680223 31.8686821 196.607946 57.9928485 1.015189 1.097802 1.114477 1.124592 0.7218319 0.7086862 0.157098 1.081378 8.4 0.4 13.1 55.1 11.1 9.5 

ZA333 1.29E-05 1.023106 1.014679 0.9622148 26.166526 18.9555527 118.832127 7.71130426 229.974828 69.4235256 1.008305 1.054525 1.063282 1.068861 0.7304345 0.7232256 0.1486747 1.04584 2.2 0.1 3.6 49.4 10.6 9.2 

ZA334 1.46E-05 1.024734 1.012053 0.9632137 43.1291657 12.4850658 307.815111 22.6983603 159.806762 63.7485695 1.01253 1.050704 1.06387 1.067689 0.5977452 0.5877365 0.2298182 1.037701 0.7 0.1 1 53.3 19.2 15.5 

ZA351 4.98E-05 1.039891 1.034073 0.9260355 330.475486 38.1452583 68.8980988 10.5643664 171.688064 49.8872781 1.005627 1.116667 1.12295 1.139716 0.9032245 0.8977921 5.24E-02 1.110419 2.7 0 4.7 108.7 18.3 17.4 

ZA362 4.63E-05 1.039288 1.036924 0.9237884 327.779042 34.0251456 66.7080787 12.9469122 174.426513 52.9332691 1.00228 1.122469 1.125028 1.144236 0.9613413 0.9590661 2.07E-02 1.119916 7.7 0 14.2 114.6 10.7 10.5 

ZA364 9.90E-06 1.054001 1.010811 0.9351872 29.1424281 19.7401945 293.168541 16.1737501 166.612509 64.0363492 1.042728 1.080865 1.127048 1.129062 0.3003452 0.2729865 0.4442506 1.036575 3 1 2.9 19.9 11.7 7.5 

ZA371 4.62E-05 1.037863 1.030572 0.9315652 241.020662 13.1026412 335.571762 18.8245942 118.173346 66.7748382 1.007075 1.10628 1.114107 1.128517 0.8695002 0.862807 7.10E-02 1.098507 8.9 0.1 15.4 84.8 10.3 9.6 

ZA4 

ZA412 3.54E-05 1.087149 1.07874 0.834111 51.4842846 22.8706067 314.748607 15.539159 193.46275 61.8334192 1.007796 1.293281 1.303363 1.351956 0.9413822 0.9335328 3.38E-02 1.283277 51.1 0.1 92.5 79.9 4.2 4.1 

ZA421 2.63E-05 1.073144 1.009757 0.9170991 12.7935325 25.9974776 103.717446 1.89372959 197.591355 63.9232033 1.062775 1.101033 1.170151 1.171698 0.2250658 0.187571 0.509748 1.035998 7 2.9 6.1 11.8 8.1 4.8 

ZA422 5.51E-05 1.062943 1.048864 0.8881928 289.039193 16.9170253 26.3775554 22.7802973 165.714948 61.0300425 1.013423 1.180897 1.196748 1.221574 0.85152 0.8388636 8.40E-02 1.165255 83.7 1.1 143.4 36 3.4 3.1 

ZA441 4.24E-05 1.162007 0.9393551 0.8986378 300.511289 12.5202143 34.7691559 18.4869569 178.250189 67.411493 1.237026 1.04531 1.293076 1.316264 -0.6551798 -0.6907968 1.464399 0.8450184 6.1 9.4 0.3 13.1 59 11.1 

ZA451 5.06E-05 1.057231 1.039837 0.9029319 291.025843 16.6768542 29.3658403 25.8352388 171.699934 58.5477727 1.016728 1.151623 1.170887 1.189324 0.7896895 0.7745394 0.1194639 1.132675 11.6 0.3 19.1 59.4 9.2 8.2 

ZA462 5.17E-05 1.081388 1.038691 0.8799208 306.554064 25.2420263 49.0128259 24.5885101 177.096592 53.4294921 1.041107 1.180437 1.228961 1.244271 0.6092096 0.5761368 0.237051 1.133829 4.9 0.5 6.9 49.9 15.2 12.1 

ZA463 2.22E-05 1.076774 1.030334 0.8928931 0.43041711 31.8034685 92.0342701 2.58429907 186.187187 58.0666392 1.045073 1.153927 1.205938 1.216285 0.5291347 0.4948891 0.2890567 1.10416 4.1 0.6 5.3 24.4 8.7 6.5 

ZA473 4.92E-05 1.10155 1.003868 0.8945819 306.59707 13.1526445 43.1199613 25.9264621 192.234457 60.4695878 1.097306 1.122164 1.231358 1.231852 0.1076356 5.61E-02 0.6177469 1.022654 6.4 3.6 4.5 21 18.8 10.1 

ZA482 5.42E-05 1.106611 1.017054 0.8763348 311.001013 13.0369202 49.9739192 33.963791 203.138629 52.9514093 1.088055 1.160577 1.262772 1.26651 0.2765668 0.2221788 0.482792 1.066653 7.4 2.8 6.8 23.7 15.3 9.4 

ZA5 

ZA511 7.20E-05 1.084749 1.078266 0.8369852 98.9288769 22.2208301 358.396711 24.1057656 226.498007 56.1775657 1.006012 1.288274 1.296019 1.344484 0.9537694 0.9476739 2.65E-02 1.280576 27 0 49.2 98.1 5.8 5.6 

ZA521 7.83E-05 1.081268 1.070525 0.8482059 23.9931544 27.6507781 119.214625 9.8541062 226.985304 60.3545482 1.010035 1.262106 1.274771 1.316188 0.9177378 0.90781 4.72E-02 1.249566 77.5 0.3 138.3 58.5 3.4 3.3 

ZA531 6.46E-05 1.108173 1.036622 0.8552059 352.725855 28.2619278 91.5479399 15.9227709 207.418257 56.8223356 1.069023 1.212131 1.295796 1.308768 0.4848411 0.4343051 0.3294378 1.133868 47.6 9 57.5 13.4 5.3 3.8 

ZA542 3.18E-05 1.113815 1.070478 0.8157074 12.8235898 25.7038023 107.487216 9.58745118 216.267813 62.3157511 1.040484 1.312331 1.365459 1.403678 0.7451879 0.7092526 0.1567687 1.26127 6.3 0.3 9.9 33.4 6.4 5.5 

ZA544 7.37E-05 1.100592 1.039732 0.8596749 335.219734 20.1404532 79.7165817 34.315761 220.586675 48.6553067 1.058534 1.209448 1.280242 1.295317 0.5394855 0.494767 0.2891369 1.142569 9.3 1.4 12.1 32.6 11.6 8.7 

ZA551 8.75E-05 1.094335 1.061059 0.8446061 331.848684 19.6122978 72.2707979 26.9159296 210.360274 55.6985611 1.031362 1.256276 1.295675 1.32706 0.7615744 0.7334988 0.1427622 1.218075 127.2 4.8 202.6 18.2 2.8 2.5 

ZA561 6.45E-05 1.101532 1.070751 0.827717 329.328738 12.2131516 69.5097917 39.2363652 225.335668 48.1671196 1.028747 1.29362 1.330808 1.370139 0.8016587 0.7751701 0.1191098 1.257471 2.8 0.1 4.5 87.2 18.7 16.6 

ZA571 7.24E-05 1.084974 1.05732 0.857706 349.97642 24.7784896 88.3768163 17.5615341 210.030549 58.9072249 1.026155 1.23273 1.264972 1.294082 0.7803123 0.7566382 0.1295636 1.20131 44.7 1.4 72.3 32.5 4.8 4.2 

ZA581 7.27E-05 1.080344 1.004345 0.9153113 338.689472 24.0720297 112.391867 57.1137759 238.814283 21.0018509 1.07567 1.097271 1.180302 1.180771 0.1199384 7.90E-02 0.598263 1.020081 1.1 0.6 0.8 47.6 41.9 24.1 

ZA591 6.76E-05 1.082983 1.045621 0.8713967 0.91278135 32.9420875 105.653424 21.4388249 222.573494 49.0641722 1.035732 1.199936 1.242813 1.262875 0.6769813 0.6468377 0.1936814 1.15854 8.9 0.6 13.2 46.2 11.1 9.1 

MK1 

MK111 7.21E-05 1.067844 1.025423 0.9067328 239.481298 20.3876281 101.629101 63.3766925 335.749688 16.3720474 1.041369 1.130899 1.177683 1.185708 0.5042968 0.4734017 0.3032176 1.085974 19.4 3.1 24.5 22.3 8.2 6 

MK112 3.16E-05 1.035982 1.013174 0.9508441 143.619275 66.9160595 266.181478 12.9195564 0.65744323 18.7888903 1.022511 1.065552 1.089539 1.093078 0.4808039 0.46421 0.3093286 1.042093 0.9 0.1 1.1 43.1 18.9 14.1 

MK122 9.95E-05 1.058794 0.9977823 0.9434234 133.701048 60.6649225 248.597921 13.3106091 345.113311 25.6230797 1.061147 1.057619 1.122289 1.122307 -2.89E-02 -5.77E-02 0.7189294 0.9966747 0.3 0.2 0.2 65.2 69.8 40.7 

MK131 7.40E-05 1.06659 0.9882944 0.9451152 105.351402 65.4573393 253.42109 21.1830758 348.073036 11.8201549 1.079223 1.045687 1.128529 1.130072 -0.2610717 -0.289084 0.9510323 0.9689256 3.4 3.4 1 21.4 36.9 14 

MK132 3.71E-05 1.064236 0.9823498 0.9534143 175.990318 75.7188948 72.6430163 3.36298298 341.812089 13.8631095 1.083357 1.030349 1.116236 1.120431 -0.4562171 -0.4777997 1.171833 0.9510707 2.8 3.6 0.4 10.6 27.8 7.8 

MK141 8.31E-05 1.089273 0.9714886 0.9392384 111.411549 56.3658369 270.58664 31.8732536 6.64054147 9.62642909 1.121241 1.034336 1.159741 1.16806 -0.5443872 -0.5700978 1.292314 0.9224921 13.3 18.5 1.4 9.4 32.6 7.4 

MK151 7.27E-05 1.051947 1.011003 0.93705 94.3669625 50.5021212 241.993874 34.8442899 343.686148 16.2303891 1.040498 1.078921 1.122615 1.124727 0.3135209 0.2872969 0.4336104 1.036928 1.3 0.4 1.3 54.3 33.5 22.3 

MK153 3.47E-05 1.046847 1.010452 0.9427013 81.7064082 70.3093727 219.392061 14.8223867 312.801773 12.6667507 1.036019 1.071868 1.110476 1.112504 0.324637 0.3010727 0.4234546 1.034603 0.6 0.2 0.7 39.1 23.6 15.9 

MK161 9.29E-05 1.053951 0.99896 0.947089 153.328149 70.7105261 251.972232 3.01109359 343.012085 19.034522 1.055048 1.054769 1.112832 1.112832 -2.47E-03 -2.92E-02 0.6928717 0.9997355 2 1.3 1.2 33.4 35.1 17.9 

MK162 4.14E-05 1.0688 0.9802392 0.9509607 106.60208 81.3165246 233.668285 5.25947675 324.305623 6.88992775 1.090347 1.030788 1.123917 1.128893 -0.4808427 -0.5030801 1.203947 0.9453767 1.4 1.8 0.2 14.9 38.8 11.3 

MK2 

MK221 7.40E-05 1.039284 1.003377 0.9573384 342.205617 59.2308153 102.395527 16.6678555 200.444185 25.0628631 1.035786 1.048091 1.085597 1.085904 0.1437926 0.1236477 0.5611082 1.01188 1.2 0.6 0.9 47.8 39 23.1 

MK241 7.03E-05 1.035022 1.013585 0.9513927 319.393012 10.7201226 61.9014845 48.8433685 220.52841 39.1450206 1.02115 1.06537 1.087902 1.091698 0.5031743 0.4873349 0.2940154 1.043304 2.7 0.4 3.4 54 21.5 16.1 

MK242 3.18E-05 1.048149 1.00776 0.944092 73.4185365 51.3719228 339.97067 2.75139435 247.780465 38.492648 1.040078 1.067438 1.110219 1.111406 0.2483378 0.2237097 0.481613 1.026305 1 0.4 0.9 30.1 20.2 12.7 

MK243 3.01E-05 1.025155 1.015115 0.9597302 18.4266548 43.3395206 132.340815 23.2469768 241.697867 37.6535033 1.009891 1.057708 1.06817 1.073743 0.7015017 0.693064 0.1662228 1.047349 1.8 0.1 2.8 49.3 11.9 10.1 

MK262 6.55E-05 1.091125 0.9596906 0.9491847 191.522053 41.4093427 339.99349 44.024547 86.4980822 16.3798646 1.136955 1.011068 1.149539 1.167607 -0.8420281 -0.8519669 1.724338 0.8892776 35.4 61.1 0.4 5.2 54.7 4.8 

MK264 3.14E-05 1.039347 1.002705 0.9579481 139.167046 77.4442306 359.034838 9.70040092 267.67652 7.89501848 1.036543 1.046722 1.084972 1.085183 0.119826 9.97E-02 0.5808947 1.00982 0.8 0.4 0.6 28.8 24.3 13.9 

MK271 8.57E-05 1.060388 1.014425 0.9251872 344.975569 62.0906027 184.867471 26.4769721 90.7536937 8.19581421 1.04531 1.096454 1.146134 1.149302 0.350217 0.3200729 0.4095859 1.048927 4.5 1.3 4.7 34 18.3 12.2 

MK273 6.43E-05 1.045376 0.9963769 0.9582479 45.6554172 41.7432758 233.59356 47.9825252 139.192443 3.95502126 1.049177 1.03979 1.090924 1.091093 -0.1032664 -0.1247551 0.7823713 0.9910535 1.2 0.9 0.6 20.1 25.2 11.6 

MK281 7.89E-05 1.04704 1.002833 0.9501268 341.044235 70.8705001 159.359842 19.1218364 249.540641 0.52145672 1.044083 1.055473 1.102001 1.102223 0.1117083 8.77E-02 0.590933 1.010909 4.1 2.1 3 26.9 22.8 12.6 

156:8947761274



MK282 3.56E-05 1.03987 1.015737 0.9443924 173.910973 61.4767836 14.2945779 26.9965062 279.916269 8.52245881 1.023759 1.075546 1.1011 1.105652 0.5123799 0.4944801 0.2893248 1.050585 3.4 0.5 4.4 26.4 9.5 7.2 

MK3 

MK321 7.82E-05 1.047269 1.00569 0.9470405 151.881259 33.2073872 272.203686 37.6429414 34.7310876 34.8819049 1.041344 1.061929 1.105834 1.106534 0.1945844 0.1703128 0.5234103 1.019768 5.7 2.4 4.8 25.2 18.2 10.8 

MK322 3.18E-05 1.079547 0.9705595 0.949894 163.554499 35.8279031 311.770572 49.6578169 61.5679361 16.0485734 1.112293 1.021756 1.136492 1.146845 -0.6635725 -0.6812177 1.450087 0.9186028 4.3 6.6 0.2 7.8 35.9 6.6 

MK323 3.43E-05 1.076452 0.990989 0.9325589 124.292977 2.18039501 18.8952919 81.8397775 214.594117 7.85970171 1.086241 1.062656 1.1543 1.154945 -0.1529793 -0.1878704 0.8448187 0.9782876 4.5 3.9 1.8 10.1 14.6 6 

MK331 2.84E-05 1.034082 1.006559 0.9593588 272.904802 69.0041522 100.022947 20.8479851 9.11678225 2.37801042 1.027344 1.0492 1.077889 1.078944 0.2806697 0.2633371 0.4514779 1.021275 0.4 0.1 0.4 42.6 28.2 18.7 

MK332 3.63E-05 1.035709 0.9832888 0.981002 180.900885 41.6425009 84.1401192 7.54196391 345.871914 47.3654624 1.053311 1.002331 1.055766 1.063284 -0.9141886 -0.9163985 1.839504 0.9516002 1 1.8 0 29.1 117.9 28 

MK351 4.20E-05 1.086604 0.967896 0.9455004 31.4926666 48.8935315 147.166749 20.7083658 251.747258 33.6603131 1.122645 1.023687 1.149237 1.160617 -0.663397 -0.6825637 1.45209 0.9118524 2.9 4.4 0.2 18.9 72.9 16 

MK352 1.87E-05 1.126406 0.9852859 0.8883086 34.5645939 73.422641 185.438597 14.5764261 277.45981 7.72389771 1.143228 1.109171 1.268034 1.268848 -0.1273555 -0.1853983 0.8423202 0.9702098 0.7 0.6 0.3 47.2 60.7 29.8 

MK361 3.95E-05 1.0739 0.9920351 0.9340645 186.531431 62.3851902 31.5588216 25.3608976 296.663164 10.2065305 1.082523 1.062063 1.149707 1.150206 -0.1367747 -0.1708766 0.8277313 0.9810999 4.3 3.7 1.8 10.4 14.9 6.2 

MK362 1.46E-05 1.091882 0.9841149 0.924004 245.634825 66.9980016 37.2024611 20.4711464 130.991335 10.0379922 1.109506 1.065055 1.181685 1.183649 -0.2449287 -0.2838718 0.9453691 0.959936 2 2 0.6 14.1 24.2 9.1 

MK363 1.53E-05 1.099688 1.005482 0.8948302 200.716158 74.51212 23.9789031 15.4639782 293.746708 0.83930234 1.093692 1.123657 1.228934 1.229659 0.1311178 8.03E-02 0.5971639 1.027398 5.8 3.1 4.2 11.4 9.8 5.3 

Mz7 

MZ711 3.25E-05 1.075061 1.00698 0.9179592 303.023686 14.4504018 54.1375459 54.4210236 203.862852 31.708218 1.067609 1.096977 1.171142 1.17205 0.1717701 0.1332866 0.5532299 1.027508 4.5 2.1 3.6 26.9 20.9 12 

MZ712 1.61E-05 1.041909 1.017545 0.9405459 350.598262 37.1360894 259.711972 1.17013498 168.167788 52.8390913 1.023944 1.081866 1.107771 1.11312 0.5376216 0.5192658 0.2732014 1.056568 0.6 0.1 0.9 50.4 20.9 16.2 

MZ713 1.30E-05 1.099652 0.9955777 0.9047711 356.663131 37.40911 89.0719836 3.14553623 183.165957 52.412286 1.104536 1.100364 1.215392 1.215407 -1.94E-02 -6.81E-02 0.7285869 0.9962229 2.2 1.6 1.2 15.6 17.8 8.5 

MZ731 3.53E-05 1.075207 0.9916284 0.9331648 281.73729 43.4987377 54.8780054 35.77648 164.915962 25.430937 1.084284 1.062651 1.152215 1.152765 -0.1422376 -0.1768119 0.8336759 0.9800487 3.2 2.7 1.3 23.7 33 14.2 

MZ733 1.67E-05 1.056136 1.016977 0.9268874 349.297556 61.0265259 79.4671447 9.39E-02 169.519148 28.9732935 1.038506 1.097196 1.139444 1.143785 0.4211321 0.3940469 0.3570682 1.056514 3.5 0.8 4.1 22 9.9 7 

MZ741 2.83E-05 1.041366 1.020227 0.9384073 12.1779026 30.0582275 272.238424 16.6080273 157.243891 54.7816974 1.02072 1.08719 1.109716 1.116605 0.6060009 0.5893618 0.2288085 1.06512 0.5 0 0.6 95.5 45.2 37.3 

MZ751 3.64E-05 1.072147 1.010639 0.9172143 80.4085129 10.7424212 339.958593 43.7121442 181.076521 44.2967394 1.060861 1.101856 1.168916 1.170703 0.2429309 0.206 0.4953213 1.038644 1.2 0.5 1.1 51.7 36.8 23.2 

MZ752 1.27E-05 1.031119 1.02846 0.9404213 269.036341 19.1575704 14.3395571 37.2241949 157.552987 46.5109854 1.002585 1.093616 1.096444 1.110551 0.9439174 0.9413717 2.98E-02 1.090797 0.5 0 0.9 85.5 20.8 20.2 

MZ761 2.32E-05 1.051217 1.018564 0.9302189 291.323782 51.8873429 57.8438828 25.0247762 161.428587 26.7087555 1.032058 1.094972 1.130075 1.135379 0.4839021 0.4602644 0.3119621 1.060959 3.7 0.6 4.6 45.5 18.5 13.6 

MZ771 2.47E-05 1.035605 0.990052 0.9743423 169.858065 3.64579531 78.110053 25.5821386 267.405486 64.1216716 1.046011 1.016123 1.062876 1.065276 -0.4754002 -0.4871418 1.183626 0.9714268 1 1.3 0.1 34 73.9 25.9 

Mz8 

MZ822 1.54E-05 1.076381 0.995503 0.9281164 27.2797359 63.0043307 237.304724 23.8007624 141.927817 11.9944105 1.081243 1.072606 1.159747 1.159831 -5.41E-02 -9.10E-02 0.7500793 0.9920117 6 4.5 3.1 9.5 11.3 5.2 

MZ823 2.98E-05 1.074195 1.008493 0.9173115 45.6988372 50.5215497 187.392964 32.8774875 290.496567 19.3281256 1.065149 1.099401 1.171026 1.17226 0.2004761 0.1624116 0.5297149 1.032157 9.6 4.2 8 19.5 14.1 8.3 

MZ824 1.48E-05 1.075482 0.9917271 0.9327917 51.1003761 69.6041165 228.373391 20.3746874 318.704193 0.89061014 1.084453 1.063182 1.152971 1.1535 -0.1391705 -0.1739372 0.8307937 0.9803851 5.3 4.5 2.2 9.5 13.3 5.6 

MZ831 4.62E-05 1.043407 1.034242 0.9223507 90.4294749 19.9960696 307.138292 65.5862116 185.41236 13.4248369 1.008862 1.121311 1.131248 1.147503 0.8569191 0.8485842 7.87E-02 1.111462 1.3 0 2.2 107.9 26.2 24.3 

MZ842 1.63E-05 1.077572 0.9746319 0.9477963 64.0366045 58.0361353 283.398219 25.7547762 184.594374 17.6012221 1.105619 1.028314 1.136924 1.144511 -0.5648549 -0.5864314 1.314594 0.9300792 1.2 1.7 0.1 15.3 46.4 12.2 

MZ843 3.34E-05 1.048682 0.9890347 0.962283 63.3205274 66.6710924 267.710697 21.4437961 174.242763 8.75507372 1.060309 1.0278 1.089786 1.091814 -0.3621655 -0.380742 1.054301 0.9693405 0.4 0.4 0.1 53 84.4 39.5 

MZ851 1.53E-05 1.05653 0.9947142 0.948756 34.4589087 78.9564302 182.51336 9.40348515 273.467002 5.73873993 1.062144 1.04844 1.113595 1.113885 -0.1206925 -0.1471354 0.8041987 0.9870982 0.7 0.5 0.3 25.6 32.8 15.4 

MZ852 3.04E-05 1.071553 1.020125 0.9083224 101.853353 58.005445 232.32154 22.0711049 331.718935 21.9344028 1.050413 1.123087 1.179705 1.18497 0.4047889 0.3698741 0.373976 1.069186 81.6 19.4 91.6 9.2 4.2 2.9 

MZ853 1.41E-05 1.079212 0.9796417 0.9411467 80.9384478 64.7656462 262.393612 25.2272288 172.129221 0.56114639 1.101639 1.040902 1.146699 1.151135 -0.4142934 -0.4423645 1.127889 0.9448667 0.7 0.8 0.1 21.4 45.3 15.7 

MZ861 4.23E-05 1.07162 0.9880733 0.9403068 56.55963 47.2900446 305.191081 18.5900783 200.630299 36.7769504 1.084555 1.050799 1.139649 1.141096 -0.241884 -0.2724797 0.9330674 0.9688755 24 23.7 7.8 8.3 14.4 5.3 

Mz9 

MZ911 1.54E-05 1.063278 0.9820051 0.9547171 65.6533979 55.5511402 317.755416 11.9044321 220.249501 31.7839577 1.082762 1.028582 1.11371 1.118178 -0.4766507 -0.4972759 1.196517 0.9499617 4.6 5.9 0.7 16.4 44.5 12.4 

MZ912 9.17E-06 1.073254 0.9768494 0.9498968 77.930109 63.9346355 333.354848 7.01748411 240.069467 24.9653389 1.098689 1.028374 1.129864 1.136472 -0.5416889 -0.5630141 1.282744 0.9360011 1.2 1.6 0.1 15.6 44.9 12.3 

MZ922 2.01E-05 1.07489 0.9860368 0.9390732 78.3269653 44.1160661 336.708864 11.73347 235.335971 43.5136612 1.090111 1.050011 1.144629 1.146602 -0.277463 -0.3084277 0.9722398 0.963214 6 6.2 1.7 16.1 29.4 10.6 

MZ931 1.89E-05 1.080667 0.9701624 0.9491709 23.0680407 44.593139 117.666938 4.64943442 212.33672 45.0303834 1.113903 1.022116 1.138538 1.149032 -0.6628054 -0.6807279 1.449357 0.9175983 1.8 2.8 0.1 23.5 81.3 19.9 

MZ942 2.00E-05 1.057739 1.003649 0.9386122 47.6851449 55.4301032 158.368808 13.6791444 256.79469 31.0497072 1.053893 1.06929 1.126918 1.127248 0.1213872 9.19E-02 0.5874114 1.01461 0.6 0.3 0.5 59 51.7 31.2 

MZ951 7.96E-06 1.040823 0.9892018 0.969975 28.2056385 56.3157402 154.80752 21.67354 255.213609 24.4417025 1.052184 1.019822 1.073041 1.07548 -0.4431474 -0.4572356 1.146181 0.9692425 1.2 1.4 0.2 16.5 38.4 12.2 

MZ952 1.60E-05 1.04542 1.000413 0.9541672 14.6045856 56.414733 135.827005 18.9937969 235.739552 26.5705814 1.044988 1.048467 1.095636 1.095658 3.64E-02 1.36E-02 0.6546549 1.003329 0.6 0.3 0.4 56.9 55.8 32 

MZ961 9.04E-06 1.055977 1.012024 0.9319994 40.8623501 63.3327308 252.648771 23.117932 157.191911 12.5579906 1.043431 1.085863 1.133023 1.135408 0.3191684 0.2909486 0.43091 1.040666 1 0.3 1 32.4 19.2 12.7 

MZ964 1.52E-05 1.030917 0.9949301 0.9741523 328.372832 62.4691911 94.1873523 16.9625863 190.914523 21.0092833 1.036171 1.021329 1.058271 1.058916 -0.2547293 -0.2679371 0.9281895 0.9856766 1 0.9 0.3 38.5 59 25.5 

Mz10 

MZ1011 1.95E-05 1.071169 0.9693685 0.9594619 346.681006 56.1858069 103.273074 16.6901187 202.629518 28.4680321 1.105018 1.010325 1.116427 1.129387 -0.8134578 -0.8226321 1.67416 0.9143069 1.3 2.1 0 13.6 68.2 12.5 

MZ1013 3.98E-05 1.027557 1.001087 0.9713564 336.524719 47.0210571 78.3164273 10.78138 177.831853 40.9623594 1.026441 1.030607 1.057858 1.057909 7.20E-02 5.80E-02 0.6160673 1.004059 0.1 0.1 0.1 93.2 89.5 65.7 

MZ1021 4.00E-05 1.035947 1.031634 0.9324198 294.728595 20.693341 62.878475 58.5542579 195.696181 22.5685644 1.004181 1.106405 1.11103 1.12664 0.92075 0.9166787 4.25E-02 1.101798 4.3 0 7.7 108.1 14.5 13.9 

MZ1031 1.93E-05 1.038087 1.001419 0.9604947 66.9482824 29.134121 326.264558 18.3976256 208.430957 54.5350342 1.036616 1.042607 1.080783 1.08086 7.42E-02 5.48E-02 0.6187875 1.005779 1 0.6 0.7 25.5 23.1 12.7 

MZ1035 3.43E-05 1.051028 0.9810531 0.9679188 59.6512107 34.774858 259.953671 53.4851135 156.5137 9.76383382 1.071327 1.01357 1.085864 1.092395 -0.6727606 -0.6839287 1.454124 0.9460882 0.7 1.1 0 35.5 96.4 30.4 

MZ1042 5.13E-05 1.051442 1.020204 0.9283534 338.999105 61.3332761 102.561745 16.8178882 199.753064 22.4973003 1.030619 1.09894 1.132588 1.138718 0.515525 0.492432 0.2906675 1.06629 6.1 0.9 7.8 39.3 14.4 10.8 
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MZ1061 2.54E-05 1.038422 1.034369 0.9272103 322.893291 35.1970912 81.282458 33.9830232 201.313524 36.5920712 1.003918 1.115571 1.119942 1.137238 0.9309517 0.9271097 3.71E-02 1.111216 11.1 0 19.9 64.5 4.5 4.4 

MZ1062 4.45E-05 1.048445 1.018943 0.9326122 50.19553 47.5415326 299.911071 17.5997051 196.01734 37.1247446 1.028954 1.092569 1.124202 1.129855 0.5124044 0.4906095 0.2918635 1.061825 5.3 0.8 6.8 41.4 15.3 11.5 

MZ1072 2.44E-05 1.058492 0.9793781 0.9621299 354.632812 70.3826271 97.8639302 4.66378276 189.474535 19.0105865 1.08078 1.017927 1.100155 1.106858 -0.6276972 -0.6420119 1.392723 0.9418453 0.5 0.7 0 22.3 62 18.6 

MZ1073 4.07E-05 1.057216 0.998988 0.9437956 32.1276238 62.9843489 266.940476 16.3734167 170.510191 20.8656687 1.058287 1.058479 1.120175 1.120175 1.60E-03 -2.68E-02 0.6906747 1.000181 61 40.2 36.1 6.4 6.7 3.3 

Mz11 

MZ1111 3.25E-04 1.045211 1.0081 0.9466886 72.4508499 51.3679472 164.944198 1.99126226 256.532434 38.5611125 1.036813 1.06487 1.10407 1.105388 0.269702 0.2466537 0.4640759 1.027061 5.9 2.1 5.6 27.2 16.8 10.6 

MZ1122 3.06E-05 1.102931 0.9737526 0.9233164 352.082442 27.0408361 128.568698 54.8609969 250.980337 20.6690469 1.132661 1.054625 1.194532 1.200178 -0.4015869 -0.4383952 1.123042 0.9311042 1.8 2.2 0.3 26.4 57.7 19.3 

MZ1131 3.62E-04 1.114165 1.003406 0.8824296 79.5770327 43.4007746 325.063272 23.689235 215.569989 37.2555132 1.110384 1.137094 1.262611 1.26312 0.1019395 4.41E-02 0.6280462 1.024055 3.3 1.9 2.2 28.5 26.2 14.1 

MZ1134 2.23E-05 1.050539 0.9997423 0.9497182 29.6340571 58.0625707 128.912083 5.73895948 222.414737 31.2957441 1.05081 1.052673 1.106159 1.106165 1.76E-02 -7.67E-03 0.6735002 1.001772 4.8 3 3 11.5 11.6 5.8 

MZ1141 2.89E-05 1.103215 0.9549102 0.9418751 10.8199617 15.2220047 232.826066 69.8877557 104.372617 12.8289566 1.155307 1.013839 1.171296 1.191455 -0.82614 -0.8384147 1.700986 0.8775496 3.3 5.7 0 16.8 95.2 15.5 

MZ1153 1.63E-05 1.024114 1.00122 0.9746665 358.512631 51.8305122 206.391726 34.7926296 106.618943 13.7280733 1.022866 1.027243 1.050732 1.050797 8.63E-02 7.40E-02 0.6024623 1.00428 0.1 0 0 65 61.6 44.8 

MZ1154 3.26E-05 1.040954 1.001491 0.9575553 0.94661941 47.6741927 160.747865 40.5219286 259.576198 10.1793507 1.039404 1.045883 1.087095 1.087179 7.44E-02 5.36E-02 0.6198297 1.006234 5.3 3 3.7 22.9 20.7 11.1 

MZ1162 3.80E-05 1.025088 1.000684 0.9742278 278.415539 18.9819652 37.771009 54.9439544 177.762231 28.2552931 1.024387 1.027156 1.052205 1.05223 5.31E-02 4.04E-02 0.6312589 1.002704 2 1.2 1.4 35.1 32.6 17.7 

MZ1163 1.44E-05 1.043278 0.9851543 0.971568 56.9470622 47.483341 187.339487 30.7165309 294.387516 26.263364 1.058999 1.013984 1.073808 1.078421 -0.6099785 -0.6210757 1.362866 0.9574925 0.5 0.7 0 22.4 60.4 18.4 

MZ1171 3.32E-05 1.033944 1.012972 0.9530839 6.04973673 49.187274 152.102659 35.6167921 254.962909 17.259777 1.020704 1.062836 1.084841 1.088408 0.4967126 0.4812754 0.2980081 1.041278 4.4 0.7 5.6 44.1 16.9 12.6 

Mz12 

MZ1211 3.48E-05 1.04816 1.000926 0.9509137 343.987549 30.7830522 111.899265 45.8866085 235.398773 28.1515657 1.04719 1.052594 1.102266 1.102316 5.29E-02 2.86E-02 0.6415132 1.00516 43.6 25.7 28.8 8 7.5 3.9 

MZ1212 1.74E-05 1.051507 0.9914245 0.9570683 18.0722168 32.2378425 124.153456 23.7122737 243.445041 48.0843054 1.060603 1.035897 1.098675 1.099751 -0.2504556 -0.2724157 0.9329987 0.9767064 1.5 1.4 0.5 16.4 27.3 10.6 

MZ1221 2.68E-05 1.084664 0.9885307 0.9268051 3.20406054 30.1495186 189.13619 59.7166928 94.7055502 2.58299624 1.097249 1.0666 1.170326 1.171319 -0.1801206 -0.2179671 0.8755948 0.9720677 4.4 4 1.6 19.9 30.2 12.3 

MZ1231 4.05E-05 1.048236 0.9982582 0.9535051 346.54526 50.8663784 113.20317 25.9095598 217.591601 27.0914076 1.050066 1.046935 1.099351 1.099368 -3.15E-02 -5.52E-02 0.7166137 0.9970192 0.8 0.5 0.4 48.1 52.4 27.7 

MZ1241 3.80E-05 1.040212 1.017846 0.9419419 351.117397 20.8606206 95.0963627 32.3708269 234.123994 49.9838219 1.021974 1.080583 1.104327 1.109965 0.5619378 0.5448074 0.256822 1.057349 0.9 0.1 1.2 80.5 34.5 27.3 

MZ1251 3.37E-05 1.058474 0.9852285 0.9562976 355.56769 36.4261037 119.119477 36.8308865 237.570457 32.4608813 1.074343 1.030253 1.106845 1.109997 -0.4128023 -0.4337054 1.117334 0.9589608 6.2 7.4 1.2 14.7 35.2 10.6 

MZ1261 3.44E-05 1.037877 0.9987013 0.9634222 63.545736 60.9292506 319.775122 7.53814075 225.758333 27.8944753 1.039226 1.036619 1.077281 1.077297 -3.38E-02 -5.23E-02 0.7140098 0.9974905 2.6 1.8 1.5 28.7 31.6 15.6 

MZ1262 1.77E-05 1.028691 0.9955476 0.9757612 7.87251027 60.7108745 108.460445 5.88450431 201.678851 28.5779269 1.033292 1.020278 1.054245 1.054777 -0.239938 -0.2523569 0.9115871 0.9874054 0.2 0.2 0.1 38.3 52.9 26.3 

MZ1271 3.59E-05 1.031617 1.005975 0.9624082 2.75637069 18.9166112 104.264425 30.2061378 245.453004 53.2362495 1.02549 1.045268 1.071912 1.072845 0.2750891 0.2589923 0.454747 1.019287 0.4 0.1 0.4 76 54.8 37.9 

MZ1273 1.41E-05 1.026163 1.00936 0.9644783 165.810357 7.96556798 68.9041753 40.6733308 264.819544 48.2166957 1.016647 1.046535 1.063956 1.066318 0.467372 0.4552011 0.31535 1.029398 0.3 0 0.4 57.7 30.6 23.3 

c 

158:4252613400



 

 

 

 

 

 

Article 3 
 
Staneczek Dorota, Marynowski Leszek, 2025. Application of biomarker and non-
biomarker parameters to assess maturity using the Central Carpathian Paleogene 

Basin as a case study. Organic Geochemistry 201, 104933.  

159:1669777165



Application of biomarker and non-biomarker parameters to assess maturity 
using the Central Carpathian Paleogene Basin as a case study☆

Dorota Staneczek , Leszek Marynowski *

Institute of Earth Sciences, Faculty of Natural Sciences, University of Silesia in Katowice, Będzińska 60, 41-200 Sosnowiec, Poland
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A B S T R A C T

This study employs an integrated approach to investigate the thermal maturity of sedimentary rocks within the 
Central Carpathian Paleogene Basin (CCPB) by combining biomarker and non-biomarker parameters. The 
research primarily applies biomarker ratios based on the distribution of aliphatic and aromatic hydrocarbons and 
compares them with other paleotemperature indicators such as Rock-Eval pyrolysis. The results reveal a notable 
thermal gradient across the CCPB. The highest maturity levels are recorded in the Spǐs Basin with calculated 
vitrinite reflectance values exceeding 2.0 %, and the least mature in the Orava Basin and Šarǐs Upland. The latter 
two contain unsaturated compounds, indicating immature organic matter. The variations in the paleotemper-
ature pattern emerge from the changing thickness of overlying rocks in these areas. The findings suggest that the 
calculated vitrinite reflectance derived from the methylphenanthrene index (MPI1) is the most appropriate 
method for characterizing the broadest maturity range. When comparing the results of the illite/smectite-derived 
paleotemperatures with biomarker-derived ones, there is a good agreement in the results of the rocks with a 
higher degree of maturity. In contrast, at lower maturities, the illite/smectite-derived paleotemperatures appear 
to be overestimated. This study highlights the limitations of using a single maturity indicator and argues for a 
comprehensive approach combining different parameters to accurately reconstruct paleotemperatures. These 
results advance our understanding of the geological evolution of the CCPB and provide valuable information for 
future hydrocarbon exploration in the region. The CCPB is an excellent testing ground for comparing different 
maturity parameters.

1. Introduction

The thermal maturity of sedimentary rocks is one of the most 
important parameters considered in fossil fuel exploration (Hunt, 1995). 
However, the correct estimation of thermal maturity is not always 
straightforward as it requires the use of more than one investigation 
indicator and the results obtained may not always agree.

There are numerous methods for determining thermal maturity. 
These can be broadly divided into methods based on the properties of 
organic matter and other, i.e., mineralogical methods. Methods using 
organic matter to estimate thermal maturity are broad and include both 
petrographic and chemical techniques. Vitrinite reflectance is a widely 
used technique, covering a wide temperature range (Taylor et al., 1998), 
often supplemented by the fluorescence of organic matter (Pradier et al., 
1991). Vitrinite reflectance values can be converted to temperature, but 
these are usually approximate and dependent on the age of the rocks 

(Hunt, 1995). Graptolites, zooclasts and solid bitumens are also used to 
measure reflectance for maturity determination (Radke et al., 1997; 
Hartkopf-Fröder et al., 2015). Rock Eval pyrolysis Tmax values increase 
with increasing thermal maturity. It has been correlated with vitrinite 
reflectance, and works well for type III kerogen (Poelchau et al., 1997; 
Radke et al., 1997). There are many more thermal maturity parameters 
known, such as those based on the color of spores or conodonts (TAI, 
CAI), API gravity (Radke et al., 1997; Hartkopf-Fröder et al., 2015), or 
the application of biomarkers (Radke et al., 1997; Peters et al., 2005). 
The latter are based on aromatization of cyclic organic compounds or 
the isomerization of less stable biomarkers into more thermally stable 
ones. Many types of organic compounds have been applied as maturity 
parameters, covering a variety of thermal maturity intervals, but usually 
within the range of the oil window (Peters et al., 2005). The most 
frequently applied parameters are ratios based on the distribution of 
hopanes, steranes, and methylphenanthrenes (Radke and Welte, 1983; 
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Peters et al., 2005) or other polycyclic aromatic compounds (PACs; e.g., 
Kruge, 2000; Asif et al., 2011; Noah et al., 2020). The calculated vitrinite 
reflectance derived from the methylphenanthrenes can be treated like 
measured vitrinite reflectance and converted into paleotemperatures 
(Barker and Pawlewicz, 1994). Conversely, ratios based on PACs can 
provide insight not only into the maturity of the studied rocks but also 
into other characteristics, such as the paleoenvironment or the occur-
rence of paleofires (e.g., Argiriadis et al., 2024; Jiao et al., 2024). 
Furthermore, the thermal maturity of the rock can be evaluated by 
observing the presence or absence of unsaturated and biologically con-
figurated compounds, such as hopenes, oleanenes, lupenes, and 
ββ-hopanes (e.g., Staneczek et al., 2024a), to detect the immature 
organic matter. The most frequently employed aliphatic hydrocarbon 
parameters are derived from the distribution of hopanes and steranes 
and are typically applied in lower to moderate maturity ranges (e.g., 
Zumberge, 1987; Yuan et al., 2024).

An example of a ‘non-organic’ technique is the illitization of smec-
tite, commonly known as the illite/smectite method (Eslinger et al., 
1979; Środoń, 1999). It relies on the fact that, as the temperature in-
creases, smectite gradually transforms into illite. Another method is the 
measurement of rock porosity, which gradually decreases during 
diagenesis (Mondol et al., 2007) or fission track analysis (Gleadow et al., 
1986; Petmecky et al., 1999; Anczkiewicz et al., 2013). An additional 
technique is the homogenization temperature of fluid inclusions, 
although in this case, the temperature of migrated hydrothermal fluids 
rather than the maturity of rock complexes is more frequently assessed 
(Wilkinson, 2001).

Here, we use a variety of different organic compounds and Tmax to 
characterize the maturity of the Central Carpathian Paleogene Basin 
(CCPB) in eastern Central Europe (Fig. 1). The basin provides an 
excellent case study area featuring a wide maturity range, homogeneous 
kerogen types, and well characterized and understood lithologies 
(Marynowski et al., 2006; Środoń et al., 2006; Staneczek et al., 2024a). 
Moreover, for a large part of the study area, the results can be compared 
to illite/smectite data (Środoń et al., 2006), which expands the possi-
bilities of interpretation. The use of a broad spectrum of biomarkers, 
supported by other methods for determining thermal maturity, provides 

an example of research that can be used in future oil and gas exploration, 
potentially including the study area.

2. Geological setting

The evolution of the CCPB began during the Late Eocene in the 
Central Western Carpathian area (Soták et al., 2001) and is documented 
throughout the Paleogene. The age of the onset of sedimentation varies 
slightly in the different subbasins, and the rock facies also show subtle 
variations (Soták et al., 2001). Here, we focus on the most common units 
in the whole CCPB area. Generally, sedimentation started with basal 
transgressive lithofacies (conglomerates) followed by carbonates, 
commonly represented by limestones known as the Borove Fm. (Gross 
et al., 1984, 1993; Soták et al., 2001). The Early Oligocene basin 
deepening is reflected by the deposition of siltstones and dark to black 
shales sometimes intercalated with sandstones and conglomerates of the 
Huty Fm. (Fig. 2). Initially, more coarse-grained layers were rare, but 
with time their occurrence increased. The Zuberec Fm. was then 
deposited and is characterized by a rhythmic sequence of sandstones, 
siltstones, and shales (Gross et al., 1984, 1993). The youngest docu-
mented unit, the Biely Potok Fm. (Fig. 2), is composed predominantly of 
thick sandstone layers with the sporadic occurrence of siltstones. The 
increasing deposition of sandstones in this unit provides evidence for the 
upward coarsening nature and shallowing of the basin and the subse-
quent termination of sedimentation (Gross et al., 1984, 1993). The 
generalized stratigraphic thickness of the CCPB units estimated by Gross 
et al. (1984) is 1.2 km for the Huty Fm., 1 km for the Zuberec Fm., and 3 
km for the Biely Potok Fm. However, the thickness of each unit varies in 
different areas and depends on various factors, e.g., differential subsi-
dence (Soták, 1998). In the Orava region, the Huty, Zuberec and Biely 
Potok Fms. only reach thicknesses of 450 m, 1000 m, and 500 m, 
respectively (Gross et al., 1993). In the Levoča Basin, the estimated 
thickness of these units is higher and reaches 800 m for the Huty Fm., 
1450 m for the Zuberec Fm., and 900 m for the Biely Potok Fm. (Gross 
et al., 1999).

Fig. 1. Simplified geological map of the Central Carpathian Paleogene Basin (modified after Gross et al., 1994, 1999; Nemčok et al., 1993) and adjacent areas with 
marked sampling localities. Ch = Chochołów PIG1 borehole, Bkt = Bukowina Tatrzańska PIG1 borehole.
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3. Samples and methods

Altogether, 241 rock samples were analyzed in this study. A total of 
202 single samples from 126 sampling sites were collected from rock 
outcrops in streams, rivers and outcrops from the northern part of the 
CCPG (Fig. 1). In some sites, more than one rock sample was analyzed to 
improve the data precision and allow for further data comparison. 
Mostly mudstones and shales were sampled except from sites in the 
upper Zuberec Fm. and in Biely Potok Fm., where sandstone layers are 
dominant and mudstone layers are relatively rare. The samples were 
collected mostly from fresh outcrops where possible. However, five 
samples from the Šarǐs Upland were taken from sites interpreted as 
paleoweathered (Fig. 1). The sampling sites from the Orava Basin were 
derived from Staneczek et al. (2024a). In addition, 39 mudstone samples 
from the Chochołów PIG-1 (22) and Bukowina Tatrzańska PIG-1/GN 
(17) boreholes were analyzed. All samples were prepared for analyses 
by washing with distilled water, drying, and crushing to a <0.2 mm 
fraction size.

Total carbon (TC), total sulfur (TS), and total inorganic carbon (TIC) 
were measured using an Eltra CS-500 IR-analyzer with a TIC module 
(Faculty of Natural Sciences, University of Silesia in Katowice, Poland). 
Total organic carbon (TOC) was calculated from the previously obtained 
TC and TIC parameters (for details see Marynowski et al., 2017).

Rock-Eval analysis was conducted using the Rock-Eval 6 Turbo 
apparatus in three research centers: the Faculty of Geology, Geophysics, 
and Environmental Protection at AGH University of Krakow, the Oil and 
Gas Institute − National Research Institute, Krakow and the Polish 
Geological Institute − National Research Institute, Warszawa. In this 
study, only Tmax values were applied. Further details can be found in 
Staneczek et al. (2024a).

For vitrinite reflectance measurements, samples for microscopic 
observations were prepared according to the ISO 7404-2 (2009) pro-
cedure. Samples were analyzed in reflected light and immersion oil 
using a Zeiss Axio Imager.A2m.

The crushed and powdered rocks were extracted using a Thermo 
Scientific Dionex ASE 350 solvent extractor with a dichloromethane 
(DCM)/methanol (1:1, v:v) mixture. Column chromatography method 
was used to separate the extractable organic matter into aliphatic, aro-
matic, and polar fractions. Pasteur pipettes filled with silica gel (heated 
for 24 h at 120 ◦C) were sequentially eluted with n-pentane, n-pentane/ 

DCM (7:3) and DCM/methanol (1:1) and the fractions were then 
collected. Dried aliphatic and aromatic fractions were dissolved in ethyl 
acetate and prepared for gas chromatography-mass spectrometry 
(GC–MS) analysis. Detailed method descriptions can be found in Sta-
neczek et al. (2024a). The polar fraction was not analyzed in this study.

4. Results

4.1. General geochemical data

The TOC content in surface samples of the CCPB lithologies is 
generally moderate (Table S.1). In mudstones and shales from the Biely 
Potok, Zuberec, and Huty Fms., the obtained TOC content ranges usually 
from 0.5 wt% to 2.5 wt%, and only in the sandstones with plant detritus 
present, and in the coal beds the content was higher. Similarly, in the 
borehole samples, the TOC values are also moderate, with a maximum of 
3.4 wt% in the Chochołów PIG-1 borehole (Table S.2). The measured TS 
content is very low in both surficial and borehole samples, sometimes 
even showing values close to 0 wt%. Few samples show TS content 
higher than 2.0 wt%.

4.2. Vitrinite reflectance measurements

The vitrinite reflectance was measured in 60 surface samples 
(Table S.1, Fig. S1). Maximum reflectance values were recorded in the 
Spǐs Basin and the eastern part of the Podhale Basin reaching 1.61 %. 
The measured reflectance was significantly lower in the Orava and Šariš 
part of the CCPB and usually varied in the 0.3–0.5 % range. The 
measured reflectance was slightly higher in the Huty Fm. samples. The 
vitrinite reflectance was not measured in borehole samples. Due to the 
prevalence of dark vitrinites with suppressed reflectance by the presence 
of resinite (Staneczek et al., 2024a), this method was not used to esti-
mate the thermal maturity of the CPPB.

4.3. Rock-Eval

Rock-Eval analysis was performed for 114 samples from rock out-
crops and 35 samples from boreholes (Tables S.1, S.2). Most of the 
samples represent kerogen type III, and sometimes II/III and incidentally 
II (Soták et al., 2001; Staneczek et al., 2024a). Generally, the recorded 
temperatures are almost always higher than 420 ◦C. The obtained Tmax 
values are quite consistent in each of the CCPB subbasins (Fig. S2). In 
Huty Fm. samples, especially in the Spǐs Basin, the Tmax values were 
noticeably higher than those documented in other units (up to 606 ◦C). 
The lowest values for the Huty Fm. are documented in the Šariš Upland 
(up to 426 ◦C). In the Zuberec and Biely Potok Fms., the temperatures 
are similar and usually coherent, ranging from 420 ◦C to 450 ◦C, except 
for the Spǐs Basin, where Tmax reaches a maximum of 594 ◦C. In the 
samples from boreholes, the measured Tmax values increase with depth 
(Fig. 3). In the Chochołów PIG-1 well, the Tmax values start from 430 ◦C 
in the upper samples and reach 456 ◦C in the lower samples. In the 
Bukowina Tatrzańska PIG-1 borehole, Tmax values are higher than in 
Chochołów PIG-1 borehole and span from 448 ◦C in the upper samples to 
over 500 ◦C in the lower borehole.

4.4. Aliphatic ratios

We investigated the spatial distribution of three parameters based on 
aliphatic compounds (Table S.3, Fig. 4), but the data were also supple-
mented by additional sterane and hopane indicators (Tables S.3, S.4). 
The C31S/(S+R) homohopane (Seifert and Moldowan, 1980) parameter 
ranged from 0.28 to 0.62. The vast majority of the studied area is 
characterized by values varying from 0.50 to 0.62. Only a few areas, 
mainly in the Zuberec and Biely Potok Fms. in the northern Orava Basin 
and the Huty Fm. in the southeastern ̌Sariš Upland and northern parts of 
the Levoča, show values below 0.50, reaching a minimum in the south- 

Fig. 2. Lithostratigraphy of the Central Carpathian Paleogene Basin (CCPB) 
units (simplified after Gross et al., 1984; Starek, 2001).
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east Šarǐs Uplan (0.28). In the Chochołów PIG-1 borehole, the values of 
the applied parameter slowly increased from 0.55 to 0.62 down to 2500 
m, below which hopanes are not preserved (Fig. 3). This parameter was 
not applicable in the Spǐs Basin, eastern Podhale, and the Bukowina 
Tatrzańska PIG-1 borehole that lacked hopanes due to higher maturity.

The second parameter is the C29-ααα 20S/(S+R) ratio (Tables S.3, 
S.4; Mackenzie and McKenzie, 1983). Similarly to the hopane ratio, this 
parameter cannot be applied in the Spǐs, eastern Podhale and Bukowina 
Tatrzańska PIG-1 borehole due to the lack of steranes (Tables S.3, S.4, 
Fig. 4). The range of calculated values reaches from 0.03 to 0.68. The 
highest values (0.41–0.68) characterize the central Podhale, southern 
Orava, and central Levoča areas. These values were documented mostly 

in Huty Fm. samples. Intermediate values (0.20–0.40) were recorded in 
Huty Fm. from the Levoča and Podhale Basins, and the Zuberec Fm. from 
the Orava Basin. The lowest values of the sterane parameter, which 
suggest the lowest maturity, occur in the northern Orava (Biely Potok 
and Zuberec Fms.; ratio values 0.07–0.20), northern Levoča (Zuberec 
Fm., <0.20), and southeastern Šarǐs Upland (Huty Fm., values as low as 
0.03). In the Chochołów PIG-1 borehole, the parameter values increase 
with depth from 0.19 to 0.63 (Fig. 3). Steranes were not detected in 
samples below 2300 m.

The last applied parameter is based on the presence of immature 
compounds, i.e., oleanenes, lupenes and C30ββ hopanes (Table S.3). We 
calculated a ratio based on the sum of oleanenes, lupenes and C30ββ 

Fig. 3. Geochemical and biomarker-derived parameter changes in the Bukowina Tatrzańska PIG-1 and Chochołów PIG-1 boreholes. Abbreviations are given 
below Table S.3.
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Fig. 4. Spatial distribution of the values of aliphatic ratios in the CCPB surface samples.
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hopanes vs. C30αβ and C30βα hopanes. The ratio values ranged from 0.06 
to 0.45. These compounds are only present in Biely Potok and Zuberec 
Fms. for samples from the northern Orava Basin, as well as Zuberec and 
Huty Fms. of the northern Levoča Basin and the Huty Fm. in the 
southeastern Šariš Upland (Fig. 4). These compounds were not found in 
the borehole samples. An example of hopane distribution for samples 
with different thermal maturity is presented in Staneczek et al. (2024a).

4.5. Aromatic ratios

Seven different maturity ratios based on aromatic compounds were 
also calculated for surface and borehole samples (Tables S.3, S.4; Figs. 5, 
6, S3, S4, S5, S6).

The first two parameters are based on phenanthrene and methyl-
phenanthrenes compound distribution (Tables S.3, S.4). Firstly, the 
methylphenanthrene index was calculated (MPI1; Radke and Welte, 
1983), whose values vary between 0.11 and 3.70 in the samples. The 
highest ratios are documented in the Huty and Zuberec Fms. of the Spǐs 
Basin, especially in areas close to the Tatra Mountains. Usually, the MPI1 
parameter values recorded in the Tatra Mountains are higher than 2.0. 
In the Podhale Basin, the recorded values slowly decrease from east to 
west (above 1.5 to 0.5), and from the north to the south (0.5 to above 
1.5). The slight decrease in values also occurs in the Orava Basin, where 
the recorded values are, with few exceptions, below 0.6, with the lowest 
values in the northern part of the basin (below 0.25). A more compli-
cated spatial distribution of the MPI1 parameter occurs in the Levoča 
Basin and ̌Sariš Upland. The lowest values occur in the southeastern part 
of the Šarǐs Upland, where the MPI1 parameter shows values below 0.5. 
Usually, the documented values increase towards the Spǐs region with 
the MPI1 equaling 0.65; however, in some areas, the values can be as 
low as 0.11, and in others as high as 1.30. In the Chochołów PIG-1 
borehole, the MPI1 values increase gradually with depth starting from 
0.23 and reaching 0.88. In the Bukowina Tatrzańska PIG-1 borehole, the 
surface values reach 0.65 and increase significantly to 2.16 with depth. 
The next parameter, MPI3 (Radke, 1987), does not include phenan-
threne in the equation. Its values follow a comparable spatial distribu-
tion as the MPI1 parameter (Figs. 6, S3). However, its values are slightly 
higher and vary from 0.45 to 4.33 (Tables S.3, S.4). Similar to MPI1, the 
lowest values are recorded in the Orava region and the southeastern 
Šariš Upland, with the highest being in the Spǐs area. In the samples from 
boreholes, the MPI3 values increase with depth, from 0.64 to 0.94 in 
Chochołów PIG-1, to 0.95–3.73 in Bukowina Tatrzańska PIG-1 boreholes 
(Fig. 3). The MPI1 values were converted to a calculated vitrinite 
reflectance (Rc; Tables S.3, S.4). Two formulas were used. The first: Rc 
= 0.55 MPI1+0.44 for most samples, and Rc = 0.50 MPI1+2.27 for the 
highly mature samples with vitrinite reflectance above 1.5–1.7 % 
(Radke, 1987). The lowest Rc values are documented in the Zuberec and 
Biely Potok Fms. of the northern Orava Basin, where they reach 0.55 % 
(Fig. 6). The values slowly increase towards the east, and in the Podhale 
region show 0.60–0.87 % Rc. In the eastern Tatra foreland, the Rc rea-
ches its highest values, which in general are higher than 2.0 %.

Towards the southeast from the Spǐs region, after crossing the 
Ružbachy Fault, the Rc values start to decrease with an average of 
0.65–0.85 % (Fig. 6). In the Chochołów PIG-1 borehole, the calculated 
reflectance increases steadily, similar to MPI1, from 0.54 to 0.93 %. In 
the Bukowina Tatrzańska PIG-1 borehole, the Rc values of the shallow 
samples are around 0.79 % and increase with depth to 2.68 % (Fig. 3, 
Table S.4).

The third ratio is based on the five-ring polycyclic aromatic hydro-
carbon (PAH) compounds, i.e., benzo[e]pyrene (BeP), benzo[a]pyrene 
(BaP), and perylene (Pe). BeP is the most thermally stable compound 
(Marynowski et al., 2015), and, therefore, is present in all surface and 
borehole samples. BaP is documented in most of the samples, and its 
amount decreased with maturity, which was documented in the 
Chochołów PIG-1 borehole (Marynowski et al., 2015). The least stable 
compound, perylene (Holman et al., 2024), is recorded mainly in 

samples from the Orava Basin and Šarǐs Upland, the northern part of 
Podhale, and up to 1000 m in the Chochołów PIG-1 borehole 
(Marynowski et al., 2015). The Biely Potok and Zuberec Fms. samples 
generally contain perylene, except for samples from the Spǐs Basin. 
Conversely, in samples from the Huty Fm., perylene does not usually 
occur. However, in the Šarǐs Upland, all Huty Fm. samples contain 
perylene. Based on these organic compounds, the BeP/(BeP+Pe) ratio 
was calculated (Tables S.3, S.4). The ratio values vary from as low as 
0.02 (northern Orava and eastern Šariš) to 1.00 (Spǐs and Podhale). 
Generally, the Biely Potok and Zuberec Fms. record the lowest values of 
BeP/(BeP+Pe) ratios, especially in the Orava region. The Huty Fm. 
samples are characterized by the highest values of this parameter; but, 
interestingly they also display the lowest documented values in the 
eastern Šarǐs Upland.

A next parameter was derived from the ratio of three gymnosperm 
biomarkers: retene (R), simonellite (S), and dehydroabietane (D), which 
have different thermal stability. Retene is the most thermally stable 
compound and occurs in areas where the vitrinite reflectance values are 
lower than 1.0 % (Radke, 1987). Simonellite is much less stable and 
disappears near the first jump of carbonization (ca. 0.55 % Ro; Radke, 
1987), while dehydroabietane is present in immature organic matter 
only (Simoneit et al., 1986; Marynowski et al., 2007). R/(R+S+D) ex-
presses thermal maturity over most of the study area, except the 
southeastern part of Podhale and the Spǐs basin (Fig. 5). In the rest of the 
Podhale area and the majority of sites in the Levoča Basin, retene is the 
only compound present (R/(R+S+D) = 1). Simonellite is documented in 
less mature rocks. It occurs in the northern and central parts of the Orava 
Basin and in a few sampling sites in the Šarǐs Upland and the Podhale 
Basin. R/(R+S+D) in these areas generally ranges from 0.81 up to 0.94. 
The least mature regions are characterized by the occurrence of dehy-
droabietane (Table S.3). This includes some samples of the Biely Potok 
and Zuberec Fms. in the Orava region and Huty Fm. in southeastern 
Šarǐs (Fig. 5). There, in the Šariš Upland, the R/(R+S+D) parameter 
shows the lowest values, generally below 0.81, but in some sites even 
below 0.5. In the Chochołów PIG-1 borehole, simonellite is present in 
samples up to 700 m and retene up to 2300 m (Table S.4). These ratio 
values are quite high, ranging from 0.9 to 1.0. However, none of the 
described compounds is present in the Bukowina Tatrzańska PIG-1 
borehole samples.

The ratio of retene to the sum of retene and 3-methylphenanthrene 
(R/(R+3-MP); Fig. 5, Tables S.3, S.4) provides another thermal matu-
rity parameter showing a broad range from 0.01 to 0.96. Due to the lack 
of retene, this parameter cannot differential maturity in the Spiš and 
eastern Podhale regions, including the Bukowina Tatrzańska PIG-1 
boreholes. In samples where retene is detected, the lowest R/(R+3- 
MP) values (implying the highest maturity) occur in the Podhale Basin, 
as well as areas neighboring the Pieniny Klippen Belt (PKB), and the 
central Levoča basin (Fig. 5). These values usually range from 0.01 to 
0.50. Intermediate values of this parameter occur in samples from the 
eastern Orava (Zuberec and Huty Fms.) and eastern Šarǐs (Huty Fm., 
0.70 to 0.51). The highest values are documented in Zuberec and Biely 
Potok Fms. samples from the Orava basin and the easternmost Huty Fm. 
samples from the Šariš Upland. There, the parameter reaches a 
maximum value of 0.96. In the Chochołów PIG-1 borehole, a decreasing 
trend of R/(R+3-MP) values is observed (Table S.4). The parameter 
changes from 0.66 to 0.10.

The final aromatic parameter is calculated from the ratio of phe-
nylphenanthrenes (2-PhP + 3-PhP)/[(2-PhP+3-PhP)+(4-PhP+1- 
PhP+9-PhP)] (Rospondek et al., 2009; Tables S.3, S.4, Figs. 6, S4). 
Although other ratios have also been proposed based on the distribution 
of phenylphenanthrenes and binaphthyls (Li et al., 2012), in the case of 
the CCPB only the values of the ratio (2-PhP+3-PhP)/[(2-PhP+3-PhP)+
(4-PhP+1-PhP+9-PhP)] increased with depth in the boreholes (Fig. S4). 
The highest values of this parameter are documented in the Spǐs area, as 
well as in the eastern Tatra foreland, and some parts of the Levoča Basin, 
where they range from 0.9 to 1.0 (Fig. 6B). The central Podhale and ̌Sariš 
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Fig. 5. Spatial distribution of the values of aromatic ratios in the CCPB surface samples.
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regions are characterized by intermediate (0.89–0.80) values of the 
phenylphenanthrene ratio. Low values of the analyzed parameter 
(0.79–0.70) are recorded in the eastern Orava, western Podhale area, 
and in the majority of the Levoča Basin and Šarǐs Upland. Only in a few 
regions did the phenylphenanthrene parameter reach values below 0.70, 
mainly in northern Orava and the easternmost Šarǐs Upland. In the well 
samples, the parameter values increase slowly with depth. In the 
Chochołów PIG-1 borehole, they increase from approximately 0.70 to 
0.90, and in the Bukowina Tatrzańska PIG-1 borehole from 0.88 to 0.98.

5. Discussion

5.1. Changes in thermal maturity of key parameters in Chochołów PIG-1 
and Bukowina Tatrzańska PIG-1 boreholes

Out of the several maturity parameters investigated in this study, the 
MPI1 and the calculated Rc values appear to be the most suitable to 
characterize the maturity changes with increasing depth in the bore-
holes (Fig. 3). The Rc values increase steadily with depth to approxi-
mately 2200 m in the Bukowina Tatrzańska PIG-1 borehole. In addition, 

this parameter covers the widest maturity range in comparison to other 
ratios. However, its applicability seems to be limited above 1.7–1.8 % Rc 
where the MPI values start to be inverted. In this case, an alternative 
formula for the recalculated vitrinite reflectance should be used (Radke, 
1987). Moreover, the calculated Rc values in the bottom of Chochołów 
PIG-1 borehole correspond to the uppermost Bukowina Tatrzańska PIG- 
1 borehole samples (Fig. 3). Other parameters showing this phenome-
non are MPI3, Tmax and PhP ratio (Figs. 3, S4). All three are character-
ized by more or less consistent increases that cover a large range in 
maturity. An exception is the PhP ratio, which can be applied only to 
approximately 1.60 % Rc (~1300 m in the Bukowina Tatrzańska PIG-1 
borehole), and above there is no value change due to the very low 
content of less stable PhP.

Some parameters listed above are suitable for characterizing matu-
rity changes in the lower maturity range. The sterane, hopane and 
perylene ratios show an increasing trend (Fig. 3). A gradual rise with 
only minor variations is characteristic of perylene and sterane ratios. In 
turn, the homohopane parameter displays more deviations in trend. The 
range of the perylene parameter is the smallest in comparison to the 
other ratios used and spans to ~0.7 % Rc and to ~1300 m in the 

Fig. 6. Spatial distribution of the calculated vitrinite reflectance values and the phenylphenanthrene ratio in the CCPB surface samples.
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Chochołów PIG-1 well. In our samples, both sterane and hopane pa-
rameters can be applied to investigate maturity to approximately 
0.8–0.9 % Rc and are present up to 2264 m and 2400 m depth in the 
Chochołów PIG-1 borehole, respectively. This may be related to the 
generally low concentrations of hopanes and especially steranes in 
immature samples, as these compounds are normally present at higher 
maturities (Peters et al., 2005). Retene can also be applied in the lower 
maturity range. In contrast to the previously discussed parameters, the 
values of R/(R+3MP) decrease with depth (Fig. 3, Table S.4). Retene is 
detected in a sample 2264 m deep in the Chochołów PIG-1 borehole; 
however, below depths of 2000 m depth, the values of this parameter 
start to deviate from the trend. This may be related to differences in the 
initial concentrations of this compound in the rocks because they were 
deposited in a marine basin into which terrestrial organic matter was 
supplied (Staneczek et al., 2024a).

Several parameters presented above show no gradual changes with 
depth in both boreholes. However, these parameters can complement 
the temperature distribution in the CCPB area. Consequently, all ratios 
can be applied for maturity assessment in surface samples, providing a 
cohesive picture of thermal maturity in the study area.

5.2. Distribution of thermal maturity in surface samples within the CCPB

The most fundamental parameter applied for characterizing the 
thermal maturity of surface samples was calculated vitrinite reflectance 
based on MPI1 (Fig. 6). Overall, this parameter is suitable for doc-
umenting the general trend of maturity changes and enables a simplified 
reconstruction of the maturity zones. However, there are some draw-
backs to this parameter and, therefore, it must be supported by addi-
tional biomarker ratios that are shown effectively in the boreholes or 
were found only in certain areas. The calculated vitrinite reflectance 
gives erroneous results below the 0.5 % Rc value (Radke, 1987). How-
ever, in areas where this value was suspected, unsaturated pentacyclic 
triterpenoids and ββ-hopanes were also found (Fig. 4). Generally, these 
thermally unstable compounds are representative of immature organic 
matter, with vitrinite reflectance below 0.4–0.5 % (Peters et al., 2005), 
and thus they were not present in core samples and limited to small areas 
of the CCPB (Fig. 4). The analyzed ratio derived from these compounds 
allowed detection in the areas that experienced only minor thermal al-
terations. The lowest maturity is documented in the Šarǐs Upland, 
northern Orava Basin, and central Levoča Basin (Fig. 4).

The calculated vitrinite reflectance values suggest that the Spǐs and 
eastern Podhale Basins are the most mature areas in the CCPB. Two 
biomarker parameters from aliphatic fractions [C31S(S+R), C2920S/ 
(S+R)] and three from aromatic fractions [R/(R+S+D), (R/(R+3-MP) 
and BeP/(BeP+Pe)] cannot be applied to estimate the maturity of these 
regions (Figs. 4 and 5). The limitation of these ratios is due to the 
thermal stability of steranes, hopanes, simonellite, retene, and perylene, 
which are not present in rocks showing Rc values higher than 1.2 % 
(Radke, 1987; George, 1992; Peters et al., 2005; Marynowski et al., 
2015). Where retene is detected, the R/(R+S+D) parameter shows the 
lowest values in Šarǐs Upland, northern Orava Basin, and a small part of 
Levoča Basin (Fig. 5), similar to the (R/(R+3-MP) parameter. However, 
the (R/(R+3-MP) ratio in the Orava Basin has more scattered values, and 
does not show such the trend seen in R/(R+S+D) ratio. As with the 
boreholes, these divergences may be due to the differences in the input 
of terrestrial organic matter derived from gymnosperms (Simoneit, 
1977; Simoneit et al., 1986; Otto and Simoneit, 2001) to the basin. Yet, 
both parameters are similar to the maturity trend documented by the Rc 
values. We were able to apply the five-ring PAH compounds ratio to the 
whole CCPB area due to the high stability of benzo[e]pyrene (Table S.3, 
Fig. 5), but in eastern Podhale and the Spǐs Basin ratio values are equal 
to 1 (Table S.3). Highly altered regions include Spǐs, the eastern Podhale 
Basin, central Levoča, and the Choč-Tatra foreland. However, this 
parameter is not particularly effective in identifying the most thermally 
mature areas since the highest values occur both in the Spǐs Basin and 

also in the Western Tatra foreland, which shows distinctive changes in 
Rc values (Fig. 6, Table S.3). This parameter is suitable for character-
izing the maturity of less thermally altered regions of the CCPB. A clear 
decreasing trend consistent with the previous observations is nicely 
shown in the Šariš Upland and the northern Orava Basin (Fig. 5).

Ratios based on aliphatic compounds are useful in characterizing 
moderately mature areas. Both steranes and hopanes are not present in 
the Spǐs Basin and eastern Podhale Basin. Parameters based on the S/ 
(S+R) homohopane ratio show relatively limited effectiveness in the 
characterization of the thermal maturity of CCPB rocks (Fig. 4). How-
ever, it can be helpful in the identification of areas with the lowest 
maturity levels, which in the case of the CCPB, are the Šarǐs Upland and 
northern Orava Basin. The parameter based on the sterane distribution 
more accurately depicts gradual changes in maturity (Fig. 7), which is 
reflected clearly in the changes observed in the Orava Basin and from the 

Fig. 7. Correlation of sterane indicators for CCPB surface samples (A) and 
wells (B).
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Levoča Basin to the Šariš Upland (Fig. 4). The trend documented by this 
parameter is very similar to that presented by Rc, excluding areas with 
high maturity.

The parameter based on phenylphenanthrenes can be applied even in 
the areas characterized by the highest maturity (Fig. 6B). However, 
similar to the (R/(R+3-MP) ratio, the PhP ratio shows some inconsis-
tency in the Orava Basin. In this region, the CCPB units and their li-
thologies change frequently in a relatively small area (Gross et al., 
1993). Therefore, the lithology, and preserved organic matter may vary 
more than in other regions. Moreover, in all areas except the Orava 
Basin, the samples were derived mainly from Huty Fm., and were mostly 
mudstones. There, the general trend of maturity change is gradual and 
does not vary significantly when applying other parameters.

Rock-Eval Tmax (Fig. S2) can be successfully applied even in the most 
mature samples. Therefore, this parameter, similar to Rc, shows an in-
crease in thermal maturity from the PKB to the Mesozoic Carpathian 
massifs (i.e., Staneczek et al., 2024b) and from the Orava and Levoča 
basins to the Spǐs Basin. In addition, this parameter supports the pre-
vious findings, and documents that the Šariš Upland and Orava Basin 
show the lowest maturity.

The maturity maps created by applying different biomarker methods 
and Tmax parameters generally are similar and complement the picture 
outlined by the Rc values. The thermal maturity trend is directed from 
the Orava Basin towards the Spǐs Basin, and from the ̌Sarǐs Upland to the 
Spǐs Basin. The Rc and Tmax parameters also documented an N-S trend of 
increasing paleotemperatures present mainly in the Orava, Podhale, and 
Spǐs basins.

In summary, there is no single parameter that accurately describes 
thermal maturity in the CCPB area. Measured vitrinite reflectance does 
not show relevant data, due to the presence of dark vitrinites (Staneczek 
et al., 2024a), which are also present in the Outer Carpathians (Waliczek 
and Więcław, 2012; Wendorff et al., 2017; Waliczek et al., 2019). Fig. S1
shows the measured vitrinite reflectance values. The large discrepancies 
in relation to other parameters make this method unsuitable for the 
CCPB. The most universal parameter for CCPB is MPI1, which is con-
verted to a vitrinite reflectance equivalent. However, it needs to be 
complemented by other indicators, especially those based on thermally 
unstable biomarkers such as simonellite, dehydroabietane, oleanenes, 
lupenes and ββ hopanes. Ratios of regular steranes and homohopanes 
can also be useful up to peak oil generation.

5.3. The evolution of the Paleogene deposits of the CCPB

Based on the Rc values, supplemented by other biomarker data, we 
have attempted to estimate the paleotemperature distribution influ-
enced by the Paleogene rocks in the CCPB. The highest paleotemper-
atures were recorded in the southernmost part of the Spǐs Basin, where 
the Rc values can reach even 2.62 %, which corresponds roughly to 
approximately 200 ◦C (after the calculations of Burnham and Sweeney, 
1989; Barker and Pawlewicz, 1994) Elevated maturity in the Spǐs Basin 
was confirmed by the high Tmax values (Table S.1; Fig. S2). Moreover, in 
the deepest sample of the Bukowina Tatrzańska PIG-1 borehole and in 
the areas closest to the Ružbachy Fault where the vitrinite reflectance is 
~2.0 %, the MPI1 (and Rc) values start to decrease due to enhanced 
phenanthrene (Radke, 1987; Fig. 6A and Fig. 3).

In comparison to the Spǐs Basin, the paleotemperatures decrease 
continuously towards the west, east, and north. In the Tatra foreland of 
the eastern Podhale Basin, the recorded temperatures are high 
(~130–150 ◦C), but noticeably lower than in the Spǐs Basin. The tem-
peratures tend to decrease along the Tatra-Choč Mountains and reach a 
minimum of 60–80 ◦C in the westernmost Orava Basin. This N-S 
increasing trend present in the Orava-Podhale-Spǐs area documents a 
large change: from below 50 ◦C to 70–80 ◦C in the Orava Basin, 60 ◦C to 
150 ◦C in Podhale Basin, and finally from 100 ◦C up to 200 ◦C in the Spǐs 
Basin. In contrast, paleotemperatures in the Spǐs Basin change abruptly 
when crossing the Ružbachy Fault Zone, which was also observed by 

Środoń et al. (2006). The change is significant, ranging from almost 
200 ◦C in the samples before the fault to even 70 ◦C after crossing the 
fault. This characteristic feature occurs along the whole fault zone, 
which may indicate that the fault was active in the Paleogene and caused 
subsidence on its western side (i.e., Środoń et al., 2006; Kováč et al., 
2016). Continuing eastward, the paleotemperatures decrease slowly 
(with few exceptions) towards the Šarǐs Upland, where, similar to the 
Orava Basin, they drop below 50 ◦C (Fig. 4). It is notable that in the 
Levoča Basin near Lipany and Šambron, methane and paraffinic oils 
have been found in boreholes (Soták et al., 2001) and vitrinite reflec-
tance in the boreholes range from 1.3 % close to the surface to 1.6–1.7 % 
at a depth of 2000 m (Francû and Müller, 1983).

Another study of paleotemperatures in the northern part of the CCPB 
(Orava to Spǐs Basins) based on the illite–smectite transformation 
(Środoń et al., 2006) generally shows a very similar temperature trend, i. 
e., paleotemperatures are increasing towards the Spǐs Basin, and 
decrease towards the PKB. Also, Gedl (2000) showed that black paly-
nomorphs occurred only in the southeastern part of the Podhale Basin. 
However, the paleotemperatures estimated by Środoń et al. (2006) are 
quite different from those reported in this paper. It is especially 
noticeable in the case of the Orava Basin, where the difference in 
recorded temperatures reaches 50 ◦C. Yet, temperatures ~95–100 ◦C 
(Środoń et al., 2006) in the Orava Basin are unlikely, due to the presence 
of compounds characteristic of immature rocks (unsaturated compounds 
and ββ-hopanes; see Staneczek et al., 2024a). Similarly, the biomarker- 
based parameters document a lower maturity of the units on the Western 
Tatra foreland, where the estimated temperatures could reach a 
maximum of 90 ◦C. This temperature shift occurs in all studied regions 
up to the Spǐs Basin. Similar discrepancies between illite/smectite 
transformation and biomarker data have also been found for the Edia-
caran sedimentary rocks in the East European Craton (Derkowski et al., 
2021). Despite attempts to explain these differences by migration of 
hydrothermal fluids, the problem remains unaddressed.

Środoń et al. (2006) did not continue the paleotemperature research 
beyond the Ružbachy Fault Zone (apart from a few points in the Levoča 
Basin). However, some data points located eastward of the fault suggest 
an increase in the content of smectite in comparison to samples located 
westward from the fault, which would suggest a lower maturity of these 
rocks. The results of our study are consistent with these findings. 
Moreover, the obtained results seem to highlight the importance of the 
Ružbachy Fault Zone as a potential factor influencing the abrupt pale-
otemperature change.

Additionally, ́Srodoń et al. (2006), based on Suggate (1998) and data 
from Poprawa and Marynowski (2005), calculated the average paleo-
gradient in the northern CCPB at 20 ◦C–25 ◦C/km. However, there are 
reports that suggest a higher paleogradient, implying a lower thickness 
of overlying rocks up to about 2 km (Anczkiewicz et al., 2013 and ref-
erences therein). As stated by Środoń et al. (2006), it is close to the 
current gradient, which averages 19–23 ◦C/km (Cebulak et al., 2004). 
Applying this gradient to our results, we can calculate the minimum 
thickness of the eroded Paleogene cover. The lowest thickness would be 
recorded in the Orava Basin and Šarǐs Upland, and would not exceed 2 
km. Meanwhile, in the Spǐs Basin, the thickness of the eroded units could 
likely be even 5–7 km (i.e., ́Srodoń et al., 2006). This peculiar difference 
is once again highlighted near the Ružbachy Fault Zone, with over 5 km 
to the western side of the fault, and around 2–3 km to the eastern side. 
This is theoretically possible, as the maximum thickness of the Biely 
Potok Fm. is estimated at 3–3.5 km (Gross et al., 1993). However, the 
higher paleogradient and the lower thickness of the eroded Paleogene 
cover postulated by Anczkiewicz et al. (2013) seem to be more realistic.

Such observed paleotemperature patterns in the CCPB can result 
from a variety of processes. This is likely caused by changes in the 
sedimentation rates and subsidence levels in different parts of the CCPB. 
Kováč et al. (2016) report an eastward migration of depocentres during 
the sedimentation of Paleogene units. Such a phenomenon would cause 
a prolonged deposition, mainly in the eastern Podhale and Spǐs area. 
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Another possible factor contributing to this hypothesis is the presence of 
large fault zones, mainly the Ružbachy Fault Zone and a parallel fault 
cutting the High Tatra Mountains (Nemčok et al., 1993), which could be 
active during the CCPB sedimentation and causing faster subsidence of 
the Spǐs and eastern Podhale areas. Moreover, the mentioned faults are 
known to be active during the uplift of the Tatra Mountains and pre-
sumably are linked to the faster uplift of the eastern Tatra Mountains in 
comparison to the western part of this massif (Śmigielski et al., 2016). 
The movement along the Ružbachy Fault Zone could also affect the Spǐs 
area, which is supported by the abrupt change in paleotemperatures on 
both sides of the fault (Fig. 8). An increased overburden of the eastern 
Tatra Mountains resulted in noticeable thermal alteration of Tatra nappe 
units, which was reported by Staneczek et al. (2024b). The measured 
vitrinite reflectance in the Tatra Mountains increases from the western 
part to the eastern part. This trend also is recorded by biomarker and 
rock magnetic parameters (Staneczek et al., 2024b). Noteworthy, the 
paleotemperature trend recorded in the Tatra nappe units follows 
closely the trend present in the CCPB units.

The second trend present mostly in the northern part of the CCPB is 
the increase of paleotemperatures from the PKB to the Mesozoic Car-
pathian massifs (Figs. 4, 5, 8, S2 and S3).

The highest values are documented near the massifs, which is 
probably linked with the presence of the older Paleogene strata directly 
overlying the Mesozoic units. These rocks were slightly tilted during the 
uplift of the Carpathian massifs and now form outcrops, e.g., along the 
Tatra Mountains. Castelluccio et al. (2016) suggested that the PKB 
formed an elevated ridge during the Paleogene and the sedimentary 
infill could likely be lower than in other parts of the basin. Our data 
support this hypothesis.

Lower paleotemperatures also were reported in the ̌Sarǐs Upland and 
in the Orava Basin (Fig. 8). The immaturity of these rocks suggests a 
relatively small thickness of overlying sedimentary rocks. Even though 
the exact extent of the CCPB is not currently known due to erosion of 
these rocks, it can be inferred that these regions were close to the 
margins of the CCPB. The deepening of the basin is reflected by the 
higher paleotemperatures in the hinterland of the Šarǐs Upland and 
Levoča Basins, reaching a maximum paleotemperature in the Spǐs Basin.

Generally, the maturity patterns result prevailingly from basin ar-
chitecture and its depth changes. These factors heavily influence sedi-
mentation rates. The tectonic processes, which affected mostly the core 
along the Mesozoic massifs and the PKB are also important.

5.4. Implications for hydrocarbon exploration and paleotemperature 
reconstruction

Thermal maturity data are one of the key parameters for estimating 
and assessing the hydrocarbon potential of sedimentary rocks. Partial 
data for the Orava Basin area are presented in Staneczek et al. (2024a). 
The lithology of the Paleogene rocks is relatively homogeneous 
(Marynowski et al., 2006; Środoń et al., 2006; Day-Stirrat et al., 2008), 
especially for the Huty and Zuberec Fms. TOC and S1+S2 values for 
these rocks are similar to those in the Orava Basin, and range in 
generative potentials from poor to excellent (according to criteria of 
Peters and Cassa, 1994). Gas-prone type-III kerogen is dominant, but 
parts of the black shales of the Zuberec and Huty Fms. are characterized 
by oil-prone type-II kerogen (Soták et al., 2001; Staneczek et al., 2024a). 
All data suggest that the Paleogene rocks of the Huty and Zuberec Fms. 
could be a potential source of gaseous and even liquid hydrocarbons (e. 
g., Tissot and Welte, 1984). This is confirmed by the presence of liquid 
hydrocarbons found in the LHV and Tichy Potok boreholes in the Levoča 
Basin (Soták et al., 2001). In Fig. 6A, the regions marked in blue (Rc =
0.7–0.9 %) could potentially be oil-prone areas. In contrast, green re-
gions where Rc > 0.9 % measured for the surface samples are areas of 
potential gas occurrence. Fig. 7 shows the correlation between the 
sterane indicators of C29 20S/(S+R) vs. C29 αα/(αα+ββ) for surface 
samples (Fig. 7A), and boreholes (Fig. 7B). Only 12 samples were clas-
sified as immature among the surface samples and none are from the 
boreholes. Most of the samples were placed in the early mature or 
mature fields, which confirms their ability to generate hydrocarbons.

Although the presence of other concentrations of liquid and/or 
gaseous hydrocarbons in the CCPB area cannot be completely ruled out, 
their presence should be regarded as unlikely. There were recorded 
manifestations of hydrocarbon migration in the area of the Tatra 
Mountains and Podhale Basin, but their source was linked to Mesozoic 
source rocks (Marynowski et al., 2001; 2006). Other autochthonous 
Paleogene-source oils were found in Moravia (Western Carpathians; 
Picha and Peters, 1998), far from the area of research in this study. Many 
boreholes in the CCPB have no detectable hydrocarbons. Nevertheless, 
the problem requires further research in the context of Paleogene rocks 
as a source of shale gas.

There are many methods for reconstructing palaeotemperatures 
based on indicators derived from organic matter. Temperatures are 
usually correlated with vitrinite reflectance (Hunt, 1995; Selley and 
Sonnenberg, 2022 and references therein. Since sedimentary basins vary 

Fig. 8. Estimated paleotemperatures considering data from organic indicators in the CCPB (based on Barker and Pawlewicz, 1994; Hunt, 1995; Selley and Son-
nenberg, 2022).
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in age, rock lithology, facies and organic matter content, the estimated 
temperatures should be considered as approximate. Here we present 
temperature map (Fig. 8) estimates based on typical diagrams (e.g., 
Hunt, 1995), but the temperatures are within the range that corresponds 
to the respective values of the Rc.

5.5. Usefulness of biomarker indicators in reconstructing thermal 
maturity of the CCPB. Strengths and risks

It is widely accepted that vitrinite reflectance is treated as the 
optimal method for determining thermal maturity, especially when 
supported by an alternative approach (e.g., Hunt, 1995; Mählmann and 
Le Bayon, 2016). However, each sedimentary basin has its own char-
acteristics, and there is no universal method to study the thermal 
maturity of sedimentary rocks of different ages and facies (e.g., Tissot 
and Welte, 1984). This is the case for the CCPB, where vitrinite reflec-
tance does not give reliable results due to the presence of resinite and 
reworked vitrinite macerals (Staneczek et al., 2024a).

Indicators based on organic compounds also must be carefully 
selected. For example, in the case of the CCPB, the analysis of alkyl-
naphthalenes, which, as light compounds, are susceptible to oxidation, 
biodegradation, and water washing in surface samples, was not 
considered (Palmer, 1993; Elie et al., 2000). For the same reason, in-
dicators such as CPI or Pr/C17 and Ph/C18 also were not considered. The 
reliable use of biomarker indicators can be questioned for oxidized 
samples (Elie et al., 2000; Marynowski et al., 2011). Such samples are 
present in the southern part of the Šariš Upland and are most likely 
related to a pulse of paleoweathering in the area (yellow triangles in 
Fig. 1). Data from these samples should be treated with caution.

Some organic compounds that could be potentially used, especially 
in samples of highly thermally transformed rocks, were only present in 
some samples. This is especially true for aromatic sulfur compounds, 
which are not typical of terrigenous type-III kerogen (Radke and 
Willsch, 1994; Chakhmakhchev et al., 1997) and diamondoids (Chen 
et al., 1996; Zheng et al., 2023), which were sporadically detected.

The methods used to verify the individual indicators were based on 

Fig. 9. Cross plots of the main maturity parameters from the CCPB of the surface and well samples. An explanation of abbreviations is below Table S.3.
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the observation of changes in their values with depth in the boreholes 
(Figs. 3 and S4) and of their correlation with each other (Figs. 9, S5, and 
S6). It should be noted that with all the indicators used, there were 
deviations from a gradual trend with depth for individual samples. Such 
deviations can be attributed to a number of possible factors, for example, 
variable organic input, a change in clay mineral content (van Kaam- 
Peters et al., 1998), diagenetic methylation of some aromatic com-
pounds (Alexander et al., 1995), or the influence of hydrothermal fluids 
(Bechtel et al., 2001). However, despite fluctuating values, consistent 
changes together with depth were the main indication for the reliable 
use of a particular ratio. The second factor verifying the suitability of 
individual ratios is their correlation to each other (Figs. 9, S5, and S6). In 
optimal cases, the correlation coefficient is at R2 > 0.8, but even cor-
relations of R2 = ~0.5 for such a large number of samples seem 
sufficient.

In summary, organic compounds (including biomarkers), if properly 
selected, can be a powerful tool to assess the thermal maturity of sedi-
mentary rocks. In this context, the CCPB is an experimental model due to 
its wide range of maturity, numerous natural exposures and boreholes 
and significant TOC content. It is highly likely that a single biomarker 
parameter is not sufficient to adequately determine paleotemperatures. 
It is also useful to use alternative methods not based on organic matter 
studies.

6. Conclusions

Using parameters based on organic compounds and Tmax, the thermal 
maturity of a large part of the Central Carpathian Paleogene Basin 
(CCPB) was determined. The data obtained confirm earlier reports of 
maximum paleotemperatures recorded in the Spǐs Basin, and a gradual 
decrease westwards, reaching a minimum in the Orava Basin. In 
contrast, towards the east, thermal maturity drops sharply after crossing 
the Ružbachy Fault Zone, especially in the northern part of the Levoča 
Basin. The thermal maturity of the CCPB then reaches a minimum in the 
easternmost area (Šariš Upland). The parameter that spans the widest 
range of maturity and increases gradually with depth is the methyl-
phenanthrene index (MPI1), that yields a calculated vitrinite reflectance 
(Rc). This index does not perform well below the reflectance of 0.5 %, 
where several biomarkers, such as oleanenes, lupenes, and ββ-hopanes, 
22R-homohopanes, and 20R-steranes are particularly diagnostic.

When comparing the illite/smectite method with biomarker tech-
niques, the results for more mature rocks show strong agreement, while 
at lower maturity levels, the illite/smectite ratio seems to be over-
estimated, especially in areas where unsaturated and thermodynami-
cally unstable biomarkers are present. This discrepancy highlights the 
limitations of relying on a single maturity indicator and underscores the 
importance of an integrated approach that combines multiple method-
ologies. Most of the organic matter from the Paleogene rocks of the CCPB 
area is at the marginally mature or mature level, while part of the Spǐs 
area and deeper samples from the Bukowina Tatrzańska PIG-1 borehole 
are overmature. Regions within the CCPB with Rc values between 0.7 % 
and 0.9 % (as indicated on the thermal maturity maps) are identified as 
potentially oil-prone areas. In contrast, areas with Rc > 0.9 % are more 
likely to be associated with gas hydrocarbon occurrences. The CCPB’s 
unique characteristics, including its wide maturity range and significant 
TOC content, make it an ideal model and case study for testing and 
developing new approaches to thermal maturity assessment and paleo-
temperature reconstruction.
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Ústav Dionýza Štúra, Bratislava, p. 319 (in Slovak). 
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Figures 
 

 
Fig. S1. The distribution of the vitrinite reflectance (Rr) values in the CCPB surface samples. 

 

 
Fig. S2. The distribution of the Tmax values in the CCPB surface samples. 
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Fig. S3. The distribution of the MPI3 ratio values in the CCPB surface samples. 
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Fig. S4. Organic parameter changes in the Chochołów PIG-1 and Bukowina Tatrzańska PIG-1 
wells. An explanation of abbreviations is below Table S.3. 
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Fig. S5. Correlation of biomarker-derived parameters for Chochołów PIG-1 and Bukowina 
Tatrzańska PIG-1 well samples. An explanation of abbreviations is below Table S.3. 
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Fig. S6. Correlation of aromatic ratios for surface samples. An explanation of abbreviations is 
below Table S.3. 
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Tab. S1 Sample lithology and bulk geochemical data of the CCPB samples. 
 

Sample code Lithology Unit Geochemical parameters Rock-Eval 
Vitrinite 

reflectance 
Temperature [°C] 

   
TOC [%] TS [%] CC [%] S2 Tmax [°C] Rr [%] (lnRc + 1.68)/0.0124* (lnRc+1.19)/0.00782* 

   

Orava Basin*          

1_Bi sandstone Biely Potok 0.02 0.04 33.29 - - 0.26 100 96 

2_Bi mudstone Biely Potok 0.89 0.46 8.07 - - 0.51 91 82 

3_Bi mudstone Biely Potok 0.60 0.28 11.47 - - - 88 77 

4_Bi sandstone Biely Potok 0.59 0.57 18.68 - - - 102 99 

5_Bi sandstone Biely Potok 2.43 0.71 9.01 1.08 434 - 92 84 

6_Bi mudstone Biely Potok 1.24 0.97 19.41 0.89 430 - 88 77 

7_Bi mudstone Biely Potok 0.54 0.36 16.68 0.21 436 - 91 81 

8_Bi sandstone Biely Potok 1.08 0.89 11.34 - - - 99 94 

9_Bi mudstone Biely Potok 0.89 0.27 11.94 0.28 448 0.37 104 101 

10_Bi mudstone Biely Potok 0.50 0.36 13.27 - - - 104 102 

11_Bi sandstone Biely Potok 0.36 0.00 10.64 - - - 106 105 

12_Zu mudstone Zuberec 1.37 1.27 9.80 1.58 438 - 105 104 

13_Zu mudstone Zuberec 2.20 2.37 11.38 6.03 434 0.38 104 102 

14_Zu black shale Zuberec - - - - - - 88 77 

15_Zu sandstone Zuberec 0.37 0.17 21.29 - - 0.44 111 114 

16_Zu sandstone Zuberec 0.55 0.23 15.47 0.25 448 - 96 90 

17_Zu sandstone Zuberec 3.15 1.71 17.53 4.41 422 0.45 98 93 

18_Zu sandstone Zuberec 0.76 0.69 19.25 0.38 433 - 102 99 

19_Zu sandstone Zuberec 0.19 0.02 26.71 - - - 101 97 

20_Zu mudstone Zuberec 3.55 3.40 18.70 - - 0.55 97 91 

21_Zu black shale Zuberec 0.76 1.28 19.29 - - - 98 92 

22_Zu black shale Zuberec 1.09 1.15 16.61 - - 0.39 94 86 

23_Zu sandstone Zuberec 0.62 0.00 14.19 0.33 446 - 123 132 
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24_Zu black shale Zuberec 1.47 1.53 14.34 - - - 109 111 

25_Zu black shale Zuberec 0.90 1.38 17.98 - - - 109 110 

26_Zu black shale Zuberec 0.83 1.10 19.04 - - - 108 109 

27_Zu black shale Zuberec 0.85 1.36 16.55 - - - 108 109 

28_Zu black shale Zuberec 0.78 1.26 17.06 - - - 110 112 

29_Zu black shale Zuberec 0.98 1.34 16.25 - - - 111 113 

30_Zu black shale Zuberec 0.89 1.46 13.80 - - - 114 117 

31_Zu black shale Zuberec 0.87 0.60 13.79 - - - 114 119 

32_Zu black shale Zuberec 1.56 2.02 14.07 - - 0.49 109 110 

33_Zu black shale Zuberec 0.68 0.02 0.01 0.27 444 - 91 81 

34_Zu black shale Zuberec 0.67 0.73 8.76 0.60 446 - 99 95 

35_Zu black shale Zuberec 9.91 4.16 5.16 12.22 428 0.47 88 76 

36_Zu black shale Zuberec 2.32 1.45 9.25 1.40 433 0.50 90 79 

37_Zu black shale Zuberec 5.01 2.46 7.51 6.63 430 - 93 84 

38_Zu black shale Zuberec 1.06 0.01 16.37 0.98 454 0.53 100 95 

39_Zu black shale Zuberec 6.99 3.27 6.10 19.55 424 0.42 88 77 

40_Zu black shale Zuberec 3.50 1.87 7.30 5.00 426 0.43 84 71 

41_Zu black shale Zuberec 3.00 0.79 9.68 3.72 437 - 94 87 

42_Zu coal Zuberec 82.51 0.92 0.23 294.65 421 0.50 98 93 

43_Zu black shale Zuberec 3.05 0.97 10.43 4.85 435 0.49 103 101 

44_Zu weathered coal Zuberec 1.61? 0? 7.35? 1.08? 454? - 101? 98? 

45_Zu black shale + coal Zuberec 56.44 0.71 0.28 51.54 457 - 100 96 

46_Zu mudstone Zuberec 0.75 0.00 27.04 0.44 448 0.39 91 81 

47_Zu black shale Zuberec 10.11 0.09 13.81 10.88 448 0.44 98 92 

48_Zu coal Zuberec 56.00 0.53 0.38 46.93 447 0.46 98 92 

49_Zu sandstone Zuberec 0.45 0.21 23.76 0.22 445 - 105 105 

50_Zu mudstone Zuberec 0.41 0.00 41.99 - - 0.84 85 72 

51_Zu mudstone Zuberec 0.22 0.00 0.35 - - - 87 76 

52_Zu black shale Zuberec 0.67 1.54 11.99 - - - - - 

53_Zu black shale Zuberec 0.50 0.81 14.56 - - - 110 112 
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54_Zu black shale Zuberec 1.89 2.04 12.54 - - - 113 117 

55_Zu black shale Zuberec 2.46 2.31 13.56 - - 0.46 108 108 

56_Zu black shale Zuberec 2.08 2.04 16.88 4.01 429 - 87 75 

57_Zu black shale Zuberec 5.65 2.08 0.00 7.63 424 0.33 87 76 

58_Zu sandstone Zuberec 0.48 0.07 16.77 0.27 453 0.43 89 78 

59_Ht black shale Huty 0.78 0.94 18.05 0.59 448 0.45 115 120 

60_Ht black shale Huty 0.87 1.12 18.02 0.67 446 0.50 114 118 

61_Ht black shale Huty 0.76 0.61 16.62 0.47 446 0.47 103 100 

62_Ht mudstone Huty 0.85 1.49 15.27 0.84 441 0.48 112 115 

63_Ht sandstone Huty 0.94 1.08 8.90 - - 0.45 110 112 

64_Ht mudstone Huty 0.44 0.07 35.67 0.35 445 0.35 112 115 

65_Ht sandstone Huty 0.37 0.01 36.27 - - 0.44 96 89 

66_Ht mudstone Huty 0.31 0.04 36.81 0.29 446 0.41 109 110 

67_Ht mudstone Huty 0.58 0.39 25.13 0.58 444 0.55 116 121 

68_Ht mudstone Huty 0.59 0.59 16.85 0.44 446 0.55 111 114 

69_Ht black shale Huty 0.65 0.86 18.45 0.33 444 0.41 119 127 

70_Ht black shale Huty 0.57 0.00 13.79 0.34 458 - - - 

71_Ht black shale Huty 0.66 1.16 17.77 0.44 444 0.53 112 114 

72_Ht black shale Huty 1.10 0.25 14.81 0.50 442 0.62 108 108 

73_Ht sandstone Huty 0.64 0.59 16.39 0.49 441 0.53 114 118 

74_Ht sandstone Huty 0.40 0.44 22.76 0.22 442 - 120 127 

75_Ht sandstone Huty 0.62 0.58 19.02 0.47 443 - 118 124 

76_Ht black shale Huty 1.03 1.20 18.14 0.68 442 0.57 113 117 

77_Ht black shale Huty 2.72 0.03 7.24 9.58 436 - 94 86 

78_Ht black shale Huty 1.98 0.01 14.93 5.08 436 0.27 93 86 

79_Ht black shale Huty 0.76 0.94 24.87 0.48 442 0.58 107 107 

80_Ht black shale Huty 0.87 0.88 22.32 0.57 440 0.54 111 113 

81_Ht black shale Huty 1.02 0.62 68.42 0.68 442 0.57 117 123 

82_Ht black shale Huty 3.19 2.17 5.04 10.49 442 0.47 104 103 

83_Ht black shale Huty 2.20 1.31 13.30 3.25 444 0.49 111 114 
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84_Ht sandstone Huty 5.39 0.04 11.48 7.98 445 0.44 100 96 

85_Ht coal Huty 50.64 0.66 1.62 74.48 445 0.45 103 101 

           

Podhale Basin          

ANTPO mudstone Huty - - - - - - 108 109 

GR_ZU_1B mudstone Huty 0.65 0.42 13.67 0.47 449 - 119 126 

GR_ZU_1C mudstone Huty 0.67 0.79 10.01 - - - 120 128 

GR_ZU_2B mudstone Huty 0.71 1.03 12.66 0.53 449 - 124 134 

Ht11 silty sandstone Huty 0.77 1.25 17.52 0.43 452 0.40 119 126 

Ht7 mudstone Huty 0.85 1.09 16.38 0.57 449 0.57 118 124 

Ht8 mudstone Huty 3.21 1.20 18.14 0.68 442 - 113 117 

Ht9 mudstone Huty 3.21 1.27 17.71 0.79 442 - 114 119 

KAC1 mudstone Huty - - - - - - 113 116 

LAP1 mudstone Huty - - - - - - 116 121 

MARO1 mudstone Huty 2.49 - - - - - 108 108 

MARO2 mudstone Huty 5.11 - - - - - 99 94 

ZA1 black shale Huty 1.59 1.39 34.85 1.09 463 0.92 139 158 

ZA2 black shale Huty 1.41 0.74 18.41 0.58 505 1.30 164 197 

ZA3 black shale Huty 0.59 1.04 18.28 0.15 468 1.07 175 216 

ZA4 black shale Huty 0.65 1.10 21.99 0.19 465 1.18 166 201 

ZA5 black shale Huty 0.59 1.33 17.90 0.27 458 1.10 151 177 

BDUN0 mudstone Huty - - - - - - 102 100 

BAN484 mudstone Zuberec - - - - - - 105 104 

BKT102 mudstone Zuberec - - - - - - 116 122 

CHL193 mudstone Zuberec - - - - - - 88 77 

Z111 mudstone Huty - - - - - - 117 123 

           

Spisz Basin          

BH1_1 mudstone Huty 0.55 0.94 8.71 0.06 591 1.32 187 234 

BH1_2 mudstone Huty 0.89 0.96 17.17 - - - 169 205 
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BH2_1 mudstone Huty 0.95 0.83 16.53 0.12 587 1.04 192 242 

BH3_1 mudstone Huty 1.15 1.04 8.40 0.16 593 1.11 166 201 

BH3_2 mudstone Huty 0.95 0.91 14.72 - - - 184 229 

BH4_1 mudstone Huty 0.73 0.92 22.88 0.11 344 1.54 179 221 

BH4_2 mudstone Huty 0.99 0.80 14.46 - - - 180 222 

Hg_Ht_1A mudstone Huty 0.76 0.01 0.00 0.08 515 - 180 223 

Hg_Ht_2A mudstone Huty 1.32 2.27 6.27 0.14 474 - 190 239 

Hg_Ht_2B mudstone Huty 1.33 2.06 4.28 - - - 182 226 

Jz_Ht_1A mudstone Huty 0.74 0.94 18.09 0.21 481 0.95 213 275 

Jz_Ht_2B mudstone Huty 0.79 1.26 20.32 0.15 477 - 209 269 

Jz_Ht_2C mudstone Huty 0.72 0.85 17.18 - - - 208 268 

Lch_Ht_1A mudstone Huty 1.26 2.13 10.14 - - - 143 164 

Lch_Ht_1B mudstone Huty 1.65 2.53 9.66 1.06 470 - 137 155 

Len_Ht_1A mudstone Huty 0.70 0.57 17.14 - - - 224 292 

Len_Ht_1B mudstone Huty 0.71 0.61 17.11 0.05 606 1.37 229 300 

Ly_Ht_1A mudstone Huty 0.75 0.67 20.96 - - - 109 111 

Ly_Ht_1B mudstone Huty 1.17 1.02 20.38 0.95 446 - 120 128 

Rie_Ht_1A mudstone Huty 2.32 1.74 41.65 3.95 442 0.52 121 129 

Sn_Ht_1B mudstone Huty 0.86 0.75 17.60 0.59 459 - 129 142 

Sn_Ht_1C mudstone Huty 0.75 0.66 12.05 - - - 128 140 

Sv_Ht_1A mudstone Huty 0.87 0.04 9.92 - - - 191 240 

Sv_Ht_1B mudstone Huty 0.83 0.55 12.92 0.09 563 - 194 245 

Top_Ht_1A mudstone Huty 0.49 0.01 2.67 - - 1.16 174 213 

Vr_Ht_1A mudstone Huty 0.40 0.01 1.27 - - - - - 

Vr_Ht_1C mudstone Huty 0.55 0.01 0.05 0.05 533 - 155 183 

Zdi_Ht_1A mudstone Huty 0.89 0.64 18.15 - - 1.25 152 179 

Hv_Zu_1C mudstone Zuberec 0.39 0.86 14.96 - - - 156 184 

Hv_Zu_1D mudstone Zuberec 1.38 0.86 11.96 0.22 458 - 162 194 

Hv_Zu_2A mudstone Zuberec 1.18 0.26 8.64 - - - 175 214 

Hv_Zu_2D mudstone Zuberec 0.87 1.38 15.15 0.15 457 - 179 222 
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Lch_Zu_2A mudstone Zuberec 0.87 0.74 21.43 - - - 150 175 

Lch_Zu_2D mudstone Zuberec 1.13 0.75 18.13 0.47 460 - 153 179 

Len_Zu_2A mudstone Zuberec 0.92 1.51 14.94 0.05 594 1.61 223 291 

Len_Zu_2B mudstone Zuberec 0.78 1.15 20.09 - - 1.56 222 290 

Md_Zu_1A sandstone Zuberec 0.89 0.01 1.07 0.38 446 - 96 90 

Mf_Zu_1A mudstone Zuberec 0.96 0.58 16.08 0.29 475 - 205 262 

Mf_Zu_1D mudstone Zuberec 0.88 0.58 17.40 0.51 466 1.38 181 224 

Mt_Zu_1A mudstone Zuberec 1.43 0.03 11.48 - - - 136 153 

Mt_Zu_1C mudstone Zuberec 1.18 1.00 13.21 - - - 130 143 

Mt_Zu_1D mudstone Zuberec 1.78 0.05 0.09 - - - 152 179 

Os_Zu_1A mudstone Zuberec 0.95 1.15 14.52 - - - 157 186 

Os_Zu_1B mudstone Zuberec 2.88 1.18 4.27 1.36 477 - 153 180 

Os_Zu_2A mudstone Zuberec 0.89 0.40 10.94 0.29 458 - 144 165 

Os_Zu_3A mudstone Zuberec 0.94 0.59 16.94 0.24 457 - 142 163 

Os_Zu_3B mudstone Zuberec 0.79 0.62 16.93 - - - 154 182 

Slo_Zu_1A mudstone Zuberec 0.85 0.42 19.07 0.31 485 0.73 162 194 

Slo_Zu_1B mudstone Zuberec 0.50 0.27 19.61 - - - 163 196 

TOP_Zu_2A mudstone Zuberec 4.60 2.47 5.12 5.81 446 0.54 128 141 

Topr_Zu-1A sandstone Zuberec 1.17 0.02 4.51 0.55 448 0.30 102 99 

Vf_Zu_1A mudstone Zuberec 0.66 0.01 0.02 0.14 484 - 123 132 

           

Lewocza Basin & Šariš Upland         

Cnv_Zu_1A weathered sandstone Zuberec 0.33? 0? 12.09? - - - 149? 174? 

Fi_Zu_1A weathered sandstone Zuberec 0.46? 0.01? 15.95? - - - 139? 158? 

He_Zu_1A weathered sandstone Zuberec 0.26? 0? 18.21? - - - 110? 112? 

Hn_Zu_1A weathered sandstone Zuberec 0.34? 0? 6.81? - - - 123? 133? 

Ms_Zu_1A weathered sandstone Zuberec 0.45? 0? 15.07? - - - 140? 160? 

Lac_Zu_1A mudstone Zuberec 0.48 0.71 20.14 - - - 100 96 

Lip_Zu_1A mudstone Zuberec 0.87 1.09 13.00 0.75 439 - 112 116 

Pla_Zu_1C sandstone Zuberec 5.09 4.45 6.35 5.72 425 - 89 78 
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Sl_Zu_1A sandstone Zuberec 0.17 0.10 5.81 - - - 120 128 

Sl_Zu_1B sandstone Zuberec 0.38 0.16 7.90 - - - 123 132 

Baj_Ht_1A mudstone Huty 0.70 0.68 14.83 - - - 113 117 

Baj_Ht_1C mudstone Huty 0.52 0.93 14.45 - - - 114 119 

Baj_Ht_1D mudstone Huty 0.99 1.08 11.21 0.85 447 - 117 122 

Bre_Ht_1A mudstone Huty 0.40 0.48 13.20 - - - 118 125 

Cv_Ht_1A mudstone Huty 0.84 1.09 5.60 - - - 110 112 

Cv_Ht_1B mudstone Huty 0.66 2.89 18.41 0.83 426 - 116 121 

Da_Ht_1B mudstone Huty 0.73 0.40 19.51 0.65 438 - 113 116 

Dub_Ht_1A mudstone Huty 0.49 0.31 15.28 - - - 73 54 

Gre_Ht_1A mudstone Huty 1.14 0.34 18.24 1.25 431 0.39 110 112 

Gre_Ht_1B mudstone Huty 1.02 0.60 15.68 - - - 103 101 

Ja_Ht_1A mudstone Huty 0.48 0.48 16.62 - - - 145 167 

Jbv_Ht_1A mudstone Huty 0.55 0.27 8.99 0.29 434 - 110 111 

Jbv_Ht_1C mudstone Huty 0.51 0.02 11.61 - - - 118 124 

Jv_Ht_1B mudstone Huty 0.85 0.49 17.89 0.90 435 - 110 112 

Kam_Ht_1B mudstone Huty 0.46 0.01 17.05 - - - 114 118 

Krv_Ht_1A mudstone Huty 0.40 0.02 1.00 - - - 102 99 

Lk_Ht_1A mudstone Huty 0.87 0.01 3.71 0.46 469 - 114 118 

Lk_Ht_1B mudstone Huty 0.83 0.05 7.77 - - - 117 123 

Lu_Ht_1B mudstone Huty 0.85 0.69 13.81 - - - 101 97 

Lu_Ht_1E mudstone Huty 0.75 0.88 17.41 0.67 434 - 108 109 

Nl_Ht_1A mudstone Huty 0.95 0.19 13.46 0.51 465 - 118 124 

Nl_Ht_1B mudstone Huty 0.41 0.08 0.51 - - - 112 115 

Ra_Ht_1A mudstone Huty 1.13 1.53 10.33 1.61 430 0.34 87 75 

Sab_Ht_1B mudstone Huty 0.67 0.56 9.08 0.39 431 - 119 127 

Sam_Bp_1A mudstone Huty 0.59 0.00 15.03 - - - 159 189 

Sam_Bp_1B mudstone Huty 0.57 0.00 14.86 0.09 508 - 122 131 

Sam_Ht_2A mudstone Huty 0.71 0.02 10.59 0.30 458 - 137 154 

Sam_Ht_2C mudstone Huty 0.70 0.60 7.97 - - - 144 165 
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Sar_Ht_1A mudstone Huty 0.39 0.10 16.73 - - - 116 121 

Sar_Ht_1B mudstone Huty 0.53 1.20 18.95 - - - 113 116 

Sar_Ht_1C mudstone Huty 1.54 1.73 13.37 3.85 446 - 120 128 

Sp_Ht_1A mudstone Huty 2.10 2.09 11.70 - - - 123 132 

Sp_Ht_1B mudstone Huty 0.70 0.36 11.46 0.43 431 0.28 118 125 

Us_Ht_1A mudstone Huty 0.64 0.31 13.83 0.34 433 - 101 98 

Ti_Bp_1A sandstone Biely Potok 7.79 0.12 0.68 4.47 445 - 108 108 

Ti_Bp_1B sandstone Biely Potok 0.19 0.07 10.54 - - - 89 78 

           

TOC = total organic carbon; TS = total sulphur, CC = carbonate content       

S2 = mg HC/g          

*Staneczek et al. (2024)          

**Barker and Pawlewicz, 1994          
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Tab. S2 Sample lithology, depth and bulk geochemical data of the well samples. 
Sample 

code 
Lithology 

Depth 

[m] 
Unit Geochemical parameters Rock-Eval Temperature [°C] 

    
TOC [%] TS [%] CC [%] S2 Tmax [°C] (lnRc + 1.68)/0.0124* (lnRc+1.19)/0.00782* 

    

Chochołów           

CH2 mudstone 116 Zuberec  1.76 - - 0.64 432 85.83 73.44 

CH193 mudstone 193 Zuberec  - - - - - 87.82 76.60 

CH280 mudstone 280 Zuberec  - - - - - 95.44 88.67 

CH11 mudstone 436 Zuberec  2.29 - - 0.81 431 94.48 87.16 

CH513 mudstone 513 Huty - - - - - 94.24 86.77 

CH593 mudstone 593 Huty 0.10 - - - - 91.00 81.64 

CH17 mudstone 666 Huty 1.82 - - 1.18 430 99.29 94.78 

CH18 mudstone 735 Huty 0.44 0.90 15.45 0.83 432 - - 

CH820 mudstone 820 Huty - - - - - 99.25 94.71 

CH21 mudstone 964 Huty 2.62 - - 0.95 432 103.88 102.07 

CH29 mudstone 1283 Huty 3.4 - - 0.22 429 106.47 106.16 

CH30 mudstone 1364 Huty 0.95 1.27 16.68 2.26 436 106.48 106.18 

CH32 mudstone 1425 Huty 0.86 1.79 9.52 1.67 438 106.82 106.72 

CH35 mudstone 1503 Huty 0.84 0.84 11.46 1.47 441 105.15 104.07 

CH36 mudstone 1580 Huty 0.42 0.46 18.68 1.09 439 97.58 92.07 

CH1671 mudstone 1671 Huty - - - - - 106.08 105.54 

CH39 mudstone 1757 Huty 0.67 1.05 17.10 1.01 442 107.06 107.11 

CH43 mudstone 1953 Huty 0.64 1.58 14.80 1.50 446 114.79 119.35 

CH2011 mudstone 2011 Huty 2.50 - - - - 109.03 110.22 

CH2075 mudstone 2075 Huty 0.52 - - 0.82 452 109.74 111.36 

CH48 mudstone 2127 Huty 0.76 1.98 6.13 1.31 447 - - 

CH49 mudstone 2214 Huty 1.31 1.64 9.12 2.29 448 - - 

CH52 mudstone 2264 Huty 0.28 0.51 21.77 0.67 434 100.00 95.91 

CH2410 mudstone 2410 Huty 0.48 1.24 15.57 - - 112.28 115.38 
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CH2511 mudstone 2511 Huty - - - - - 116.33 121.81 

CH58 mudstone 2578 Huty 2.6 - - 0.89 447 113.43 117.20 

CH63 mudstone 2757 Huty 2.65 - - - - 120.92 129.09 

CH65 mudstone 2859 Huty 0.15 0.67 22.86 0.40 456 124.05 134.05 

CH2900 mudstone 2900 Huty - - - - - 129.31 142.38 

           

Bukowina           

BKT102 mudstone 102 Zuberec  - - - - - 116.27 121.70 

BKT294 mudstone 294 Zuberec  0.66 - - 0.75 448 125.63 136.54 

BKT10 mudstone 504 Zuberec  0.56 0.56 14.89 0.48 454 143.61 165.06 

BKT640 mudstone 640 Huty 0.75 - - 0.69 452 131.12 145.25 

BKT14 mudstone 699 Huty 0.91 1.70 14.20 0.70 457 135.48 152.17 

BKT902 mudstone 902 Huty 1.00 - - - - 145.79 168.51 

BKT20 mudstone 1005 Huty 0.94 1.46 12.26 0.49 471 150.02 175.23 

BKT22 mudstone 1141 Huty 1.07 1.10 11.44 0.42 456 158.12 188.07 

BKT1261 mudstone 1261 Huty - - - 0.52 456 153.02 179.98 

BKT25 mudstone 1382 Huty 0.99 1.14 14.99 0.33 480 173.89 213.08 

BKT27 mudstone 1480 Huty 0.69 0.51 17.78 0.28 487 176.54 217.27 

BKT1594 mudstone 1594 Huty - - - 0.57 471 152.71 179.49 

BKT30 mudstone 1649 Huty 1.17 2.06 5.73 0.37 488 176.02 216.45 

BKT31 mudstone 1782 Huty 1.23 2.34 6.61 0.30 486 167.28 202.60 

BKT35 mudstone 1904 Huty 0.94 1.83 7.73 0.23 506 181.31 224.84 

BKT38 mudstone 2043 Huty 0.53 1.38 16.91 0.17 502 178.12 219.78 

BKT2200 mudstone 2200 Huty 0.94 - - 0.29 330 214.99 278.24 

           

TOC = total organic carbon; TS = total sulphur, CC = carbonate content      

S2 = mg HC/g          

*Barker and Pawlewicz, 1994         
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Tab. S3 Biomarker-derived parameter values calculated for the CCPB samples. 
Sample code Aromatic maturity parameters Aliphatic maturity parameters 

 m/z 252 m/z 178+192 
m/z 

219+237+255 
m/z 192+219 m/z 254 m/z 191 m/z 217 

m/z 

218+191 

m/z 217 m/z 191 

 

BeP / (BeP + 

Pe) 
MPI1 MPI3 Rc [%] R/(R+D+S) R/(R+3-MP) PhP ratio C31(S/S+R) C30αβ/βα 20S/(S+R) C29ββ/(αα+ββ) DIA/(DIA+REG) Ts/(Ts+Tm) 

Orava Basin*               

1_Bi 0.81 0.40 0.69 0.64 0.71 0.43 0.00 0.54 3.99 0.25 0.37 0.00 0.17 0.29 

2_Bi 0.27 0.29 0.55 0.58 0.88 0.76 0.79 0.54 3.86 0.18 0.36 0.07 0.06 0.50 

3_Bi 0.25 0.26 0.55 0.56 0.49 0.32 0.74 0.55 2.85 0.18 0.23 0.27 0.15 0.13 

4_Bi 0.21 0.43 0.47 0.66 0.74 0.63 0.80 0.54 2.33 0.21 0.27 0.14 0.08 0.22 

5_Bi 0.20 0.31 0.59 0.59 0.72 0.50 0.80 0.51 2.03 0.19 0.26 0.40 0.07 0.21 

6_Bi 0.08 0.26 0.54 0.55 0.86 0.93 0.76 0.42 1.77 0.07 0.45 0.19 0.02 0.43 

7_Bi 0.06 0.29 0.55 0.57 0.87 0.96 0.78 0.40 2.33 0.10 0.31 0.51 0.06 0.30 

8_Bi 0.22 0.39 0.70 0.63 0.71 0.71 0.67 0.49 4.11 0.12 0.20 0.53 0.06 0.32 

9_Bi 0.21 0.45 0.52 0.67 0.50 0.65 0.00 0.49 2.37 0.15 0.29 0.00 0.10 0.00 

10_Bi 0.20 0.46 0.45 0.68 0.51 0.62 0.00 0.49 2.46 0.13 0.25 0.00 0.06 0.00 

11_Bi 0.65 0.49 0.55 0.69 0.34 0.67 0.87 0.42 2.84 0.16 0.12 0.00 0.08 0.28 

12_Zu 0.94 0.48 0.75 0.69 0.97 0.68 0.75 0.59 5.16 0.37 0.35 0.00 0.16 0.42 

13_Zu 0.86 0.46 0.73 0.68 0.98 0.72 0.76 0.59 3.99 0.38 0.32 0.00 - - 

14_Zu 0.21 0.26 0.70 0.55 0.93 0.63 0.55 0.55 2.82 0.19 0.27 0.00 0.15 0.39 

15_Zu 0.92 0.57 0.71 0.74 1.00 0.87 0.80 0.59 4.74 0.31 0.37 0.00 0.15 0.25 

16_Zu 0.92 0.36 0.74 0.61 1.00 0.84 0.86 0.59 4.89 0.26 0.38 0.46 0.21 0.36 

17_Zu 0.08 0.38 0.66 0.63 0.76 0.80 0.68 0.45 2.54 0.09 0.37 0.25 0.00 0.45 

18_Zu 0.09 0.43 0.61 0.66 0.77 0.86 0.71 0.48 3.14 0.10 0.43 0.31 0.08 0.25 

19_Zu 0.12 0.41 0.50 0.65 0.81 0.96 0.75 0.48 2.93 0.15 0.46 0.40 0.08 0.27 

20_Zu 0.09 0.37 0.64 0.62 0.78 0.80 0.73 0.49 2.30 0.18 0.32 0.06 0.02 0.41 

21_Zu 0.14 0.38 0.64 0.63 0.71 0.74 0.76 0.54 4.18 0.22 0.22 0.09 0.10 0.25 

22_Zu 0.11 0.33 0.63 0.60 0.74 0.73 0.66 0.53 4.34 0.20 0.23 0.00 0.13 0.29 

23_Zu 1.00 0.75 0.69 0.85 0.96 0.75 0.65 0.62 7.67 0.61 0.41 0.00 0.26 0.04 

24_Zu 0.90 0.54 0.77 0.72 0.96 0.34 0.60 0.59 6.24 0.48 0.43 0.00 0.21 0.54 
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25_Zu 0.86 0.53 0.79 0.72 0.98 0.49 0.71 0.60 6.26 0.43 0.36 0.00 0.24 0.40 

26_Zu 0.96 0.52 0.88 0.71 0.98 0.46 0.68 0.59 5.17 0.41 0.36 0.00 0.25 0.46 

27_Zu 0.95 0.52 0.78 0.71 0.96 0.43 0.72 0.59 6.69 0.47 0.43 0.00 0.22 0.57 

28_Zu 0.94 0.55 0.77 0.73 0.97 0.48 0.71 0.59 4.76 0.43 0.37 0.00 0.20 0.41 

29_Zu 0.97 0.56 0.72 0.74 0.97 0.51 0.69 0.58 5.81 0.46 0.42 0.00 0.20 0.54 

30_Zu 0.96 0.60 0.72 0.76 0.97 0.54 0.68 0.59 5.81 0.47 0.40 0.00 0.21 0.54 

31_Zu 0.97 0.62 0.72 0.77 0.98 0.55 0.70 0.58 5.90 0.48 0.40 0.00 0.19 0.54 

32_Zu 0.96 0.53 0.73 0.72 0.97 0.45 0.74 0.59 5.99 0.44 0.42 0.00 0.19 0.54 

33_Zu 0.73 0.29 0.54 0.58 0.19 0.63 0.75 0.56 5.15 0.19 0.25 0.52 0.14 0.33 

34_Zu 0.40 0.40 0.55 0.64 0.81 0.55 0.80 0.55 3.48 0.22 0.27 0.44 0.11 0.25 

35_Zu 0.18 0.25 0.54 0.55 0.44 0.60 0.00 0.44 1.78 0.14 0.44 0.18 0.01 0.00 

36_Zu 0.15 0.28 0.55 0.57 0.38 0.58 0.79 0.43 2.05 0.10 0.29 0.22 0.06 0.61 

37_Zu 0.26 0.31 0.66 0.59 1.00 0.44 0.84 0.50 2.28 0.15 0.27 0.44 0.00 0.51 

38_Zu 1.00 0.40 0.68 0.64 - 0.24 0.80 0.58 5.98 0.58 0.51 0.57 0.09 0.23 

39_Zu 0.05 0.26 0.53 0.56 0.43 0.92 0.00 0.44 2.94 0.07 0.18 0.00 0.03 0.13 

40_Zu 0.07 0.22 0.47 0.53 0.62 0.89 0.67 0.42 2.09 0.10 0.41 0.00 0.02 0.26 

41_Zu 0.84 0.34 0.71 0.60 0.99 0.87 0.83 0.59 4.43 0.40 0.49 0.00 0.04 0.33 

42_Zu 0.73 0.38 0.75 0.63 0.99 0.79 0.83 0.59 5.98 0.47 0.35 0.00 0.04 0.42 

43_Zu 0.82 0.45 0.77 0.67 0.99 0.80 0.84 0.59 8.24 0.46 0.44 0.00 0.43 0.43 

44_Zu 0.9? 0.43? 0.79? 0.66? 1.00? 0.80? 0.84? 0.57? 7.49? 0.41? 0.43? 0.00? 0.05? 0.42? 

45_Zu 0.89 0.41 0.75 0.64 1.00 0.70 0.82 0.57 5.82 0.45 0.43 0.00 0.08 0.43 

46_Zu 1.00 0.29 0.31 0.58 0.86 0.24 0.60 0.60 7.25 0.41 0.51 0.00 0.27 0.73 

47_Zu 0.94 0.38 0.66 0.63 1.00 0.88 0.88 0.59 4.40 0.43 0.47 0.00 0.02 0.12 

48_Zu 0.95 0.37 0.69 0.62 1.00 0.83 0.89 0.59 6.14 0.46 0.56 0.00 0.02 0.14 

49_Zu 0.92 0.48 0.65 0.69 1.00 0.94 0.86 0.59 5.82 0.43 0.47 0.00 0.19 0.53 

50_Zu 1.00 0.23 0.30 0.54 0.90 0.79 0.74 0.57 3.00 0.47 0.47 0.00 0.15 0.00 

51_Zu 0.98 0.25 0.48 0.55 0.54 0.86 0.74 0.56 4.59 0.25 0.32 0.00 0.07 0.44 

52_Zu 0.66 - - - 1.00 1.00 0.00 0.59 5.15 0.46 0.40 0.00 0.20 0.48 

53_Zu 1.00 0.55 0.71 0.73 0.98 0.48 0.69 0.59 6.16 0.45 0.45 0.00 0.15 0.53 

54_Zu 0.97 0.60 0.72 0.76 0.96 0.60 0.67 0.59 6.86 0.44 0.43 0.00 0.20 0.57 
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55_Zu 1.00 0.52 0.73 0.71 0.97 0.44 0.64 0.59 5.29 0.42 0.37 0.00 0.22 0.47 

56_Zu 0.02 0.24 0.60 0.55 0.40 0.90 0.52 0.42 4.44 0.09 0.26 0.45 0.13 0.29 

57_Zu 0.05 0.25 0.54 0.55 0.82 0.96 0.50 0.42 4.23 0.06 0.23 0.48 0.05 0.37 

58_Zu 0.07 0.27 0.52 0.56 0.89 0.94 0.75 0.46 2.38 0.20 0.51 0.00 0.03 0.43 

59_Ht - 0.63 0.67 0.78 1.00 0.30 0.73 0.61 6.19 0.49 0.50 0.00 0.24 0.00 

60_Ht - 0.61 0.71 0.77 1.00 0.24 0.76 0.58 6.79 0.53 0.50 0.00 0.35 0.65 

61_Ht - 0.44 0.35 0.67 1.00 0.66 0.00 0.58 6.76 0.54 0.50 0.00 0.28 0.61 

62_Ht 0.92 0.58 0.73 0.75 0.97 0.49 0.79 0.59 6.38 0.46 0.41 0.00 0.23 0.59 

63_Ht 0.97 0.55 0.76 0.73 1.00 0.38 0.79 0.58 4.79 0.34 0.58 0.00 0.14 0.32 

64_Ht 0.97 0.58 0.62 0.75 0.99 0.34 0.66 0.58 7.78 0.57 0.39 0.00 0.15 0.08 

65_Ht 1.00 0.35 0.48 0.61 0.94 0.68 0.58 0.58 5.59 0.47 0.56 0.00 0.14 0.39 

66_Ht 0.97 0.53 0.61 0.72 0.99 0.33 0.69 0.56 6.81 0.46 0.55 0.00 0.23 0.30 

67_Ht 0.94 0.64 0.66 0.79 1.00 0.53 0.64 0.58 7.27 0.53 0.53 0.00 0.31 0.54 

68_Ht 0.88 0.57 0.70 0.74 0.17 0.19 0.80 0.57 6.57 0.55 0.51 0.00 0.37 0.62 

69_Ht 1.00 0.70 0.93 0.82 0.98 0.35 0.70 0.59 5.17 0.55 - 0.00 0.32 0.56 

70_Ht - - - - - - - 0.59 6.21 0.46 0.56 0.00 - - 

71_Ht 1.00 0.57 0.72 0.74 0.95 0.06 0.58 0.57 8.29 0.58 0.55 0.00 0.33 0.66 

72_Ht 1.00 0.52 0.70 0.71 0.50 0.15 0.67 0.57 6.98 0.53 - 0.00 0.42 0.65 

73_Ht - 0.61 0.67 0.77 1.00 0.30 0.75 0.56 4.81 0.44 0.50 0.00 0.31 0.57 

74_Ht - 0.70 0.66 0.82 1.00 0.24 0.71 0.58 6.70 0.59 0.51 0.00 0.33 0.55 

75_Ht - 0.67 0.73 0.80 1.00 0.66 0.75 0.58 6.16 0.54 0.50 0.00 0.31 0.56 

76_Ht 1.00 0.60 0.64 0.76 1.00 0.26 0.77 0.57 5.91 0.54 0.51 0.00 0.35 0.65 

77_Ht 0.88 0.33 0.72 0.60 0.94 0.59 0.67 0.58 4.59 0.25 0.33 0.00 0.04 0.47 

78_Ht 0.86 0.32 0.71 0.59 0.94 0.61 0.68 0.58 4.81 0.29 0.31 0.00 0.06 0.43 

79_Ht 0.96 0.51 0.70 0.70 1.00 0.21 0.73 0.59 7.02 0.62 0.53 0.00 0.39 0.68 

80_Ht - 0.56 0.69 0.74 1.00 0.18 0.72 0.58 7.42 0.61 0.54 0.00 0.24 0.63 

81_Ht - 0.66 0.67 0.79 1.00 0.20 0.73 0.58 8.22 0.62 0.55 0.00 0.17 0.62 

82_Ht 1.00 0.46 0.68 0.68 1.00 0.22 0.67 0.57 8.12 0.51 0.49 0.00 0.27 0.50 

83_Ht 1.00 0.57 0.68 0.74 1.00 0.34 0.79 0.57 6.28 0.57 0.58 0.00 0.42 0.67 

84_Ht 0.84 0.41 0.43 0.64 0.99 0.86 0.65 0.51 3.30 0.28 0.33 0.00 0.10 0.29 
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85_Ht 0.85 0.45 0.77 0.67 1.00 0.90 0.64 0.53 4.12 0.25 0.44 0.00 0.01 0.28 

               

Podhale Basin               

ANTPO 0.96 0.52 0.68 0.71 1.00 0.17 0.73 0.59 8.91 0.52 0.44 0.00 0.27 0.13 

GR_ZU_1B 1.00 0.69 0.81 0.81 1.00 0.06 0.88 0.60 3.45 0.00 0.00 0.00 0.00 0.67 

GR_ZU_1C 1.00 0.71 0.65 0.83 1.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.70 

GR_ZU_2B 0.96 0.78 0.78 0.87 1.00 0.12 0.84 0.59 6.15 0.66 0.51 0.00 0.34 0.62 

Ht11 0.96 0.69 0.68 0.82 1.00 0.11 0.84 0.52 2.91 0.62 0.56 0.00 0.55 0.49 

Ht7 0.97 0.67 0.67 0.80 1.00 0.08 0.82 0.54 5.00 0.61 0.59 0.00 0.47 0.07 

Ht8 1.00 0.60 0.64 0.76 1.00 0.26 0.77 0.58 5.52 0.54 0.51 0.00 0.35 0.65 

Ht9 0.96 0.62 0.71 0.77 1.00 0.28 0.77 0.58 6.65 0.56 0.51 0.00 0.36 0.61 

KAC1 0.98 0.59 0.82 0.76 1.00 0.03 0.85 0.58 7.14 0.55 0.51 0.00 0.19 0.22 

LAP1 0.98 0.63 0.84 0.78 1.00 0.08 0.86 0.59 9.34 0.58 0.58 0.00 0.30 0.31 

MARO1 0.68 0.52 0.74 0.71 0.93 0.49 0.55 0.57 4.02 0.31 0.24 0.00 0.13 0.23 

MARO2 0.33 0.39 0.72 0.63 0.91 0.56 0.70 0.53 2.76 0.33 0.23 0.00 0.05 0.13 

ZA1 1.00 1.07 1.30 1.04 1.00 0.00 0.91 - - - 0.00 0.00 0.00 0.00 

ZA2 1.00 1.70 2.37 1.42 1.00 0.03 0.95 - - - 0.00 0.00 0.00 0.00 

ZA3 1.00 2.07 3.79 1.64 1.00 0.01 0.96 - - - 0.00 0.00 0.00 0.00 

ZA4 1.00 1.78 2.29 1.47 1.00 0.02 0.95 - - - 0.00 0.00 0.00 0.00 

ZA5 1.00 1.35 1.51 1.21 1.00 0.04 0.92 - - - 0.00 0.00 0.00 0.00 

BDUN0 0.95 0.44 0.59 0.66 1.00 0.18 0.61 0.61 7.50 0.36 0.36 0.00 0.32 0.35 

BAN484 1.00 0.47 0.77 0.68 1.00 0.08 0.00 - - - 0.00 0.00 0.00 0.00 

BKT102 1.00 0.65 0.91 0.79 1.00 0.05 0.90 - - - 0.00 0.00 0.00 0.00 

CHL193 0.21 0.26 0.70 0.55 0.93 0.63 0.72 0.55 2.39 0.27 0.27 0.00 0.18 0.07 

Z111 1.00 0.66 0.81 0.80 1.00 0.04 0.84 0.52 6.45 - 0.00 0.00 1.00 0.00 

               

Spisz Basin               

BH1_1 1.00 2.48 2.88 1.89 - 0.00 0.99 - - - 0.00 0.00 0.00 0.00 

BH1_2 1.00 1.85 4.03 1.51 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

BH2_1 1.00 2.69 3.68 2.01 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 
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BH3_1 1.00 1.78 4.33 1.47 - 0.00 0.99 - - - 0.00 0.00 0.00 0.00 

BH3_2 1.00 2.38 3.95 1.83 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

BH4_1 1.00 2.19 3.30 1.72 - 0.00 0.00 - - - 0.00 0.00 0.00 0.00 

BH4_2 1.00 2.22 3.63 1.73 - 0.00 0.00 - - - 0.00 0.00 0.00 0.00 

Hg_Ht_1A 1.00 2.24 1.70 1.75 - 0.00 0.98 - - - 0.00 0.00 0.00 0.00 

Hg_Ht_2A 1.00 2.62 2.36 1.97 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Hg_Ht_2B 1.00 2.30 2.59 1.78 - 0.00 0.98 - - - 0.00 0.00 0.00 0.00 

Jz_Ht_1A 1.00 3.70 3.47 2.62 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Jz_Ht_2B 1.00 3.47 2.77 2.48 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Jz_Ht_2C 1.00 3.44 2.97 2.47 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Lch_Ht_1A 1.00 1.17 1.34 1.10 1.00 0.01 0.92 - - - 0.00 0.00 0.00 0.66 

Lch_Ht_1B 1.00 1.03 1.25 1.02 1.00 0.03 0.93 - - - 0.00 0.00 0.00 0.00 

Len_Ht_1A 1.00 1.44 3.73 2.99** - 0.00 0.97 - - - 0.00 0.00 0.00 0.32 

Len_Ht_1B 1.00 1.81 3.89 3.18** - 0.00 0.95 - - - 0.00 0.00 0.00 0.79 

Ly_Ht_1A 0.97 0.54 0.66 0.72 1.00 0.26 0.77 0.58 8.90 0.67 0.52 0.00 0.23 0.61 

Ly_Ht_1B 0.98 0.72 0.75 0.83 1.00 0.19 0.79 0.60 7.73 0.63 0.53 0.00 0.27 0.61 

Rie_Ht_1A 0.95 0.72 0.69 0.83 1.00 0.06 0.70 0.57 8.34 0.65 0.54 0.00 0.61 0.05 

Sn_Ht_1B 0.99 0.87 0.90 0.92 1.00 0.06 0.89 0.60 2.53 0.66 0.43 0.00 0.43 0.78 

Sn_Ht_1C 0.97 0.85 0.89 0.91 1.00 0.05 0.90 0.58 2.25 - 0.00 0.00 1.00 0.92 

Sv_Ht_1A 1.00 2.66 3.27 1.99 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Sv_Ht_1B 1.00 2.77 2.85 2.06 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Top_Ht_1A 0.96 2.01 2.28 1.60 1.00 0.16 0.98 0.57 4.35 - 0.00 0.00 1.00 0.34 

Vr_Ht_1A - - - - - 0.00 0.00 - - - 0.00 0.00 0.00 0.00 

Vr_Ht_1C 0.98 1.45 2.22 1.27 - 0.00 0.00 - - - 0.00 0.00 0.00 0.00 

Zdi_Ht_1A 1.00 1.38 2.83 1.23 - 0.00 0.98 - - - 0.00 0.00 0.00 0.50 

Hv_Zu_1C 1.00 1.47 1.79 1.28 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

Hv_Zu_1D 1.00 1.64 1.68 1.39 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

Hv_Zu_2A 1.00 2.04 2.70 1.63 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Hv_Zu_2D 1.00 2.20 1.62 1.72 - 0.00 1.00 - - - 0.00 0.00 0.00 0.47 

Lch_Zu_2A 0.98 1.32 1.27 1.19 - 0.00 0.94 - - - 0.00 0.00 0.00 0.00 
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Lch_Zu_2D 0.99 1.40 1.33 1.24 - 0.00 0.94 - - - 0.00 0.00 0.00 0.00 

Len_Zu_2A 1.00 1.39 3.56 2.96** - 0.00 0.98 - - - 0.00 0.00 0.00 0.44 

Len_Zu_2B 1.00 1.34 2.73 2.94** - 0.00 0.93 - - - 0.00 0.00 1.00 0.55 

Md_Zu_1A 0.33 0.36 0.57 0.61 0.98 0.62 0.81 0.57 2.95 0.30 0.26 0.00 0.06 0.12 

Mf_Zu_1A 0.99 3.27 3.09 2.36 - 0.00 1.00 - - - 0.00 0.00 0.00 0.00 

Mf_Zu_1D 1.00 2.26 3.34 1.76 - 0.00 0.00 - - - 0.00 0.00 0.00 0.00 

Mt_Zu_1A 0.78 1.01 1.59 1.01 1.00 0.03 0.95 - - - 0.00 0.00 0.00 0.00 

Mt_Zu_1C 0.99 0.88 1.61 0.93 1.00 0.01 0.95 - - - 0.00 0.00 0.00 0.00 

Mt_Zu_1D 1.00 1.38 1.67 1.23 1.00 0.05 0.96 - - - 0.00 0.00 0.00 0.00 

Os_Zu_1A 0.98 1.51 2.03 1.31 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

Os_Zu_1B 0.99 1.40 2.37 1.24 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

Os_Zu_2A 0.98 1.18 1.43 1.11 - 0.00 0.94 - - - 0.00 0.00 0.00 0.00 

Os_Zu_3A 0.98 1.15 1.83 1.09 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

Os_Zu_3B 0.98 1.44 1.97 1.27 - 0.00 0.97 - - - 0.00 0.00 0.00 0.00 

Slo_Zu_1A 0.71 1.65 1.94 1.39 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

Slo_Zu_1B 0.83 1.68 1.69 1.41 - 0.00 0.96 - - - 0.00 0.00 0.00 0.00 

TOP_Zu_2A 0.94 0.86 0.82 0.92 1.00 0.04 0.88 0.55 8.07 0.41 0.53 0.00 0.04 0.43 

Topr_Zu-1A 0.90 0.43 0.65 0.66 1.00 0.66 0.85 0.60 3.53 0.45 0.30 0.00 0.10 0.19 

Vf_Zu_1A 0.99 0.76 1.64 0.86 - 0.00 0.95 - - - 0.00 0.00 0.00 0.46 

               

Lewocza Basin & Šariš Upland              

Cnv_Zu_1A 0.72? 1.30? 0.97? 1.18? - 0.00? 0.00? 0.56? 4.10? 0.14? 0.26? 0.00? 0.07? 0.25? 

Fi_Zu_1A 0.74? 1.08? 0.79? 1.05? 1.00? 0.74? 0.00? 0.58? 7.77? 0.20? 0.27? 0.00? 0.07? 0.36? 

He_Zu_1A 0.79? 0.55? 0.92? 0.73? - 0.00? 0.00? 0.57? 4.03? 0.17? 0.28? 0.00? 0.17? 0.31? 

Hn_Zu_1A 0.54? 0.77? 0.63? 0.86? - 0.00? 0.78? 0.55? 3.78? 0.20? 0.29? 0.00? 0.13? 0.49? 

Ms_Zu_1A 0.82? 1.10? 0.82? 1.06? - 0.00? 0.00? 0.00? 0.00? 0.00? 0.00? 0.00? 1.00? 0.41? 

Lac_Zu_1A 0.79 0.41 0.71 0.64 1.00 0.48 0.81 0.56 4.14 0.40 0.34 0.00 0.21 0.28 

Lip_Zu_1A 0.94 0.59 0.80 0.75 1.00 0.32 0.73 0.60 5.31 0.47 0.35 0.00 0.24 0.41 

Pla_Zu_1C 0.04 0.27 0.71 0.56 0.80 0.78 0.76 0.48 2.64 0.09 0.19 0.84 0.02 0.45 

Sl_Zu_1A 0.11 0.71 0.89 0.82 0.74 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Sl_Zu_1B 0.09 0.75 0.81 0.85 0.73 0.38 0.00 0.42 3.03 0.28 0.27 0.00 0.08 0.39 

Baj_Ht_1A 0.99 0.60 0.67 0.76 1.00 0.03 0.78 0.59 6.84 0.64 0.50 0.00 0.32 0.74 

Baj_Ht_1C 0.99 0.62 0.61 0.77 1.00 0.08 0.79 0.58 9.01 0.68 0.50 0.00 0.00 0.00 

Baj_Ht_1D 0.99 0.65 0.69 0.79 1.00 0.05 0.79 0.58 7.36 0.52 0.50 0.00 0.46 0.75 

Bre_Ht_1A 0.90 0.68 0.68 0.81 1.00 0.34 0.74 0.59 5.61 0.27 0.42 0.00 0.24 0.36 

Cv_Ht_1A 0.71 0.55 0.61 0.73 0.85 0.57 0.80 0.56 2.83 0.23 0.24 0.00 0.14 0.25 

Cv_Ht_1B 0.76 0.64 0.46 0.78 0.48 0.63 0.74 0.55 5.17 0.00 0.26 0.00 0.10 0.26 

Da_Ht_1B 0.90 0.59 0.68 0.76 1.00 0.61 0.74 0.58 3.55 0.36 0.00 0.00 1.00 0.19 

Dub_Ht_1A 0.88 0.11 0.67 0.46 0.95 0.91 0.75 0.55 3.19 0.07 0.29 0.00 0.15 0.15 

Gre_Ht_1A 0.04 0.55 0.65 0.73 0.77 0.98 0.00 0.39 2.24 0.03 0.25 0.30 0.06 0.20 

Gre_Ht_1B 0.02 0.45 0.56 0.67 0.75 0.97 0.00 0.28 2.26 0.00 0.08 0.39 0.06 0.38 

Ja_Ht_1A 0.97 1.20 1.31 1.12 1.00 0.02 0.93 0.56 2.30 0.39 0.00 0.00 1.00 0.00 

Jbv_Ht_1A 0.71 0.55 0.80 0.73 1.00 0.24 0.87 0.57 1.63 0.28 0.21 0.00 0.04 0.04 

Jbv_Ht_1C 0.46 0.67 0.76 0.80 1.00 0.51 0.92 0.57 1.54 0.20 0.38 0.00 0.05 0.03 

Jv_Ht_1B 0.24 0.55 0.68 0.73 0.82 0.81 0.72 0.55 2.30 0.40 0.21 0.00 0.13 0.06 

Kam_Ht_1B 0.97 0.61 0.69 0.76 1.00 0.37 0.74 0.57 6.06 0.52 0.46 0.00 0.14 0.31 

Krv_Ht_1A 0.94 0.44 0.77 0.66 1.00 0.27 0.75 0.59 4.59 0.61 0.50 0.00 0.24 0.38 

Lk_Ht_1A 0.99 0.61 0.75 0.76 1.00 0.03 0.85 0.57 7.01 0.64 0.55 0.00 0.22 0.77 

Lk_Ht_1B 0.98 0.66 0.85 0.80 1.00 0.03 0.85 0.58 7.34 0.47 0.52 0.00 0.25 0.81 

Lu_Ht_1B 0.81 0.42 0.66 0.65 1.00 0.54 0.78 0.59 3.00 0.45 0.29 0.00 0.19 0.14 

Lu_Ht_1E 0.89 0.52 0.67 0.71 1.00 0.62 0.79 0.58 2.92 0.00 0.29 0.00 0.15 0.17 

Nl_Ht_1A 0.90 0.67 0.79 0.80 1.00 0.06 0.90 0.00 0.00 0.00 0.00 0.00 1.00 0.92 

Nl_Ht_1B 0.94 0.58 0.79 0.75 1.00 0.11 0.89 0.00 0.00 0.08 0.00 0.00 1.00 0.90 

Ra_Ht_1A 0.02 0.24 0.54 0.55 0.82 0.96 0.53 0.38 4.04 0.05 0.31 0.18 0.16 0.21 

Sab_Ht_1B 0.03 0.70 0.79 0.82 0.59 0.78 0.74 0.38 2.03 0.00 0.22 0.27 0.06 0.07 

Sam_Bp_1A 0.98 1.55 1.62 1.33 1.00 0.07 0.00 0.53 2.65 0.00 0.00 0.00 0.00 0.48 

Sam_Bp_1B 0.98 0.74 1.87 0.85 1.00 0.02 0.97 0.62 3.21 0.00 0.00 0.00 0.00 0.00 

Sam_Ht_2A 0.99 1.02 1.24 1.01 1.00 0.02 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.87 

Sam_Ht_2C 0.97 1.18 1.30 1.11 1.00 0.03 0.93 0.00 0.00 0.62 0.00 0.00 0.00 0.00 

Sar_Ht_1A 0.99 0.64 0.59 0.78 1.00 0.10 0.77 0.58 7.34 0.67 0.54 0.00 0.41 0.79 
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Sar_Ht_1B 0.99 0.59 0.64 0.76 1.00 0.05 0.78 0.58 6.48 0.56 0.51 0.00 0.39 0.80 

Sar_Ht_1C 1.00 0.72 0.65 0.83 1.00 0.06 0.78 0.59 7.01 0.06 0.56 0.00 0.43 0.85 

Sp_Ht_1A 0.05 0.75 1.00 0.85 0.76 0.84 0.80 0.40 1.92 0.08 0.23 0.28 0.04 0.04 

Sp_Ht_1B 0.04 0.68 0.80 0.81 0.72 0.86 0.00 0.40 1.75 0.18 0.26 0.00 0.00 0.00 

Us_Ht_1A 0.17 0.42 0.69 0.65 0.89 0.83 0.81 0.56 2.21 0.48 0.26 0.00 0.10 0.08 

Ti_Bp_1A 0.90 0.52 0.77 0.71 1.00 0.21 0.83 0.57 4.00 0.00 0.34 0.00 0.01 0.11 

Ti_Bp_1B 0.89 0.27 0.64 0.56 1.00 0.20 0.00 0.62 4.23 0.00 0.00 0.00 0.00 0.00 

               
MPI1: methylphenanthrene index 1; MPI3: methylphenanthrene index 3; Rc: calculated vitrinite reflectance; PhP ratio: phenylphenathrene ratio. 

     
BeP/(BeP + Pe) = benzo[e]pyrene/(benzo[e]pyrene + 

perylene) 
      

     
MPI1 = 1.5*(3-methylphenanthrene + 2-methylphenanthrene)/(phenanthrene + 9-methylphenanthrene + 1-methylphenanthrene)  

     

MPI3 = (3-methylphenanthrene + 2-methylphenanthrene)/(9-methylphenanthrene + 1-methylphenanthrene)        

Rc = 0.4 + 0.6 * MPI1              
R/(R + D + S) = 

retene/(renete+dehydroabietane+simonellite)            

R/(R + 3-MP) = retene/(retene + 3-methylphenanthrene)            

PhP ratio: (2- + 3-PhP)/[(2- + 3-PhP) + (4- + 1- + 9-PhP)] = (2- + 3-phenylphenanthrene)/ [(2- + 3-phenylphenanthrene)+(4- + 1-+ 9-phenylphenanthrene)]     

m/z 218 + 191 = (oleanenes + lupenes +C30ββ hopanes)/(C30αβ and C30βα hopanes)          

Ts/(Ts+Tm) = 18a(H)-22,29,30-trisnorneohopane/ (18a(H)-22,29,30-trisnorneohopane + 17a(H)-22,29,30-trisnorhopane)      

DIA/(DIA+REG) = C27 diasteranes/ (C27 diasteranes + C29 steranes)          

*Staneczek et al. (2024)              

**the value calculated using Rc = 0.5*MPI1 + 2.27 equation (Radke , 1987)          
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Tab. S4 Biomarker-derived parameter values calculated for the well samples. 
 
Sample code Aromatic maturity parameters Aliphatic maturity parameters 

 m/z 252 m/z 178+192 m/z 219+237+255 
m/z 

192+219 
m/z 254 m/z 191 m/z 217 

m/z 

218+191 

m/z 217 m/z 191 

 

BeP / (BeP + 

Pe) 

BeP / (BeP 

+ BaP) 
MPI1 MPI3 Rc [%] R/(R+D+S) 

R/(R+3-

MP) 

PhP 

ratio 
C31(S/S+R) C30αβ/βα 20S/(S+R) C29ββ/(αα+ββ) DIA/(DIA+REG) Ts/(Ts+Tm) 

Chochołów                

CH2 0.26 0.53 0.23 0.64 0.54 0.96 0.66 0.72 0.55 2.41 0.19 0.30 0.00 0.14 0.10 

CH193 0.21 0.52 0.26 0.70 0.55 0.93 0.63 0.68 0.55 2.39 0.20 0.26 0.00 0.24 0.08 

CH280 0.25 0.51 0.35 0.66 0.61 0.94 0.77 0.70 0.56 2.52 0.31 0.26 0.00 0.16 0.07 

CH11 0.28 0.55 0.34 0.70 0.60 0.94 0.53 0.71 0.56 3.09 0.25 0.23 0.00 0.12 0.10 

CH513 0.52 0.65 0.33 0.75 0.60 0.94 0.56 0 0.58 2.92 0.29 0.24 0.00 0.11 0.10 

CH593 0.58 0.85 0.29 0.66 0.58 0.84 0.51 0.55 0.56 0.11 0.35 0.22 0.00 0.00 0.00 

CH17 0.49 0.63 0.40 0.73 0.64 0.63 0.51 0.72 0.58 2.99 0.30 0.26 0.00 0.20 0.10 

CH18 - - - - - - - - - - - - -   

CH820 0.79 0.67 0.40 0.73 0.64 1.00 0.58 0.00 0.59 2.95 0.37 0.28 0.00 0.17 0.00 

CH21 0.90 0.75 0.46 0.76 0.68 1.00 0.54 0.70 0.59 4.55 0.39 0.31 0.00 0.24 0.35 

CH29 1.00 0.79 0.50 0.75 0.70 1.00 0.52 0.79 0.59 5.44 0.44 0.41 0.00 0.18 0.49 

CH30 1.00 0.90 0.50 0.75 0.70 1.00 0.47 0.73 0.59 1.48 0.50 0.49 0.00 0.34 0.64 

CH32 1.00 0.91 0.50 0.74 0.70 1.00 0.25 0.75 0.61 2.78 0.52 0.50 0.00 0.24 0.59 

CH35 1.00 0.85 0.48 0.76 0.69 1.00 0.22 0.75 0.61 3.05 0.57 0.50 0.00 0.29 0.61 

CH36 1.00 0.84 0.38 0.31 0.63 1.00 0.55 0.79 0.62 0.21 0.58 0.50 0.00 0.32 0.64 

CH1671 1.00 0.87 0.49 0.72 0.69 1.00 0.55 0.79 0.59 6.33 0.61 0.47 0.00 0.34 0.56 

CH39 1.00 0.89 0.50 0.69 0.70 1.00 0.27 0.79 0.59 7.86 0.60 0.50 0.00 0.31 0.68 

CH43 1.00 0.96 0.62 0.64 0.77 1.00 0.13 0.77 0.60 9.74 0.59 0.56 0.00 0.20 0.79 

CH2011 1.00 0.96 0.53 0.67 0.72 1.00 0.10 0.75 0.60 9.05 0.63 0.54 0.00 0.31 0.81 

CH2075 1.00 0.94 0.54 0.70 0.73 1.00 0.11 0.78 0.62 0.11 0.57 0.51 0.00 0.33 0.70 

CH48 - - - - - - - - - - - - - -  

CH49 - - - - - - - - - - - - - -  
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CH52 0.93 0.73 0.41 0.81 0.64 1.00 0.20 0.72 0.62 5.13 0.49 0.33 0.00 0.21 0.29 

CH2410 1.00 0.95 0.58 0.73 0.75 0.00 0.00 0.86 0.60 7.65 0.00 0.00 0.00 0.39 0.31 

CH2511 1.00 0.96 0.65 0.79 0.79 0.00 0.00 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.47 

CH58 1.00 1.00 0.60 0.75 0.76 0.00 0.00 0.85 0.00 0.00 0.00 0.00 0.00 0.00 0.87 

CH63 1.00 1.00 0.72 0.82 0.83 0.00 0.00 0.87 0.00 0.00 0.00 0.00 0.00 0.00 0.84 

CH65 1.00 0.93 0.78 0.96 0.87 0.00 0.00 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.80 

CH2900 1.00 0.94 0.88 0.94 0.93 0.00 0.00 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                

Bukowina                

BKT102 1.00 0.92 0.65 0.95 0.79 0.00 0.00 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT294 1.00 0.94 0.81 1.12 0.88 0.00 0.00 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT10 1.00 0.92 1.18 1.32 1.11 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT640 1.00 0.93 0.91 1.34 0.95 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT14 1.00 0.94 1.00 1.15 1.00 0.00 0.00 0.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT902 1.00 0.89 1.23 1.68 1.14 0.00 0.00 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT20 1.00 0.94 1.33 1.56 1.20 0.00 0.00 0.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT22 1.00 0.86 1.54 2.63 1.32 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT1261 1.00 0.89 1.40 3.09 1.24 0.00 0.00 0.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT25 1.00 0.89 2.02 2.98 1.61 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT27 1.00 0.82 2.11 3.47 1.66 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT1594 1.00 0.91 1.40 3.73 1.24 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT30 1.00 0.87 2.09 3.08 1.65 0.00 0.00 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT31 1.00 0.88 1.81 3.21 1.48 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT35 1.00 0.87 2.28 3.11 1.77 0.00 0.00 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT38 1.00 0.86 2.16 3.72 1.70 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

BKT2200 1.00 0.94 0.83 3.08 2.68* 0.00 0.00 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                
MPI1: methylphenanthrene index 1; MPI3: methylphenanthrene index 3; Rc: calculated vitrinite reflectance; PhP ratio: phenylphenathrene 

ratio.       
BeP/(BeP + Pe) = benzo[e]pyrene/(benzo[e]pyrene + 

perylene) 
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MPI1 = 1.5*(3-methylphenanthrene + 2-methylphenanthrene)/(phenanthrene + 9-methylphenanthrene + 1-

methylphenanthrene) 
 

      

MPI3 = (3-methylphenanthrene + 2-methylphenanthrene)/(9-methylphenanthrene + 1-methylphenanthrene)         

Rc = 0.4 + 0.6 * MPI1               
R/(R + D + S) = 

retene/(renete+dehydroabietane+simonellite)             

R/(R + 3-MP) = retene/(retene + 3-methylphenanthrene)             
PhP ratio: (2- + 3-PhP)/[(2- + 3-PhP) + (4- + 1- + 9-PhP)] = (2- + 3-phenylphenanthrene)/ [(2- + 3-phenylphenanthrene)+(4- + 1-+ 9-
phenylphenanthrene)]      
m/z 218 + 191 = (oleanenes + lupenes +C30ββ hopanes)/(C30αβ and C30βα 

hopanes)           

Ts/(Ts+Tm) = 18a(H)-22,29,30-trisnorneohopane/ (18a(H)-22,29,30-trisnorneohopane + 17a(H)-22,29,30-trisnorhopane)       

DIA/(DIA+REG) = C27 diasteranes/ (C27 diasteranes + C29 steranes)          

* the value calculated using Rc = 0.5*MPI1 + 2.27 equation (Radke , 1987)          
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Key points 8 

• Variations in magnetite-hematite domain size reflect burial intensity. 9 

• Thermal maturity and magnetic mineral trends indicate rising temperatures eastward, peaking at 10 

230°C. 11 

• Magnetic fabrics document the pre-burial, burial, and post-burial stages of the evolution of the Tatra 12 

Mountains. 13 

 14 
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Abstract 26 

Mountain belts are affected by various processes during their tectonic origin and evolution. One of the 27 

most common processes is burial. We investigated the Tatra Mountains in central Europe,  as previous 28 

works have shown that they are an ideal case study for the impact of burial on the magnetic properties 29 

of various rock types. The burial history is elucidated using a interdisciplinary approach that employs 30 

analysis of rock magnetic properties and magnetic fabrics, thermal maturity indicators, such as vitrinite 31 

reflectance, and biomarker distribution. The paleotemperatures documented by vitrinite reflectance 32 

and biomarker ratios show an increasing trend to higher temperature towards the east, with the 33 

highest temperature 230oC reached in the eastern Tatra. Similarly, there is a change in both 34 

ferromagnetic and paramagnetic magnetic mineralogy towards the east, with an increase in the 35 

concentration of the ferrimagnetic minerals. The domain size of the also changes with an increase in 36 

the concentration of superparamagnetic grain size. The recorded magnetic fabrics document three 37 

main stages of Tatra evolution: pre-, syn-, and post-burial fabrics, especially those affected by the uplift 38 

of the Tatra massif. In conclusion, the burial of the youngest parts of the Tatra nappes and their cover 39 

are interpreted to have occurred during the Oligocene. 40 

 41 

Keywords: Carpathians, paleotemperatures, magnetic fabrics, Oligocene 42 

 43 

1. Introduction 44 

Burial-related processes are known to largely affect the magnetic mineralogy of rocks, causing the 45 

formation of new ferromagnetic minerals and, thus remagnetization of rocks (e.g., Aubourg et al., 46 

2012; Banerjee et al., 1997; Elmore et al., 2012; Hirt et al., 1993; Kars et al., 2023). Burial-related 47 

remagnetization can enhance or overprint magnetic fabrics as documented in many tectonic studies 48 

(e.g., Sun et al., 1992; Grabowski et al., 2009; Calvín et al., 2018a, b). Therefore, a careful examination 49 

of the magnetic minerals and their origin is a crucial step when determining the origins of fabrics. In 50 

this study, we investigate the Tatra Mts, which constitute the highest part of the Carpathians (Fig. 1) 51 

and are affected by various burial events. The most important events are the Turonian burial of the 52 

crystalline basement under a thrust nappe system (e.g., Jurewicz, 2005; Králiková et al., 2014; Plašienka 53 

& Prokešová, 1996; Plašienka et al., 1997; Prokešová, 1994; Prokešová et al., 2012) and Oligocene 54 

burial of the whole massif under the Central Carpathian Paleogene Basin (CCPB) sedimentary rocks 55 

(Kováč et al., 2016; Králiková et al., 2014; Soták et al., 2001). The intensity of burial processes was not 56 

uniform throughout the massif.  57 
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 58 

Fig. 1 Simplified geological map of the Belianske Tatry Mts (after Nemčok et al., 1993a) with the sample 59 

site locations marked with a star.  60 

Rock magnetic studies have been performed in the Tatra Mts since the 1980s (Grabowski 1996, 1997, 61 

2000; Grabowski & Gawęda, 1999; Hrouda & Kahan 1991; Hrouda et al., 2009; Kruczyk et al., 1992; 62 

Kądziałko-Hofmokl & Kruczyk 1987; Márton et al., 2016; Szaniawski et al., 2012, 2020). There have also 63 

been an increasing number of studies that have investigated the magnetic fabrics in the Tatra rocks, 64 

as a proxy for unraveling the tectonic deformation/processes (Hrouda & Kahan 1991; Staneczek et al., 65 

2022, 2024b). The available magnetic fabric studies have focused mainly on the nappe- and para-66 

autochthonous units of the Western and High Tatra Mts. Only a few sampling/data points are located 67 

in the easternmost part of the Tatra block (i.e., the so-called Belianske Tatra Mts), which were studied 68 

by Hrouda and Kahan (1991). Hence there is a significant lack of information on the magnetic fabric 69 

and rock magnetic properties from this area. In this study, we focus on the Belianske Tatra Mts. From 70 

previous studies in this region (Staneczek et al., 2022, 2024b), there is a noticeable trend of increasing 71 

paleotemperatures from the west to the east in the larger Tatra region. Therefore, we hypothesize 72 

that the Belianske Tatra Mts sedimentary rocks should show the highest thermal alteration in the 73 

whole Tatra block, making them suitable for investigating and dating the burial episodes in this area. 74 

To achieve this goal, we applied magnetic fabric investigations, including in-phase and out-of-phase 75 

anisotropy of magnetic susceptibility, frequency-dependent magnetic susceptibility and anisotropy of 76 

anhysteretic remanent magnetization coupled with extensive petromagnetic and paleotemperature 77 
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investigations. In our study, we focus on Cretaceous thrust nappe sedimentary rocks (Mraznica Fm) 78 

and on post-thrusting Early Oligocene cover (Huty Fm). Moreover, the thermal maturity picture was 79 

expanded to include the Mraznica Fm from the Choč Mts (this study), and Huty Fms (based on 80 

Staneczek et al., 2024a). 81 

2. Geological setting 82 

The Tatra Mts are characterized by a multi-step tectonic evolution from the Late Paleozoic to the 83 

Pliocene (Anczkiewicz et al., 2015; Catlos et al., 2022; Jurewicz, 2007; Králiková et al., 2014, 2016; Kováč 84 

et al., 1994; Passendorfer, 1952; Plašienka et al., 1997). The oldest known processes are linked to the 85 

late Paleozoic Variscan orogeny and resulted in the formation and metamorphism of the crystalline 86 

basement rocks (Burchart 1972; Kohút et al. 1999; Kráľ 1977; Petrík & Kohút 1997; Plašienka et al., 87 

1997). The oldest sedimentary rocks in the Tatra region are Upper Permian in age (Nemčok et al., 88 

1993a, b). Rifting events during the Middle Triassic to the Late Jurassic resulted in the opening of wide 89 

oceanic domains in the Carpathian region (Csontos & Vörös, 2004). The Cretaceous (Plašienka, 2018) 90 

compression resulted in basin inversion and the formation of large thrust nappe systems represented 91 

in the Tatra Mts mainly by the Krížna unit. The final emplacement of the thrust nappes on the Tatra 92 

crystalline basement with its para-autochthonous cover occurred in the Late Turonian (Prokešová et 93 

al. 2012). In the Late Cretaceous-Paleocene, a part of the thrust nappes was eroded, and the 94 

autochthonous units were partially exhumed (Králiková et al., 2014). Starting from the Late 95 

Eocene/Early Oligocene, a deep-sea basin, i.e., CCPB, developed in the Central Western Carpathian 96 

region (Kováč et al., 2016; Soták et al., 2001). The pre-Cenozoic units of the Tatra Mts were buried 97 

under a thick pile of Oligocene-Early Miocene clastic sedimentary rocks, which were partially eroded 98 

during the final Miocene uplift and exhumation of the Central Western Carpathian horsts. The uplift of 99 

the Tatra Mts occurred along the south-bounding Sub-Tatric Fault and was accompanied by a 100 

northward tilting of the whole horst (Jurewicz, 2005; Rubinkiewicz & Ludwiniak, 2005; Sperner et al., 101 

2002; Szaniawski et al., 2012).  102 

The Mraznica Formation, a member of the allochthonous Fatric unit, and the Huty Formation from the 103 

post-thrusting CCPB cover were chosen in this study. The Mraznica Fm comprises Lower Cretaceous 104 

variably light to dark grey marls and limestones (Kędzierski & Uchmann, 1997; Lefeld, 1974; Lefeld et 105 

al., 1985; Michalík, 2007; Vašíček et al., 1994). The Oligocene Huty Fm consists of dark shales, which 106 

are occasionally intercalated with layers of sandstones (Gross et al., 1984). Both chosen formations 107 

have proven to be suitable for magnetic investigations in our previous studies (Staneczek et al., 2022, 108 

2024b).  109 

3. Sample collection and preparation 110 
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Oriented hand samples were collected mostly from outcrops in the streams in the Belianske Tatra Mts 111 

and their foreland. No outcrop-scale folds were present at any site; therefore, only the bedding 112 

orientation was measured at each site. The Mraznica Fm in the Belianske Tatry Mts comprises mainly 113 

marls and marly limestones (sites BM2-4; Nemčok et al., 1993ab). However, the Mraznica Fm is 114 

infrequently intercalated by more calcareous layers, which can be difficult to differentiate during 115 

fieldwork (site BM1). These differences in the lithology are caused by changes in phyllosilicate supply 116 

to the basin (Piotrowska et al., 2013). The main minerals of the Mraznica Fm are calcite, phyllosilicates, 117 

and quartz (Lefeld, 1974). Twenty-six hand samples from four sites could be collected during fieldwork. 118 

The Huty Fm is located in the Tatra foreland. It comprises mainly dark siltstones, shales, and 119 

sandstones. The main minerals are phyllosilicates and quartz (Nemčok et al., 1993b). Five sites were 120 

sampled along the northern Tatra margin which include thirty-five oriented hand samples that 121 

comprise dark siltstones. Cylindrical specimens (2.54 cm diameter) were drilled from the hand 122 

samples. Altogether, 73 specimens for the Mraznica Fm and 113 for the Huty Fm were obtained (BM1: 123 

23, BM2: 20, BM3: 18, BM4: 12, BH1: 22, BH2: 25, BH3: 28, BH4: 26, BH5: 12). Not all hand samples 124 

could be effectively drilled. Two samples from each site were powdered in preparation for the 125 

measurement of temperature-dependent magnetic susceptibility, geochemical studies, and biomarker 126 

analyses. Rock chips (average weight 0.15 g) were prepared for hysteresis and isothermal remanent 127 

magnetization (IRM) back-field experiments. At least one sample from each site was polished and 128 

prepared for vitrinite reflectance measurements. 129 

For a regional interpretation of the Belianske Tatra Mts data, additional four samples from the 130 

Mraznica Fm in the Choč Mts were prepared for the geochemical, gas chromatography-mass 131 

spectrometry (GC-MS) analyses, and vitrinite reflectance measurements. The samples were also used 132 

for magnetic susceptibility measurements and the average percentage of the frequency-dependent 133 

susceptibility measurements (Dearing et al., 1996) were calculated. Other magnetic parameters are 134 

derived from the Staneczek et al. (2022) study. 135 

4. Methods 136 

a. Organic parameters 137 

i. Bulk geochemical data  138 

Total organic carbon (TOC; wt.%), total inorganic carbon (TIC; wt.%), and total sulfur (TS; wt.%) values 139 

were measured  using an Eltra CS-500 IR-analyzer with a TIC module (Faculty of Natural Sciences, 140 

University of Silesia in Katowice, Poland). In addition, the carbonate content (CC, wt.%) was calculated 141 

from the TIC values (CC = TIC *8.3333; see e.g., Racka et al., 2010). 142 

ii. Vitrinite reflectance 143 
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Freshly polished specimens prepared following the ISO 7404-2 (2009) method were examined in 144 

reflected light and immersion oil using an Axio Imager.A2m (Faculty of Natural Sciences, University of 145 

Silesia in Katowice, Poland). The standard used was 1.71 % relative reflectance (Rr). 146 

iii. Organic compound analysis  147 

The GC–MS analyses were carried out with an Agilent Technologies 7890A gas chromatograph (GC) 148 

and an Agilent 5975C Network mass spectrometer with Triple-Axis Detector (MSD) at the Faculty of 149 

Natural Sciences, University of Silesia in Katowice, Sosnowiec, Poland. The Agilent J&W HP5-MS (50 m 150 

× 0.32 mm i.d., 0.25 μm film thickness) fused silica capillary column coated with a chemically bonded 151 

phase (5% phenyl, 95% methylsiloxane) was used. The GC oven temperature was programmed from 152 

45 °C (1 min) to 100 °C at 20 °C /min, then to 300 °C (hold 60 min) at 3 °C /min, with a solvent delay of 153 

10 min. Helium (6.0 Grade) was used as a carrier gas at a constant flow of 2.6 ml/min. Mass spectra 154 

were recorded starting from m/z 45 to 550 (0–40 min) and m/z 50–700 (>40 min). A more detailed 155 

description of extraction and fractionation is given in Staneczek et al. (2024a). Three parameters 156 

commonly applied for maturity assessment were calculated (for the equations see Table S1). The first 157 

parameter is the methylphenanthrene ratio (MPI1) based on the occurrence and distribution of 158 

phenanthrene and methylphenanthrene compounds (e.g., Marynowski et al., 2015; Poprawa & 159 

Marynowski, 2005; Staneczek et al., 2024a, b). The second parameter, the calculated vitrinite 160 

reflectance (Rc), is derived from the MPI1 value and is defined as Rc = 0.6 x MPI1 + 0.4. It is widely used 161 

as an equivalent of the measured vitrinite reflectance (Radke & Welte, 1983). These two parameters 162 

can be applied effectively to clastic sedimentary rocks, but in limestones, the values are usually not 163 

comparable to shales (Radke, 1987). The distribution of methylphenanthrenes, however, can be 164 

successfully compared in sites sharing similar lithologies. The third parameter, phenylphenanthrene 165 

ratio, is based on the distribution of phenylphenanthrenes and binaphtyls (PhP, Li et al., 2012; 166 

Rospondek et al., 2009; Table S1), was calculated to compare the thermal maturity of carbonate and 167 

clastic deposits. 168 

b. Rock magnetism  169 

i. Magnetic susceptibility 170 

First, we analyzed the in-phase and out-of-phase magnetic susceptibility of prepared samples using 171 

the AGICO MFK1-FA multifunction frequency kappabridge in two frequencies (976 Hz and 15616 Hz) 172 

and at 200 A/m field intensity in both measurement cycles. The results were volume-normalized (κ, SI 173 

units), and the percentage of the frequency-dependent susceptibility (the percentage loss of 174 

susceptibility; Kfd = 100*(Kip976Hz – Kip15616Hz)/Kip976Hz; Dearing et al., 1996) was calculated for each 175 

specimen. 176 
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The changes of in-phase magnetic susceptibility were documented using the AGICO KLY-5A induction 177 

bridge with a CS4 unit with temperatures reaching up to 700°C with a 14°C/min heating rate.  178 

ii. Magnetic remanence 179 

The ferromagnetic mineral type and domain sizes were further investigated by the acquisition of IRM. 180 

A direct current (DC) field was applied using a 2G Magnetic Measurements MMPM10 Tesla pulse 181 

magnetizer in 29 steps to 3 T and the IRM value was measured using a cryogenic superconducting 182 

quantum interference device (SQUID) magnetometer after each field application. This procedure was 183 

followed by IRM component analysis which was conducted using the Maxunmix software 184 

(https://maxunmix.shinyapps.io/MAX_UnMix_final_version/; Maxbauer et al., 2016). Subsequently, 185 

remanent acquisition coercive force (B1/2) and its dispersion (DP) were obtained for each 186 

measurement. 187 

IRM-back field experiments (25 mT field increment) and hysteresis curves (in 1 T applied field, 50 mT 188 

field increment, and 0.1 s averaging time) were performed using a Princeton Measurement 189 

Corporation Micro-Mag vibrating sample magnetometer.  190 

Finally, high-temperature methods included the thermal demagnetization of a three-component IRM 191 

by applying the method of Lowrie (1990). Each analyzed specimen was magnetized along three 192 

orthogonal axes using three different field values (z: 3 T, y: 0.5 T, x: 0.15 T), and their IRM values were 193 

measured. Afterward, the specimens were demagnetized in a Magnetic Measurements MMTDSC high-194 

precision thermal demagnetizer in 25-50°C steps to 700°C.  195 

c. Magnetic fabrics  196 

i. ipAMS and opAMS 197 

The anisotropy for each specimen was measured three times in order to obtain the most reproducible 198 

results. The ellipsoid parameters were calculated using the Anisoft6 software (AGICO). The in-phase 199 

anisotropy of magnetic susceptibility (ipAMS) and out-of-phase anisotropy of magnetic susceptibility 200 

(opAMS) for the Mraznica and Huty Fm sites were investigated in 700 A/m field intensity and 1220 Hz 201 

field frequency. Measurements were performed using the automated three-dimensional rotator, and 202 

the obtained susceptibilities were volume-normalized (κ, SI units). The uncertainty ellipses were 203 

calculated using the Anisoft6 software (Agico, Inc.).  204 

ii. AARM 205 

The Anisotropy of the Anhysteretic Remanent Magnetization (AARM) measurements were conducted 206 

in the 0–60 mT coercivity window for at least 9-10 specimens per site (if possible). The Directional 207 
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Anhysteretic Remanent Magnetization (in 60 mT) was applied along six positions, focusing on the 208 

diagonal orientation of the specimen’s coordinate system axes (B-mode, see: 209 

https://www.agico.com/downloads/documents/agicoprints/arm_guide.pdf). Each analyzed sample 210 

was demagnetized in a 70 mT alternating field and 0.5 mT direct field after each ARM measurement 211 

(AGICO PAM1 demagnetizer,). Remanence subtraction was not needed due to a large difference in 212 

intensity between the demagnetized state and ARM. Directional ARM measurements and AARM 213 

calculations were conducted using an AGICO JR-6A spinner magnetometer and the Rema6 software 214 

using a full-vector approach, respectively. Quantitative ellipsoid parameters were calculated via the 215 

Anisoft6 software.  216 

5. Results 217 

a. Organic parameters 218 

i. Bulk geochemical data 219 

All samples are generally characterized by low to moderate TOC contents (Table S1). In the Mraznica 220 

Fm, the TOC values range from 0.00 wt.% to 0.65 wt.%. The Huty Fm samples display slightly higher 221 

TOC values (0.55-1.15 wt.%). The TS content is zero or close to zero in the Mraznica Fm, whereas  it 222 

reaches 1.04 wt.% in the Huty Fm samples. The measured total inorganic carbon in the Mraznica Fm is 223 

relatively high and site-dependent (9-10 wt.% on average). The corresponding CC varies significantly 224 

from 97.33% in sample BM1_2 to as low as 27.73% in sample BM2_2 (Table S1), but in most samples 225 

CC is >70%. In the Huty Fm, the TIC value is low and does not exceed 3 wt.% and CC reaches a maximum 226 

of 22.88 wt.%. 227 

ii. Vitrinite reflectance 228 

The Mraznica Fm samples show a rather low content of vitrinite grains, which are mostly small in 229 

comparison to vitrinite grains in the Huty Fm, and occasionally crushed. The vitrinites are commonly 230 

oriented along pressure-solution fissures and are accompanied by partially weathered pyrite grains 231 

(Fig. S1). The measured reflectance ranges from 0.79 to 1.70% Rr, with the highest values being 232 

measured in the easternmost part of the Tatra Mts (Table S1; Fig. 2). The Huty Fm samples are 233 

characterized by a higher content of organic matter. The observed vitrinite grains, which are larger 234 

than in the Mraznica Fm, are elongated. In some analyzed samples recrystallized pyrite grains and large 235 

pyrite framboids are frequent. The vitrinite reflectance varies from 1.11 % Rr to 1.54 % Rr.236 
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 237 

 238 

Fig. 2 Simplified geological map of the Tatra Mts and Choč Mts with the marked sampling sites (red and blue for Mraznica and Huty Fms, respectively) and Rr 239 

values for Mraznica Fm, and Rc values for the Huty Fm (compiled after Gross et al., 1993;  Nemčok et al., 1993a; Piotrowska et al. 2009, 2013). The star depicts 240 

the location of the Furmanowa IG-1 well. 241 

 242 

211:9563226156



10 
 

iii. Organic compound analysis  243 

To determine the thermal maturity, analyses of organic compounds were made in addition to the 244 

vitrinite reflectance (Table S1). In the case of the Huty Fm the methylphenanthrene index (MPI1) was 245 

used (Marynowski et al., 2015; Poprawa & Marynowski, 2005; Staneczek et al., 2024ab), and this 246 

parameter can be converted to the calculated vitrinite reflectance (Rc; Radke & Welte, 1983). 247 

Methylphenanthrenes show significant changes in distribution. The concentrations of the less stable 248 

isomers, i.e., 4-+9-MP and 1-MP, gradually decrease with increasing maturity relative to the more 249 

stable 3-MP and 2-MP towards the east (Fig. 3). Moreover, some other group of organic compounds, 250 

i.e., phenylphenanthrenes and binaphthyls (Li et al., 2012; Rospondek et al., 2009), also show 251 

differences in the thermal maturity across the mountain belt (Fig. 4). Note however, the 252 

phenylphenanthrene distribution is similar for the Mraznica Fm and Huty Fm in the case of Western, 253 

High, and Belianske Tatra Mts and different for the Choč Mts (Figs. 2, 3 and 4; Table S1; Text S1). 254 
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Fig. 3 Mass chromatograms (m/z 192) showing the similar distribution of methylphenanthrene isomers 255 

(MP) for the Huty and Mraznica Fm. samples. The changes in MP isomer distribution between Choč 256 

Mts,  Western, High and Belianske Tatra Mts are highlighted. IS = internal standard.   257 
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 258 

Fig. 4 Mass chromatograms (m/z 254) showing changes in the distribution of phenylphenanthrenes 259 

(PhP) and binaphthyls (BiN) in the Choč Mts, and the Western, High and Belianske Tatra Mts and 260 
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simultaneous similarities between the two formations studied. Note the gradual disappearance of the 261 

less thermally stable 1,2'-BiN, 9-PhP and 1-PhP. InF = indenofluorenes. 262 

b. Rock magnetism 263 

i. Magnetic susceptibility 264 

The in-phase magnetic susceptibility (Kip) varies considerably in the examined Mraznica Fm specimens 265 

(Fig. 5A). The Kip values range from slightly negative (-6.00E-06 [SI]) in the site BM1 to 5.55 x 10-4 [SI] 266 

in the site BM3. The out-of-phase magnetic susceptibility (Kop) varies from 4.21 x 10-7 to 4.58 x 10-5 267 

[SI]. The Kip measured in high-frequency is usually a magnitude lower than the low-frequency Kip. The 268 

average loss of susceptibility (Kfd) varies from 10 to ~15% in the Belianske Tatry Mts (Fig. 5B). In the 269 

Huty Fm, the low-frequency Kip is consistent in all sites with values ranging from 1.30 x 10-4 [SI] to 3.82 270 

x 10-4[SI]. The Kop is usually two to three magnitudes lower (Fig. 5C). In the higher frequency, the 271 

change in Kip is small, hence the Kfd parameter reaches 3.06% at maximum (Fig. 5D). 272 

Fig. 5 Magnetic susceptibility data: Kip vs Kop in 976 Hz for Mraznica Fm specimens (A); Kip (in 976 Hz) 273 

vs Kfd for the Mraznica Fm specimens (B); Kip vs Kop in 976 Hz for Huty Fm specimens (C); Kip (in 976 274 

Hz) vs Kfd for the Huty Fm specimens (D). The B and D diagrams show samples where the Kfd parameter 275 

could be calculated. Green circles represent Mraznica Fm specimens, and brown are Huty Fm 276 

specimens.  277 
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 278 

Fig. 6 Temperature-dependent susceptibility and thermal demagnetization of a three-axis IRM (so-279 

called Lowrie test) results for the Mraznica and Huty Fms.  280 

The temperature-dependent susceptibility experiments in the Mraznica Fm samples document two 281 

distinct patterns of the thermomagnetic curves. In the samples from sites BM2, BM3, and BM4 the 282 

total susceptibility slowly decreases to 400°C, then increases to approximately 580°C and decreases 283 

dramatically to 600°C (Fig. 6, S2). The cooling thermomagnetic curves always display substantially 284 

higher total susceptibility values. The second pattern, present in the BM1 site, is characterized by a 285 

slight increase of the total susceptibility to 300°C followed by a slow decrease to 700°C. The cooling 286 

curves are not noticeably different from the heating curves, and the total susceptibility values are very 287 

low.  In the Huty Fm, the thermomagnetic curves show one consistent pattern in all analyzed samples 288 

(Fig. 6, S2). The total susceptibility hyperbolically decreases to 400°C followed by an abrupt increase 289 

to 580°C and a final decrease to 590°C. The cooling curves are characterized by much higher values of 290 

the total susceptibility.  291 

ii. Magnetic Remanence 292 

The IRM acquisition curves for the Mraznica Fm are similar in the majority of the analyzed samples 293 

(Fig. 7). In the BM133, BM232, and BM353 samples, the magnetization increases rapidly up to an 294 

approximately 300 mT applied field, and is followed by a minor increase of magnetization to the 295 

maximum applied field. In the BM413 sample, the IRM value increases steadily to a 1 T applied field 296 

and displays a smaller increase at higher fields. The SIRM values are significantly different for each 297 
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sample and range from 68.85 mA/m (BM1) to 1062 mA/m (BM3). The Huty Fm samples are 298 

characterized by very similar IRM acquisition curves in all sites, except for BH1 (sample BH115; Fig. 7). 299 

As in the case of the Mraznica Fm samples, the magnetization values increase rapidly to 300 mT, and 300 

then only show a small increase up to 3 T for sites BH2 to BH5.  BH115 also acquires an IRM rapidly up 301 

to 300 mT, but the IRM continues to grow to 3.0 T in an applied field. The measured SIRM is significantly 302 

lower (37-57 mA/m) than the values recorded for the Mraznica samples.  303 

 304 

Fig. 7 IRM acquisition curves for the Mraznica and Huty Fm. 305 

The IRM component analysis documents three different components in the Mraznica samples that 306 

contribute to the general IRM (Fig. S3, Table S2). Components 1 and 2 are characterized by very low 307 

(8-12 mT) and moderate (90-93 mT for BM133, BM232, BM353 and 55.08 mT for BM413) mean 308 

coercivity (B1/2) values. The DP values fall in the range of 0.26-0.44 for the first component, and 0.29-309 

0.35 for the second. The third identified component has high mean coercivity values which vary by site 310 

(Table S2). Similarly to the previous unit, the IRM component analysis enabled us to distinguish three 311 

main components in the Huty Fm samples. The first component represents the low coercivity fraction 312 
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with mean coercivity as low as 8-14 mT and DP ranging from 0.34 to 0.40. The second component 313 

shows higher mean coercivity values, generally varying from 70 to 85 mT with the exception of BH115, 314 

where the mean coercivity value is higher, ~98 mT. The DP values are similar to those for the first 315 

component. The last, third component is characterized by the highest mean coercivity values, falling 316 

in the 300-420 mT range for the majority of samples. Sample BH115 shows a significantly higher value 317 

of this parameter (~1755 mT). 318 

The thermal demagnetization of a three-axis IRM for the Mraznica Fm rocks varies by site (Fig. 6, S4). 319 

Samples BM232 and BM353 have a higher initial remanence in the soft component (x-axis), fully 320 

demagnetizing by 550-575°C. BM353 shows similar patterns in its intermediate and hard components, 321 

while BM232 has a slow y-axis decrease to 675°C and a sharp z-axis drop at this temperature. In BM133, 322 

the soft component shows the highest initial remanence, with the x- and y-axes decreasing gradually 323 

to 550-575°C, and the z-axis dropping sharply from 600°C. Sample BM413 differs, with all axes 324 

demagnetizing fully by 675-700°C and only minor artifacts on the x-axis at 150 and 300°C. 325 

The analyzed Huty Fm documents a much simpler thermal demagnetization pattern characterized by 326 

significantly higher initial remanence of the x-axis in comparison to the y- and z-axis remanences in the 327 

majority of samples (Fig. 6, S4). The soft component curve shows a smooth decrease of the remanence 328 

to 575°C. Similarly, the intermediate component (y-axis) is fully demagnetized at 575°C-600°C, with 329 

some artificial drops and highs due to the generally low value of the measured remanence. The hard 330 

component curve is too noisy to fully resolve. Therefore, it is negligible in most of the samples due to 331 

the close to zero remanence values. Only in samples from the BH1 site (BH115), the z-axis has a higher 332 

remanence, which is gradually demagnetized at 700°C. 333 
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 334 

Fig. 8 Day plot for the Huty Fm (A) and Mraznica Fm (B) specimens (after Day et al., 1977 and Dunlop, 335 

2002), and a hysteresis loop after the correction for diamagnetic and paramagnetic minerals for the 336 

Huty Fm (C) and Mraznica Fm (D). 337 

In the hysteresis measurements, the dominant linear slope before slope correction in the Mraznica Fm 338 

documents the large contribution of paramagnetic minerals in most samples to the induced 339 

magnetization (Fig. S5). Site BM1, however, has a prevalent diamagnetic contribution (Fig. S5). The 340 

saturation magnetization (Ms) obtained after applying the paramagnetic and diamagnetic correction 341 

is site-dependent reaching the highest values in BM3 samples (Table S3). The remanence 342 

magnetization (Mr) is also the highest in BM3, and in other samples, it averages 40-200 µAm2·kg-1. The 343 

coercivity (Hc) is very low, while the remanence coercivity (Hcr) is much higher. The average calculated 344 

ferro/para magnetic mineral content (comparison of the initial slope after the correction for 345 

paramagnetic and diamagnetic minerals to the initial slope before the correction times 100 (Table S3); 346 

equals 36%, but in some sites it can be higher, reaching even 65% (Table S3). The hysteresis loop after 347 

the correction for para- and diamagnetic contribution shows a wasp-waisted shape in some samples 348 

(Fig. 8, S5). However, the majority of samples do not show this feature. Similar to the Mraznica Fm, 349 

the shape of the hysteresis loop in the Huty Fm samples before the correction for paramagnetic slope 350 

is near linear (Fig. S5). The Mr values are usually much lower than those obtained for Mraznica Fm 351 
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(Table S3). The mean coercivity is very low (3-10 mT) and the coercivity of remanence reaches even 26 352 

mT. The calculated ferro/para magnetic mineral content is usually consistent in most samples and 353 

averages 9.25% (Table S3). 354 

c. Magnetic fabrics 355 

i. ipAMS and opAMS 356 

In three Mraznica Fm sites, the corrected degree of ipAMS (Pj) is low, with values ranging from 1.02 to 357 

1.06 (Fig. 9). Generally, the ellipsoid shape (T) varies from prolate to neutral and oblate (Fig. 9). The 358 

ipAMS fabric documents well-defined magnetic lineation (small confidence ellipses), which is slightly 359 

inclined from the bedding and a rather dispersed magnetic foliation in all analyzed sites (Fig. 9, S6). At 360 

BM1 and BM4, the magnetic lineation is north-trending. The observed magnetic foliation is tilted with 361 

respect to the bedding plane. In the two remaining sites, BM2 and BM3, the magnetic lineation trends 362 

to the east. As in the previous sites, the magnetic foliation is tilted with respect to bedding. The Huty 363 

Fm sites are characterized by predominantly oblate ipAMS ellipsoid shapes and a high degree of 364 

alignment (1.10-1.16). The obtained magnetic fabrics are characterized by well-grouped magnetic 365 

foliations that are parallel to the bedding planes (Fig. 10, S6). A predominant, well-defined, ENE- to 366 

WSW-oriented magnetic lineation is present in the majority of sites. In site BH5, the magnetic lineation 367 

has a slightly different WNW to ESE orientation.  368 

The opAMS ellipsoid parameters in the sites BM2, BM3, and BM4 appear to be well-defined. The F-369 

test for the site BM1 is low (Staneczek et al., 2024c), which suggests a less precise obtained 370 

measurement. The shape parameter documents prolate or neutral ellipsoid shapes in the majority of 371 

measured specimens. The Pj values are slightly higher than those obtained for the ipAMS (Fig. 9). In all 372 

analyzed sites, the opAMS magnetic fabric traces the orientation of the ipAMS fabric (Fig. 9, Fig. S7). 373 

Magnetic lineation and foliation are best defined at the sites BM3-4, where the confidence ellipses are 374 

small. The confidence ellipses are the largest at site BM2. Despite the less precise measurement, the 375 

BM1 fabric displays a rather well-defined magnetic lineation, which is similar to the lineation in ipAMS. 376 

Overall, both the magnetic lineation and the magnetic foliation are more scattered than in their ipAMS 377 

equivalents (Fig. 9, Fig. S7).  378 

The F-tests obtained from the Huty Fm opAMS measurements are quite low (Staneczek et al., 2024c), 379 

yet the majority show values suggesting the anisotropies are significant. However, the Pj and T values 380 

are defined poorly. The ellipsoid shape varies from neutral to oblate, and the corrected anisotropy 381 

degree reaches a maximum 1.6 (Fig. 10). In sites BH1, BH3 and BH5, the opAMS Huty Fm fabric traces 382 

the orientation of the ipAMS fabric (Fig. 10, Fig. S7). In the sites BH2 and BH4, the fabric differs from 383 

the ipAMS. Generally, the magnetic foliation in all sites is parallel to the bedding plane and is more 384 
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poorly defined than the ipAMS foliation (large confidence interval ellipses). At sites BH1 and BH3 the 385 

magnetic lineation has an approximate ENE- to WSW orientation and is characterized by smaller 386 

confidence ellipses in comparison to other Huty Fm sites. At site BH4, the magnetic lineation is NW-387 

orientated and is roughly shifted 90° from the lineation present in other sites. The magnetic foliation 388 

deflects slightly from the bedding plane. Two sites (BH2, BH5) show a girdle of maximum-intermediate 389 

ellipsoid axes parallel to the magnetic foliation, and no magnetic lineation is present (Fig. 10, Fig. S7). 390 

ii. AARM 391 

In the Mraznica Fm sites, the AARM ellipsoid shape varies mainly from triaxial to neutral shapes. The 392 

Pj values are higher than for the op- and ipAMS, and range from 1.05 to 1.40. The magnetic fabrics in 393 

each site are quite similar to their ipAMS fabrics. The magnetic foliation poles in the Mraznica Fm sites 394 

are well grouped and their confidence ellipses are small (Fig. 9, Fig. S8). The magnetic lineation poles 395 

are quite well defined in three sites (Fig. 9), and the confidence ellipses are larger than for the magnetic 396 

foliation poles. In the site BM4, the magnetic lineation is sub-vertical and N-inclined. The magnetic 397 

lineation is trending to the east in BM3, whereas at sites BM1 and BM2, the magnetic lineation 398 

orientation is approximately northwest to southeast. The measured Huty Fm specimens display mainly 399 

oblate to triaxial ellipsoid shapes and show the lowest values of the Pj parameter in comparison to the 400 

ip- and opAMS. The magnetic foliation is generally defined well (small confidence interval ellipses for 401 

the magnetic foliation poles). The magnetic foliation poles trace or slightly deflect from the poles to 402 

bedding in all sites. The documented magnetic lineation at BH4 and BH2 is similar to the opAMS 403 

lineation and is trending from NW-SE to WNW-ESE (Fig. 10, Fig. S8). One site, BH1, displays a NE-SW 404 

magnetic lineation orientation, which reoccurs in the ipAMS and opAMS. At BH5, the magnetic 405 

lineation poles are more scattered. The magnetic lineation poles in the Huty Fm is characterized by 406 

larger confidence ellipses, similar to the Mraznica Fm. 407 
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Fig. 9 The results of the ipAMS (black), opAMS (green) and AARM (red) measurements for the Mraznica 408 

Fm. All fabrics are plotted in lower hemisphere projections in geographic coordinates. Squares and 409 

circles represent the maximum and minimum ellipsoid axes derived from the site-mean tensor, 410 

respectively. The black color indicates the ipAMS fabric, green indicates the opAMS, and red indicates 411 

the AARM fabric. The blue great circle arc indicates the bedding orientation and the blue circles 412 

indicate the pole to bedding. 413 

222:2344470370



21 
 

Fig. 10 The results of the ipAMS (black), opAMS (green) and AARM (red) measurements for the Huty 414 

Fm. All fabrics are plotted in lower hemisphere projections in geographic coordinates. Squares and 415 

circles represent the maximum and minimum ellipsoid axes derived from the site-mean tensor, 416 

respectively. The black color indicates the ipAMS fabric, green indicates the opAMS, and red indicates 417 

the AARM fabric. The blue great circle indicates the bedding orientation and the blue circles indicate 418 

the pole to bedding. 419 
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6. Discussion 420 

a. Paleotemperatures of the eastern Tatra margin  421 

To determine the possible paleotemperature range of the Belianske Tatra Mts and their foreland, we 422 

measured the Rr and calculated the Rc in the Mraznica and Huty fms. In the Huty Fm the Rc values 423 

obtained from MPI1 (methylphenanthrene index 1; Table S1) are more accurate than the measured 424 

values (Staneczek et al., 2024a) due to the presence of dark H-rich vitrinites (Fig. S1), which were also 425 

detected in the Huty Fm from the Orava basin (a CCPB sub-basin; Staneczek et al., 2024a). In rocks with 426 

dark vitrinites, the Rr values are suppressed, and the obtained reflectance may differ from the actual 427 

values by up to 0.4% Rr (Goodarzi et al., 1994), therefore, the use of Rc is preferable. The possible 428 

paleotemperatures in the Huty Fm of the eastern Tatra Mts were able to reach between 180 to 220°C 429 

(based on calculations by Burnham and Sweeney, 1989; Hunt, 1995; Li et al., 2021), and are the highest 430 

recorded in the CCPB rocks. However, the Rc values for Mraznica Fm are not realistic due to the 431 

occurrence of marine type of organic matter(Staneczek et al., 2024b), and therefore the Rr was used 432 

to reconstruct the possible paleotemperature trend. The acquired Rr values in some sites appear lower 433 

than those reported in the Huty Fm (Fig. 2), and we interpret this as erroneous measurements. The 434 

possible cause is the presence of very small grains of vitrinite in Mraznica Fm (5-10 μm width and 435 

smaller than in the Huty Fm), which often leads to a lower accuracy of measurements. Still, the 436 

maximum paleotemperatures for the Mraznica Fm must have been higher than those recorded for the 437 

Huty Fm, because the thrust units are overlain not only by the Huty Fm, but also by some older beds 438 

(like Borove Fm; Gross et al., 1993a, b), creating higher paleotemperatures and prolonged burial. The 439 

apparent difference in the temperature rate is also shown in the Kfd parameter values, which are 440 

significantly higher (up to 15%) for Mraznica Fm rocks than for Huty Fm (3-4%). Therefore, we infer 441 

that the paleotemperatures affecting Mraznica Fm must have been at least in the range of 200-230°C. 442 

The phenylphenanthrene ratio (PhP; Rospondek et al., 2009) was used to confirm the temperature 443 

trends in the Choč and Tatra Mts. The calculated values of this ratio for the Huty Fm increase from 444 

west to east, reaching their maximum in the Belianske Tatra Mts (Table S1). With the Mraznica Fm, 445 

this trend is less pronounced, mainly due to possible hydrothermal processes active in the Choč Mts 446 

(Bella & Gaal, 2017). However, the highest values are found in the Belianske Tatra Mts and, omitting 447 

the Choč Mts, thermal maturity increases from west to east. The calculated vitrinite reflectance results 448 

from the Huty Fm correspond well with the vitrinite reflectance values obtained for the Mraznica Fm, 449 

and show, that the eastern Tatra Mts margin experienced the highest paleotemperatures in 450 

comparison to other parts of the Tatra and Choč Mts, and the Orava-Podhale-Spisz basins (Fig. 2; Table 451 

S1; Marynowski et al., 2006; Staneczek et al., 2024a, 2024b; Środoń et al., 2006). Such consistency in 452 

the paleotemperature changes towards the southeast indicates one main event that caused the 453 
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maturation of the studied rocks. We interpret this event to be the Late Oligocene-Early Miocene burial 454 

of the Central Western Carpathian (CWC) massifs during CCPB sedimentation. However, we apply this 455 

interpretation only to the Krížna nappe units and not to the para-autochthonous cover or the 456 

crystalline basement, which may have been more affected during Cretaceous burial (Bac-Moszaszwili 457 

& Gąsienica-Szostak, 1990). 458 

b. Main magnetic carriers  459 

The first step in investigating the magnetic mineralogy in the Mraznica and Huty fms is establishing the 460 

content of dia-, para- and ferromagnetic (sensu lato) minerals. Both examined formations show low 461 

Kip which falls within a similar range (Fig. 5). Interestingly, the Kip of the Mraznica Fm specimens in 462 

the Belianske Tatry Mts are diverse and vary from negative to positive values (Fig. 5A), the latter is not 463 

documented in other studied parts of the Tatra Mts and the neighboring Choč Mts (Fig. S9; Staneczek 464 

et al., 2022, 2024b). Negative in-phase susceptibilities are documented in the BM1 site, where the CC 465 

values are the highest not only from all the analyzed sites in the Belianske Tatra Mts but also in the 466 

High and Western Tatra Mts (even 97%; Table 1; Staneczek et al., 2024b). Moreover, the BM1 467 

hysteresis loops overall document a diamagnetic behavior (Fig. S5). The CC parameter averages 60-468 

70% in BM3 and BM4 sites (Table S1), but is much lower in BM2, reflecting a change in clastic material 469 

supply to the sedimentary basin in the Mraznica Fm previously documented by Piotrowska et al. 470 

(2013). However, changes in phyllosilicate content have little effect on Kip and there is no clear 471 

correlation with the hysteresis-derived parameters (initial slope and high-field slope comparison; Table 472 

S3). Based on these observations, the Kip in the Mraznica Fm sites are predominantly governed by the 473 

ferromagnetic fraction, i.e., magnetite and hematite.  474 

The Kip measurements of the Huty Fm specimens document consistent values similar to susceptibilities 475 

reported from the Western and High Tatra foreland, and the Choč Mts (Fig. S9). Hysteresis curves 476 

(before and after correction) and parameters (initial slope and high-field slope comparison) show a 477 

predominance of paramagnetic minerals (Fig. S5). Considering the lithology of this unit and the low CC 478 

values, the minerals in question are most likely phyllosilicates. The Kop for this unit is controlled by 479 

magnetite, which dominates the ferromagnetic fraction in Huty Fm (see next paragraph).  480 

The prevalent type of magnetite grains has higher coercivities in the range of 55-95 mT (Table S2) both 481 

in Mraznica and Huty fms. Generally, higher coercivities in the magnetite coercivity range correspond 482 

to smaller domain sizes (Heider et al., 1996). Since both the Mraznica and Huty fms have lithologies 483 

that are characterized by a significant admixture of clay minerals (Gross et al., 1993, Lefeld et al., 1985, 484 

Środoń et al., 2006), we interpret the origin of the stable single-domain (SSD) magnetite as a by-485 
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product of the illite-smectite transformation in the early stages of diagenesis (Hirt et al., 1993) and/or 486 

during the first burial episode of the Mraznica Fm (see Burial impact on the Tatra Mts paragraph). 487 

The next detected magnetite phase/type is characterized by very low coercivity (~8-13 mT, Table S2), 488 

indicative of magnetite with larger domain sizes, presumably with a PSD or MD (Fig. 8). Such larger 489 

magnetite grains could either be allochthonous minerals or a product of a diagenetic phase. The 490 

Mraznica Fm sedimentary environment is reported by Kędzierski and Uchman (1997) to be oxic, which 491 

would preserve the large allochthonous MD grains. However, this does not match our observations, 492 

since there is a common occurrence of pyrite framboids (Fig. S1) indicative of more oxygen-depleted 493 

conditions, which would enable the dissolution of iron oxides during sedimentation and early 494 

diagenesis (Canfield et al., 1992; Roberts, 2015). Similarly, the paleoenvironment of the Huty Fm was 495 

reported to be dysoxic to euxinic (Marynowski et al., 2006; Soták et al., 2001; Staneczek et al., 2024a), 496 

which would also prohibit the preservation of allochthonous magnetite (Canfield & Berner, 1987) and 497 

a higher organic matter content (Table 1). We are therefore critical about the detrital origin of 498 

magnetite, favoring a diagenetic origin. Primary SD magnetite was formed in the early stages of 499 

diagenesis and/or first burial. Next, it grew to PSD domains due to the continuous elevation of 500 

temperatures in the Oligocene-Miocene which triggered the final stage of diagenesis (Środoń et al., 501 

2006). Such a PSD population is reported in other parts of the Tatra-Fatra Belt (Grabowski, 2000; 502 

Staneczek et al., 2022, 2024b). Considering the thermal and diagenetic history of the studied units we 503 

interpret this magnetite population as PSD-grains formed during two stages of diagenesis.  504 

The Oligocene burial of the Belianske Tatra Mts induced the formation of superparamagnetic (SP) 505 

grains, characterized by notable Kfd parameter values (~15% for Mraznica and 0.75-3% for Huty; Fig. 506 

5BD). The Day plot (Fig. 8) indicates the SP magnetite, possibly alongside SP hematite, in the Mraznica 507 

Fm sites. SP magnetite generally forms under burial conditions with elevated temperatures (Aubourg 508 

& Pozzi, 2010; Kars et al., 2012). During the continuous burial and the temperature increase to 140°C, 509 

the formation of new SP-magnetite is faster than the size increase of previously generated grains 510 

(Aubourg & Pozzi, 2010; Kars et al., 2012). However, it was not investigated in higher temperatures. 511 

The formation of SP hematite, particularly in the Mraznica Fm sites BM1 and BM4, appears also to be 512 

linked to burial processes during the Late Oligocene-Early Miocene. The Kfd values in the Belianske 513 

Tatra Mts are especially high in comparison to the Western and High Tatra Mts (~2.8% for the Mraznica 514 

Fm in High Tatra; Staneczek et al., 2024b) reflecting an intensified phase of SP magnetite and hematite 515 

formation. Based on all previous results, the Mraznica Fm in the Belianske Tatra Mts show features 516 

indicative of remagnetized limestones (Channel & McCabe, 1994; Dinares-Turell & Garcia-Senz, 2000; 517 

Jackson & Swanson-Hysell, 2012; Suk et al., 1993). Remagnetization is documented in limestones 518 

across the Central Carpathian region and has been previously attributed to Cretaceous tectonic 519 
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processes (Grabowski et al., 2009). Another possible trigger for SP magnetite formation is the 520 

migration of an oxidizing hydrothermal fluid. However, the distribution patterns of Kfd values across 521 

the Tatra region suggest that this process was not a primary driver of SP magnetite/hematite 522 

formation. Otherwise, it would have had localized rather than regional effects. 523 

Petromagnetic measurements reveal the presence of high coercivity minerals interpreted here as 524 

hematite. In the Huty Fm, the hematite contribution is very low, even negligible (as in sample BH364, 525 

Fig. S4), except the site BH1. There, the rock magnetic results indicate that hematite is the predominant 526 

ferromagnetic mineral. We attribute its origin to early weathering processes, as all samples were 527 

collected from outcrops characterized by large overgrown pyrite framboids (Fig. S1). The weathering 528 

of pyrite likely contributes to iron oxide formation, a mechanism frequently observed in shales (e.g., 529 

Gu et al., 2020). Weathering also affected Mraznica Fm rocks, especially sites BM2 and BM3, where 530 

the low coercivity minerals dominate. Sites BM1 and BM4 show a significant hematite contribution, 531 

evident from thermomagnetic measurements (Fig. 6, S4) and IRM curves (Fig. 7). Its substantial role in 532 

the magnetic mineralogy indicates a different origin than hematite in the Huty Fm. In the Choč Mts, 533 

hematite in the Mraznica Fm was interpreted as late diagenetic or resulting from fluid oxidation 534 

(Staneczek et al., 2022), facilitated by faults, which is not reported in the Belianske Tatra Mts. 535 

Staneczek et al. (2024b) suggest that the formation of hematite and the increase in Hcr/Hc ratios on 536 

the Day diagram is linked to elevated burial temperatures, and we support this interpretation.  537 

c. Eo-Alpine to Neogene evolution recorded in the magnetic fabrics of the Tatra region 538 

i. Pre-CCPB magnetic fabrics 539 

The magnetic fabric of Mraznica Fm sites show two ipAMS lineation patterns: a roughly easterly 540 

orientation at BM2 and BM3, and northerly at BM1 and BM4 (Fig. 9, S6). Moreover, the opAMS and 541 

AARM fabrics documented in all Mraznica Fm mirror the ipAMS fabric but are more dispersed (Fig. 9, 542 

S7, S8). These reflect the alignment of ferromagnetic iron oxides formed on the fixed phyllosilicate 543 

matrix, a phenomenon reported in many previous studies (Borradaile & Lagroix, 2000; Calvín et al., 544 

2018a; Hirt et al., 1993; Housen et al., 1993; Li & Kodama, 2005). The first population of these grains 545 

is linked with the Cretaceous burial, and the resulting magnetic fabric was strengthened during the 546 

Oligocene burial by the formation of new magnetite. An east-oriented ipAMS lineation has been 547 

reported across various units in the Tatra Mountains, including nappe structures, para-autochthonous 548 

cover layers, and even in the crystalline basement, and was attributed to the Turonian thrust-related 549 

shortening(Hrouda & Kahan, 1991; Grabowski, 2000; Szaniawski et al., 2012, 2020; Staneczek et al., 550 

2024b). In the Mraznica Fm, the ipAMS foliation deflects significantly from the bedding plane and is 551 

nearly perpendicular in BM2, which resembles patterns seen in the Belianske Tatra’s Krížna nappe. 552 
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There, Hrouda and Kahan (1991) observed girdles of magnetic foliation poles in the AMS diagrams, 553 

indicating combined simple shear and lateral shortening during thrusting, a pattern echoed in other 554 

highly deformed nappes (Lamarche & Rochette, 1987). The magnetic lineation generally is 555 

perpendicular to the girdle and the shortening direction but can be aligned with the shortening 556 

direction under moderate layer-parallel compression (Cifelli et al., 2014; Oliva-Urcia et al., 2009; Parés, 557 

2015; Satolli et al., 2020). Magnetic lineations reflecting Turonian thrusting are widely recognized in 558 

both allochthonous and para-autochthonous units and even occur in the crystalline basement (Hrouda 559 

& Kahan, 1991; Grabowski & Gawęda, 1999). The primary nappe transport direction in the Central 560 

Carpathian region was approximately to the northwest (Jurewicz, 2005; Kováč & Bendík, 2002; 561 

Plašienka, 2003; Prokešová et al., 2012), aligning the easterly ipAMS lineation in the Mraznica Fm with 562 

Late Cretaceous thrusting. In light of these studies, we interpret the easterly oriented magnetic 563 

lineation present in Mraznica Fm as a result of Late Cretaceous complex thrusting mechanisms. 564 

The northerly oriented magnetic lineation pattern in the Mraznica Fm, however, is unique to the 565 

Belianske Tatra Mts and has not been documented in other areas of the Tatra Mts and in the whole 566 

Huty Fm. This well-grouped lineation with scattered foliation likely also formed during thrusting, albeit 567 

through different mechanisms. This N-oriented lineation pattern may reflect simple shear 568 

deformation, influenced by the presence of a thick limestone layer (Muraň Fm) overlying the Mraznica 569 

marls and marly limestones (Nemčok et al., 1993a, b). In our interpretation, the less competent 570 

Mraznica Fm was subjected to simple shear during thrusting, resulting in a magnetic lineation parallel 571 

to the shear orientation, similar to findings in the Strážov Mountains (Szaniawski et al., 2020). 572 

ii. Syn-sedimentary and burial-related fabrics 573 

The opAMS lineation in the one Huty Fm site (BH4; Fig. 10, 11, S7) is NW-oriented, and coaxial with 574 

extension during the CCPB sedimentation, which was documented by Králiková et al. (2014) in the 575 

Tatra region, as well as by other authors in the Orava Basin and Spiš Basin (Pešková et al., 2009; Vojtko 576 

et al., 2010). The extension-related orientation of the first diagenetic magnetite population was further 577 

strengthened by a second magnetite population formed during the increasing burial rate. This is 578 

supported by the similar orientation of the corresponding AARM lineation, which is governed by PSD 579 

and SD grains (Fig. 9, 10, S8) Such an NW-oriented lineation is also documented in the Podhale region 580 

by Márton et al. (2009), but there it is referred to as sedimentary. However, the well-clustered 581 

magnetic lineation points, in our interpretation, to a tectonic origin.  Similarly oriented magnetic 582 

lineations were reported in the Western and High Tatra Mts (Staneczek et al., 2024b), and in the Choč 583 

Mts (Staneczek et al., 2022). Therefore, we interpret this opAMS and AARM lineations as a result of 584 

Oligocene extension.  585 
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 586 

Fig. 11 Tectonic evolution of the Choč-Tatra Belt reflected in magnetic fabrics. All fabrics are plotted in 587 

lower hemisphere projections in geographic coordinates. Squares and circles represent the maximum 588 

and minimum ellipsoid axes derived from the site-mean tensor, respectively. Abbreviations: WT – 589 

Western Tatra Mts, HT – High Tatra Mts, BT – Belianske Tatra Mts, CHM – Choč Mts. Magnetic fabric 590 

data were compiled from Staneczek et al. (2022, 2024b). 591 

iii. Post-CCPB magnetic fabrics 592 

The ipAMS fabrics of the Huty Fm are consistent and characterized by the presence of a well-defined 593 

magnetic foliation and a similarly well-grouped magnetic lineation that is either approximately WNW- 594 

to ESE or ENE-to WSW oriented (Fig. 9, 10, 11, S6). In addition, most of the AARM and opAMS fabrics 595 

documented in the Huty Fm trace the ipAMS fabric. The good alignment of the magnetic foliation and 596 

bedding is the result of both compaction processes during diagenesis and the overall oblate shape of 597 

the phyllosilicate matrix. Similar WNW to ESE or ENE to WSW oriented ipAMS lineations are 598 

documented widely in the Oligocene foreland of the Tatra-Fatra belt and the Podhale-Spisz region 599 

(Madzin et al., 2021; Márton et al., 2009; Staneczek et al., 2022, 2024b). In the latter area, they are 600 

interpreted as the effect of turbiditic currents. However, the majority of sites investigated in these 601 

studies show coarse-grained rocks more prone to record the paleoflow direction. Moreover, as 602 

documented by Staneczek et al. (2024a) in the Orava region, the deposition of the Lower Oligocene 603 

(Huty Fm) in the CCPB progressed under dysoxic to intermittently euxinic depositional conditions. 604 

Current run-off occurred occasionally and was manifested by a change of fraction to more coarse-605 

grained. The sampled black shales do not show any signs of current flows which may have altered the 606 

conditions to aerobic. Under anaerobic conditions, paleocurrent cannot occur as this would involve 607 

the supply of oxygen to the bottom waters. The obtained WNW-to ESE to ESE-to WNW orientations 608 

correspond reasonably well with the uplift-related Early to Middle Miocene NW- to SE to NNW- to SSE 609 

229:6544034748



28 
 

compression documented mainly in the Tatra and their foreland (Králiková et al., 2014; Vojtko et al., 610 

2010), but also in the Orava region (Pešková et al., 2009) and Kozie Chrbty (Sůkalová et al., 2012). The 611 

magnetic lineation orientation is therefore parallel to the fold axis of small-scale folds documented in 612 

the CCPB sedimentary rocks (Vojtko et al., 2010). In the Western and High Tatras, the ipAMS lineation 613 

in Huty sites was attributed to this tectonic stage (Staneczek et al., 2024b). This interpretation concurs 614 

also with the Belianske Tatra Mts.  615 

d. Burial impact on the Tatra Mts 616 

i. Magnetic burial indicators 617 

The Tatra-Choč Belt, with its eastward trend in increasing paleotemperatures, is an excellent 618 

laboratory for studying the burial impact on the magnetic mineralogy (Fig. 2). Compiled magnetic 619 

susceptibility (MS) measurements from the Choč Mts and the whole Tatra massif (both Huty and 620 

Mraznica; Fig. 12) document changes between different sampling areas which correlate mostly with 621 

vitrinite reflectance values. The differences in the burial rate are also highlighted by the Kfd parameter, 622 

which is the highest in the Belianske Tatra Mts. Anomalously high Kip values and a shift towards a shift 623 

towards the SP-realm in the Day plot (Fig. 13) in the Mraznica Fm from the Choč Mts are linked with 624 

the hydrothermal impact on this highly deformed area. Increased fluid circulation has been 625 

documented in this area (Bella & Gaal, 2017), and is likely related to the presence of the main Choč-626 

Tatra-Ružbachy Fault (Bella & Bosak, 2012). In contrast, in the Tatra block the MS differences seem to 627 

be affected purely by burial because the increase in MS values matches the paleotemperature 628 

increase. Moreover, the magnetic susceptibility does not reflect changes in the Mraznica succession 629 

type (Zliechov in Western Tatra Mts, and Vysoka in High and Belianske Tatra Mts; Nemčok et al., 630 

1993b). Burial-related changes are also documented by the Day plot compiled for the Mraznica Fm of 631 

the Choč-Tatra Belt (Fig. 13), which shows a gradual shift towards the PSD-SP mixing realm/area. The 632 

change is related to the increased formation of iron oxides under high temperatures. Such features are 633 

not present in the Day plot for Huty Fm (Fig. 13). In the absence of an analysis of the Belianske Tatra 634 

samples, it may prove challenging to discern this trend, given that the alteration observed in the burial 635 

impact on the Western and High Tatra Mts are comparatively minor and could potentially be confused 636 

with other processes.  637 
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 638 

Fig. 12 Kip vs Kop plots for samples from the Choč Mts and Tatra Mts (compiled from Staneczek et al., 639 

2024b). The magnetic susceptibility data from the Huty Fm of the Choč Mts could not be plotted due 640 

to artificial values of the Kop (Text S1). Rc refers to the calculated vitrinite reflectance, and Rr is the 641 

random vitrinite reflectance.  642 

 643 

Fig. 13 Day plots for samples from the Choč Mts, Western, High, and Belianske Tatry Mts (compiled 644 

from Staneczek et al., 2022; Staneczek et al., 2024b). 645 

ii. The burial age: Turonian or Oligocene? 646 

The age of the most prominent burial of the Tatra massif is the subject of a long-standing discussion. 647 

Most of the authors interpret a Late Cretaceous timing related to a nappe thrusting event (e.g., 648 

Anczkiewicz et al., 2015; Campos et al., 2023; Grabowski, 2000; Králiková et al., 2014; Márton et al., 649 

2016; Plašienka et al., 1997; Śmigielski et al., 2016; Środoń et al., 2006). The majority of these studies 650 
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focus on the crystalline basement. Some thermo-chronometric studies performed in the High Tatra 651 

Mts, suggest that the maximum burial of this part occurred approximately in the Late Oligocene 652 

(Campos, et al., 2023), which would coincide with the maximum burial reported in this study. On the 653 

contrary, Anczkiewicz et al. (2015), Králiková et al. (2014), and Śmigielski et al. (2016) date the 654 

maximum burial of the crystalline basement as Late Cretaceous. However, all three studies point to a 655 

second burial in the Oligocene followed by a cooling in the Miocene. Such events are caused by the 656 

sedimentation of CCPB rocks and the subsequent uplift of the massif. The paleomagnetic studies point 657 

towards a Late Cretaceous remagnetization age of the youngest nappe sedimentary rocks (Grabowski, 658 

1997; Márton et al 2016). Although it is generally accepted that the crystalline core of the Tatra Mts 659 

was affected by high burial temperatures during Turonian thrusting, the impact of this event on the 660 

youngest nappe sedimentary rocks is debatable. Only a few paleomagnetic studies record Paleogene-661 

Neogene pre-tilt remagnetizations in the Tatra Mts (Grabowski, 1997). However, all studies were 662 

focused on the Western Tatra nappes, where the crystallization of new magnetite during burial was 663 

presumably not as intense as in the Belianske or High Tatra Mts. Therefore, it could retain the Late 664 

Cretaceous remagnetization ages due to a low content of magnetite formed during the late Oligocene 665 

– early Miocene. The maximum inferred thickness of thrust nappes in the Tatra Mts is presumed not 666 

to exceed 4 km (Nemčok et al., 1993b), and the erosion rate is unknown. Assuming that the present-667 

day nappe sedimentary rocks in the Tatra Mts constitute the lower parts of thrust folds and that the 668 

Choč nappe was present in all the Tatra region, the eroded part was not thick enough to induce 669 

temperatures as high as 200-230oC. The vitrinite reflectance data presented by Poprawa et al. (2002) 670 

and Staneczek et al. (2024ab) show an eastward trend in increasing reflectance values. The lowest 671 

values for Huty Fm are observed in the Orava basin and increase towards the east (Fig. 2). The Mraznica 672 

Fm deposits closely reflect this trend. This is further supported by thermal maturity studies of the 673 

Chochołów PIG1 and Bukowina Tatrzańska PIG1 wells (CCPB rocks, including Huty Fm; Poprawa & 674 

Marynowski; 2005), and illite crystallinity studies (Środoń et al., 2006). Similar trends in the Rr 675 

distribution in both nappe and post-orogenic sedimentary rocks are clear evidence of the Oligocene 676 

overburden impact.  677 

Furthermore, the direction of change of various parameters in the Choč-Tatra Belt is noteworthy. The 678 

surficial occurrence of Mraznica and Huty Fm is closely related to large faults that cut the Tatra massif 679 

(Fig. 2), which could partly contribute to the different thicknesses and erosion rates of the Belianske 680 

Tatra and Spisz deposits. However, a significant change in observed magnetic and geochemical 681 

parameters is most likely due to different subsidence levels during the sedimentation of CCPB units. 682 

Kováč et al. (2016) suggest a migration of depocentres from west to east in the fore-arc basins of the 683 

Central Western Carpathians, which most likely caused prolonged and more intensive sedimentation, 684 
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and thus increased overburden of the nappe units in the Belianske Tatra Mts region. Moreover, a 685 

thermo-chronometric study performed by Anczkiewicz et al. (2015) described differences in estimated 686 

paleotemperatures between sites located in the western and easternmost parts of the Tatra Mts 687 

during the Oligocene burial. In addition, the eastern part of the massif experienced a significantly faster 688 

uplift than the western part, which, coupled with the maximum paleotemperatures reported in the 689 

eastern part, suggests a thicker sedimentary load in the eastern Tatra Mts.  690 

7. Conclusions 691 

1. In the Belianske Tatra Mts, the Kip of the Mraznica Fm is carried mainly by the 692 

ferromagnetic mineral fraction (magnetite, hematite and possibly some iron sulfides), 693 

while in Huty Fm it is governed by paramagnetic minerals (i.e., phyllosilicates).  694 

2. The Mraznica Fm rocks exhibit features typical for remagnetized limestones, e.g., wasp-695 

waisted hysteresis curves and high content of SP-magnetite and/or SP hematite. The 696 

presumed age of this mineral generation is the Late Oligocene/Early Miocene, which 697 

coincides with the final stages of the CCPB burial.  698 

3. Magnetic fabrics were divided according to their origin as pre-CCPB age, burial-related 699 

fabrics, and post-CCPB fabrics. Pre-CCPB fabrics document the shortening during Turonian 700 

thrusting. Burial-related fabrics show the Oligocene extension direction. Post-CCPB fabrics 701 

are linked with the uplift of the Tatra block.  702 

4. In the Choč Mts-Tatra Mts belt, the vitrinite reflectance analysis documents an eastward 703 

increase in paleotemperatures. The recorded values in Huty Fm rocks correspond well with 704 

the Rr values for Mraznica Fm. This trend is also reflected in the magnetic mineralogy. 705 

Overall, the data indicate that Late Oligocene–Early Miocene burial was the most intense 706 

along the eastern margin of the Tatra Mts. 707 

5. The paleotemperatures that affected the Mraznica Fm during the Oligocene-Miocene 708 

burial reached 200-230°C.  709 
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Table S1 Bulk geochemical characteristics and measured and calculated vitrinite 

reflectance values of the sampled rocks. 

 

Introduction  

The supporting information contains a description of additional magnetic and 

geochemical analysis of the Mraznica Fm from the Choč Mts. The figures show 

visualizations of rock magnetic experiments, petrographic observations, magnetic fabrics 

and two tables. The rock magnetic figures include temperature-dependent susceptibility 

measurements, Isothermal Remanent Magnetization curves, hysteresis curves and IRM 

back-field experiments for Mraznica and Huty Fm samples. The magnetic fabric figures 

show ip-, opAMS and AARM individual sample directions. The petrographic figure displays 

the organic matter present the studied units. The table S1 shows the main results of 

geochemical analysis. Tables S2 and S3 show hysteresis parameters and IRM component 

analysis, respectively. 
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Text S1. 

Additional geochemical and rock magnetic results for the Choč Mts’ samples 

 

Four Mraznica Fm samples show a very low TOC content. In three samples the TOC 

value is <0.02 %, only in one it is higher, approximately 0.66% (Table S1). Except for the 

last sample, the TOC content is significantly lower than the values obtained for the 

Belianske Tatry sites. However, it is comparable to Mraznica Fm in the Western and High 

Tatra Mts. The calculated CC is very consistent in all samples and equals ~75-77%. These 

values fall in the range of the CC calculated for other Mraznica Fm samples. Random 

vitrinite reflectance was measured for all samples. The results show intermediate Rr values 

in the range of 0.79-0.94% that are generally similar to those documented in Western Tatra 

Mts (Table S1).  

The methylphenanthrene ratio (MPI1) and the derived calculated vitrinite reflectance 

(Rc) were successfully obtained for three Mraznica Fm samples. In samples CH3 and CH4 

the MPI1 ranges at 0.44-0.45, whereas in the CH2 sample, it is higher (1.59; Table S1). The 

Rc in CH3 and CH4 corresponds to the Rr values, and equals 0.78 and 0.81, respectively. In 

the CH2 sample, the Rc is 1.13. The phenylphenanthrene ratio (PhP) calculated for all 

samples varies from 0.73 to 0.86, and is similar to PhP values in the Mraznica Fm from the 

Western Tatra Mts.  

The in-phase and out-of-phase magnetic susceptibility (Kip and Kop) was measured 

for ninety-seven specimens from six sampling sites of the Mraznica Fm in the Choč Mts. 

The Kip measured in 976 Hz shows values from 2.02 x 10-4 [SI] to 4.32 x 10-5 [SI], and the 

Kop from 1.18 x 10-5 [SI] to 0.51 x 10-7 [SI] (Fig. S9). These values are quite high in 

comparison to magnetic susceptibility values from Mraznica Fm specimens in the Tatra 

Mts. In addition, the Kfd parameter was calculated for all samples and the acquired values 

range from 1.39% to 11.41% (Fig. S9B). Such dispersion of values is unique for the Mraznica 

Fm in the Choč -Tatra Belt. 

Geochemical data of the Huty Fm samples from the Choč Mts were previously 

investigated by Staneczek et al. (2024a). Here, we conducted the Kip and Kop 

measurements for fourty-six specimens from four sampling sites. The Kip values range 

from 8.6 x 10-5 [SI] to 3.5 x 10-4 [SI] (Fig. S9). The Kop values were negative, which is a 

measurement error due to a very low content of ferromagnetic minerals. Therefore, the 

Kfd parameter could not be calculated for these samples.  
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Figure S1. Petrographic analysis of the Mraznica and Huty Fm rocks. Abbreviations: V – 

vitrinite, ePy – euhedral pyrite, fPy – pyrite framboids; C – crenulation cleavage. 
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Figure S2. Temperature-dependent susceptibility experiments for Mraznica and Huty 

Fm. Red line indicates the heating curve, and blue the cooling curve. 
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Figure S3. IRM component analysis for Mraznica and Huty Fm.  

 

Figure S4. Additional plots of the thermal demagnetization of a three-axis IRM. 
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Figure S5. Hysteresis plots before and after para- and diamagnetic corrections with IRM 

back-field experiments. 
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Figure S6. The ipAMS diagrams showing individual sample directions. All fabrics are 

plotted in lower hemisphere projections in geographic coordinates. Squares, triangles 

and circles represent the maximum, intermediate and minimum ellipsoid axes derived 
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from the site-mean tensor. The blue great circle shows the bedding plane, and the light 

blue dot the pole to the bedding. 

 

 

Figure S7. The opAMS diagrams showing individual sample directions. All fabrics are 

plotted in lower hemisphere projections in geographic coordinates. Squares, triangles 

and circles represent the maximum, intermediate and minimum ellipsoid axes derived 
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from the site-mean tensor. The blue great circle shows the bedding plane, and the light 

blue dot the pole to the bedding. 

 

Figure S8. The AARM diagrams showing individual sample directions. All fabrics are 

plotted in lower hemisphere projections in geographic coordinates. Squares, triangles 

and circles represent the maximum, intermediate and minimum ellipsoid axes derived 
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from the site-mean tensor. The blue great circle shows the bedding plane, and the light 

blue dot the pole to the bedding. 

 

 

 

Figure S9. Magnetic susceptibility data for the Mraznica and Huty Fms in the Choč Mts: 

Kip vs Kop in 976 Hz for the Mraznica Fm (A); Kip (in 976 Hz) vs Kfd for the Mraznica 

Fm(B), Kip vs Kfd for the Huty Fm (C). 
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Sample Unit 

 
Component 1  Component 2  Component 3  

logB1/2 B1/2 [mT] DP logB1/2 B1/2 [mT] DP logB1/2 B1/2 [mT] DP 

BM133 

M
ra

zn
ic

a 
F

m
 

0.87 9.43 0.26 1.96 92.99 0.35 3.27 1774.91 0.23 

BM232 0.94 8.61 0.34 1.96 90.31 0.35 3.32 2090.53 0.30 

BM353 1.07 11.78 0.44 1.96 90.93 0.33 2.49 310.20 0.32 

BM413 0.97 9.39 0.37 1.74 55.08 0.29 2.84 693.10 0.44 

BH115 

H
u

ty
 F

m
 

1.13 13.51 0.40 1.99 97.57 0.36 3.24 1755.64 0.31 

BH243 0.95 8.82 0.34 1.85 70.75 0.32 2.57 368.38 0.55 

BH364 0.95 9.00 0.35 1.89 76.86 0.33 2.62 419.44 0.49 

BH444 1.00 9.94 0.36 1.87 74.72 0.32 2.49 309.01 0.65 

BH552 1.09 12.32 0.40 1.93 84.96 0.33 2.57 375.69 0.33 

 

Table S2. Results of the IRM component analysis for Mraznica and Huty Fms. 
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Site Sample Formation 

Hysteresis loop (after slope correction) 
IRM back-

curve 

Ferro/para 

content (%) Ms 

(µAm2/kg) 

Mr 

(µAm2/kg) 
Hc (mT) 

Initial slope 

(mAm2/T*kg) 

Slope 

correction 
(mAm2/T*kg) 

Hcr (mT) 

BM1 BM13_1 
M

ra
zn

ic
a 

F
m

 
1391 157.4 4.6 17.4 6.0 11.3 - 

 
BM15 802 106.7 9.3 4.9 9.3 24.5 - 

 
BM16 640 92.8 9.0 3.6 8.7 36.9 - 

BM2 

BM21 2093 240.5 6.7 21.4 -18.5 12.1 53.6 

BM21_1 447 47.1 4.5 4.1 -43.0 9.1 8.8 

BM22 969 100.5 6.0 10.6 -11.1 10.2 48.8 

 
BM22_1 706 98.2 4.5 4.4 -12.0 24.6 26.7 

 
BM22a 465 65.6 5.3 2.4 -30.1 24.5 7.5 

 
BM24 1512 84.4 2.6 8.4 -10.1 23.2 45.3 

 
BM24a 1887 127.4 3.1 10.9 -17.8 21.2 37.8 

 
BM31 3301 507.0 5.5 19.8 -10.4 45.0 65.6 

 
BM32 7034 468.3 4.7 53.6 -54.5 30.3 49.6 

 
BM33 2692 379.8 5.3 16.1 -12.5 40.2 56.3 

BM3 

BM33 3122 538.0 5.7 40.7 -12.8 16.6 76.1 

BM33_1 3169 468.0 4.7 39.2 -13.1 15.8 74.9 

BM34 1779 251.2 5.2 21.3 -23.3 6.8 47.7 

BM34_1 2597 351.2 5.4 31.9 -24.7 11.7 56.4 

BM35 2319 273.5 5.2 28.4 -9.2 8.7 75.6 

BM35_1 2843 382.9 5.4 34.3 -23.4 17.2 59.4 

BM35_2 2447 338.0 6.5 13.7 -21.1 52.6 39.4 

BM3_2 5928 639.4 5.1 43.7 -35.3 9.1 55.3 

BM36 4803 471.5 4.3 33.6 -22.4 8.3 60.0 

BM36_1 3711 366.2 4.6 25.8 -19.0 7.8 57.6 

BM4 

BM43_1 
5456 643.5 4.8 39.7 -14.7 8.6 73.0 

BM43 1015 46.1 5.2 6.0 -35.7 21.8 14.3 

BM44 777 81.9 6.8 4.5 -30.9 26.7 12.8 

BM45 1283 207.2 6.2 7.8 -10.3 33.4 43.0 

BM45_1 5532 584.1 4.5 39.6 -17.9 8.0 68.9 

BH1 

BH16 

H
u

ty
 F

m
 

3988 377.2 5.8 27.2 -41.5 8.3 39.6 

BH16_1 3422 295.2 5.5 21.1 -50.8 5.9 29.3 

BH17_1 2792 266.5 5.8 18.7 -42.5 5.9 30.6 

BH2 
BH21 1358 69.7 8.6 6.3 -65.8 15.0 8.7 

BH22 1074 76.5 10.5 5.2 -65.7 18.6 7.4 

BH3 
BH34_1 5273 374.3 4.2 34.3 -65.9 4.8 34.2 

BH35 1218 69.7 5.6 5.2 -65.9 11.0 7.3 
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Table S3. Results of hysteresis curve and IRM back-field experiments. 

 

 

 

BH35_1 3422 231.4 3.7 21.5 -63.3 4.6 25.4 

BH37 1375 37.1 8.6 5.9 -74.9 25.0 7.3 

BH4 

BH42 1071 77.5 2.6 6.4 -49.6 8.4 11.4 

BH43 4434 415.7 4.7 27.8 -74.5 4.8 27.2 

BH43 1700 66.3 3.3 7.3 -75.2 6.8 8.8 

BH43_2 4970 410.3 5.7 32.3 -58.7 6.9 35.5 

BH44 1700 66.3 3.3 7.3 -75.2 6.8 9.5 

BH48 1336 114.4 11.5 6.3 -63.0 26.5 9.1 

BH5 

BH51 1313 59.1 5.4 5.5 -63.7 18.9 7.9 

BH52 1114 57.1 4.4 5.0 -75.1 19.2 6.3 

BH53 1900 63.9 3.7 10.9 -70.0 9.7 13.4 
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Table S1 Bulk geochemical characteristics and measured and calculated vitrinite reflectance 

values of the sampled rocks. 

Sample Unit Lithology TOC [%] TS [%] CC [%] MPI1 Rc [%] Ro [%] PhP ratio 

Belianske Tatry Mts        
 

BM1_1 
M

ra
zn

ic
a

 F
m

 
limestone 0.65 0.00 79.10 1.70 1.42 1.44 1.00 

BM1_2 limestone 0.41 0.00 97.33 1.02 1.01 - 1.00 

BM2_1 marly limestone 0.41 0.00 33.45 2.16 1.70 - 1.00 

BM2_2 marly limestone 0.48 0.01 27.73 1.00 1.00 - 1.00 

BM3_1 marly limestone 0.20 0.00 72.07 0.94 0.96  1.00 

BM3_2 marly limestone 0.19 0.07 75.03 - - 1.70 1.00 

BM4_1 marly limestone 0.14 0.00 67.39 - - - 1.00 

BM4_2  marly limestone 0.01 0.00 63.49 1.18 1.11 1.55 1.00 

BH1_1 

H
u

ty
 F

m
 

dark siltstone 0.55 0.94 8.71 2.48 1.89 1.32 1.00 

BH1_2 dark siltstone 0.89 0.96 17.17 1.68 1.41 - 0.99 

BH2_1 dark siltstone 0.95 0.83 16.53 2.69 2.01 1.04 1.00 

BH3_1 dark siltstone 1.15 1.04 8.40 1.72 1.43 1.11 0.99 

BH3_2 dark siltstone 0.95 0.91 14.72 2.38 1.83 - 1.00 

BH4_1 dark siltstone 0.73 0.92 22.88 2.19 1.72 1.54 1.00 

BH4_2 dark siltstone 0.99 0.80 14.46 2.22 1.73 - - 

BH5_1 dark siltstone 0.70 0.57 17.14 1.44 1.26 - 0.97 

BH5_2  dark siltstone 0.71 0.61 17.11 1.81 1.49 1.37 0.97 

Choč Mts          

CH2 

M
ra

zn
ic

a
 F

m
 

marly limestone 0.02 0.00 77.30 1.59 1.13 0.90 0.86 

CH3 marly limestone 0.00 0.00 75.70 0.44 0.78 0.94 0.73 

CH4 marly limestone 0.00 0.01 77.85 0.45 0.81 0.79 0.83 

CH5 marly limestone 0.66 0.00 76.23 - - 0.86 0.86 

64_Ht 

H
u

ty
 F

m
*
 mudstone 0.44 0.07 35.67 0.58 0.75 0.35 0.66 

65_Ht sandstone 0.37 0.01 36.27 0.35 0.61 0.44 0.58 

66_Ht mudstone 0.31 0.04 36.81 0.53 0.72 0.41 0.69 

67_Ht mudstone 0.58 0.39 25.13 0.64 0.79 0.55 0.64 

Orava*          

77_Ht H
u

t y
 

F
m

 

black shale 2.72 0.00 7.24 0.33 0.60 - 0.67 

78_Ht  black shale 1.98 0.00 14.93 0.32 0.59 0.27 - 

82_Ht  black shale 3.19 2.17 5.04 0.46 0.68 0.47 0.67 

84_Ht  sandstone 5.39 0.04 11.48 0.41 0.64 0.44 0.65 

85_Ht  coal 50.64 0.66 1.62 0.45 0.67 0.45 - 

Western and High Tatra Mts**        

Ht5 

H
u

ty
 F

m
 

silty sandstone 0.55 0.54 19.39 0.61 0.77 0.53 - 

Ht7 mudstone 0.85 1.09 16.38 0.67 0.8 0.57 0.82 

Ht10 mudstone 0.7 0.86 18.45 0.7 0.82 0.41 0.70 

Ht11 silty sandstone 0.77 1.25 17.52 0.69 0.82 0.4 - 

Ht12 mudstone 0.59 0.59 16.85 0.57 0.74 0.55 0.80 

Ht14 black shale 0.66 1.16 17.77 0.57 0.74 0.53 0.58 

Ht15 mudstone 1.1 0.25 14.81 0.52 0.71 0.62 0.67 

ZA1 black shale 1.59 1.39 34.85 1.07 1.04 0.92 0.91 

257:1792736955



ZA2 black shale 1.41 0.74 18.41 1.7 1.42 1.3 0.95 

ZA3 black shale 0.59 1.04 18.28 2.07 1.64 1.07 0.96 

ZA4 black shale 0.65 1.1 21.99 1.78 1.47 1.18 0.95 

ZA5 black shale 0.59 1.33 17.9 1.35 1.21 1.1 0.92 

PIG_FUR 

W
el

l 

mudstone 1.92 4.13 5.5 0.74 0.84 - - 

PIG_PR5 mudstone 2.24 0.7 14.76 0.9 0.94 - - 

MZ7 

M
ra

zn
ic

a 
F

m
 

marl 0.12 0 68.17 0.44 0.66 0.72 0.78 

MZ8 marl 0.13 0 65.43 0.45 0.67 0.86 0.76 

MZ9 marly limestone 0.1 0 74.48 0.41 0.65 1.09 0.75 

MZ10 marly limestone 0.1 0.08 73.38 0.35 0.61 0.82 0.78 

MZ11 marly limestone 0.1 0.17 49.37 0.44 0.66 0.91 0.76 

MZ12 marl 0.1 0 67.2 0.55 0.73 1.06 0.78 

MZ13 limestone 0.14 0 81.53 0.46 0.67 0.72 0.71 

KRY_MZ_1A marly limestone 0.41 0 61.32 0.47 0.68 - 0.82 

KRY_MZ_2A marly limestone 0.56 0 57.21 0.41 0.65 - 0.79 

MK1 marly limestone 0.1 0.06 69.58 0.64 0.79 1.51 0.84 

MK2 limestone 0.1 0 55.76 1.71 1.43 1.48 0.94 

MK3 marly limestone 0.1 0 84.15 1.24 1.14 1.34 - 

FU_PIG1_1979 

W
el

l 

conglomerate 0 0.04 61.13 - - 0.94 - 

FU_PIG1_2049 limestone 0.52 0 56.21 - - 0.99 - 

          

Ro = measured vitrinite reflectance        

CC = carbonate content         

MPI1 = methylphenanthrene index MPI1 = 1.5 (2-MP + 3-MP)/(P + 1-MP + 9-MP)     

Rc [%] = 0.4 + 0.6 x MPI1 (Radke and Welte, 1983); Ph = phenantrene; MP = methylophenantrene    

PhP ratio = (2- + 3-PhP)/[(2- + 3-PhP) + (4- + 1- + 9-PhP)] - PhP ratio = phenylphenanthrene ratio (Rospondek et al., 2009)  

*data from Staneczek et al. (2024a)        

**data from Staneczek et al. (2024b)        
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