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Abstract
The Carboniferous-Permian organic-rich shale in the Karavanke/Karawanken tunnel exhibits extensive pyrite miner-

alization in the form of veins and impregnations. Significant thermal alteration, induced by the overlying Mesozoic rock 
sequences, led to the decomposition of organic matter into methane, which subsequently acted as a sulfate-reducing 
agent. The primary source of sulfate were the evaporitic layers hosted within the Paleozoic strata. Reduced sulfur species 
necessary for pyrite formation were produced through methane-mediated thermochemical sulfate reduction, catalyzed 
by specific cations (Ni2+, Fe2+) and clay minerals (montmorillonite). The mineralizing fluids originated from the expulsion 
of interstitial water and possibly from dehydration reactions related to the gypsum-to-anhydrite phase transition. The 
geochemical data indicate that the metals originated from the surrounding sedimentary rocks. These mineralizing flu-
ids were characterized by low temperatures (< 300–350 °C), moderate reducing conditions, and low chlorinity. The low 
permeability of Carboniferous-Permian rocks, combined with the low trace element content of the investigated pyrite, 
mitigates the potential risk of environmental pollution.
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1. Introduction
The Karawanken International Highway Tunnel, situ-

ated in northwestern Slovenia (Fig. 1a), connects the A2 
Karavanke/Karawanken–Obrežje highway in Slovenia 
with the A11 Villach-Karawanken highway in Austria. The 
western tube of the tunnel, comprising a mined length of 
7864 m (totaling 8019 m from portal to portal), was com-
pleted in 1991, covering 3750 m on the Slovenian side. 
Construction of the eastern tube, currently underway as 
of 2024, will span a total of 7948 m. The Slovenian section 
of this tube, extending to the Austrian border, measures 
3546 m.

The geology of the Karawanken tunnel is lithologically 
and structurally complex. In its Slovenian segment, the 

tunnel traverses Late Carboniferous, Permian, and Trias-
sic formations, along with Quaternary slope and glacial 
sediments (Buser, 1975). The Paleozoic strata consist of 
shale, sandstone, and conglomerates intercalated with 
gypsum and anhydrite beds and lenses, known to har-
bor significant methane concentrations (Buser, 1975; 
Ločniškar, 2022). In contrast, Mesozoic formations are 
predominantly composed of carbonates (Buser, 1975; 
Budkovič, 1999). Within the excavation zone of the east-
ern tube, specifically at tunnel chainage 2548.8-2550.7 
m, the extensive pyrite veins and impregnations have 
been identified within the lithological unit of Carbonif-
erous-Permian organic-rich shale. The geochemical char-
acteristics and genesis of pyrite occurrences within the 
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Karawanken Tunnel remain up to this point largely unex-
plored and unreported.

Pyrite, the cubic iron disulfide (FeS2), is the predomi-
nant sulfide mineral within the Earth’s crust. Its trace el-
ement and isotopic composition signatures are increas-
ingly utilized as geochemical indicators of its formation 
environment (Steadman et al., 2021). This is because the 
geochemical and isotopic composition of pyrite is influ-
enced by subtle changes in the physicochemical condi-
tions during its formation, such as variations in tempera-
ture, pressure, and fluid composition. Consequently, its 
geochemical signature provides valuable records reflect-
ing the prevailing conditions at the time of its precipita-
tion (Large et al., 2009, 2013; Cook et al., 2016; Steadman 
et al., 2021). Hence, studying geochemical composition 
of pyrite can contribute to recreation of diagenetic and 
hydrothermal histories of host-rock sequences. Addition-
ally, the recognition and analysis of pyrite and its trace 
element composition hold significant importance for 
two primary reasons. Firstly, infrastructure such as tun-
nels disrupts the integrity of rocks, enabling water and 
oxygen to initiate the oxidation of pyrite. This process re-
leases low pH and high sulfate fluids, which can lead to 
corrosive damage to concrete structures and steel (Liao 
et al., 2020; Brandão Capraro et al., 2021). Secondly, py-
rite oxidation can contribute to the generation of acid 
mine drainage, potentially releasing harmful elements 
into both the environment and groundwater (Evangelou 
and Zhang, 1995; Tu et al., 2022). This consideration is par-
ticularly crucial during the construction of structures in 
rock formations lacking natural acid-buffering capacity, 
such as siliciclastic rocks and notably organic-rich shales, 
which are recognized for their high pyrite content (Greg-
ory et al., 2015; Liao et al., 2020). This is due to the crucial 
role that organic compounds play in the complexation, 
transportation, and precipitation of metals (Disnar and 
Sureau, 1990; Tribovillard et al., 2006; Gregory et al., 2015; 
Liang et al., 2024).

In this study, we undertook a detailed petrographic 
analysis of the pyrite veins and employed in-situ geo-
chemical techniques alongside sulfur isotope analyses 
of pyrite. These analyses were utilized in deciphering the 
mechanisms and processes governing the formation of 
the pyrite-bearing veins. Specifically, our aim was to dis-
cern the origins and chemical compositions of mineraliz-
ing fluids, while also investigating the potential roles of 
organic matter (including methane) and evaporites in the 
formation of pyrite.

2. Geological setting
Parts of southern Austria, northeastern Italy, and 

north-central Slovenia belong to the tectonic unit of the 
Southern Alps (Fig. 1a). The Southern Alps are bound to 
the north by the Periadriatic Fault System, which sepa-
rates them from the Eastern Alps, while their southern 
boundary with the Dinarides is marked by the South 
Alpine Thrust Fault (Placer, 2008; Vozárová et al., 2009; 

Schmid et al., 2020). The Southern Alps encompass the 
Southern Karawanken, Julian, and Carnic Alps and Dolo-
mites. The Southern Alps are composed of Paleozoic and 
Mesozoic rocks which reflect the transition between Va-
riscan and Alpine orogenic cycles and record important 
regional geologic events predominantly associated with 
the formation and subsequent disassembly of the Pan-
gea supercontinent (Devonian-Late Triassic, e.g. Stampfli 
et al., 2013). 

The study area is stratigraphically situated in the 
Southern Karawanken unit of the Southern Alps. The lith-
ological sequence of the Southern Karawanken around 
the Karawanken tunnel consists of Late Paleozoic and 
Early Mesozoic carbonate and clastic rocks (Fig. 1b). The 
oldest rocks in this area belong to the Late Carbonifer-
ous Auernig Formation (C3), which was deposited un-
conformably on the Variscan basement, composed of 
Early Carboniferous flysch-like sedimentary rocks of the 
Hochwipfel Formation (Ebner et al., 2008). The Auernig 
Formation comprises quartz conglomerate, sandstone, 
shale with horizons of fusulinid and algal limestone, 
reaching a total stratigraphic thickness of 600 meters 
(Buser, 1975; Bauer, 1981). The Early to Middle Permian 
(P1,2) is characterized by thick sequences of clastic and 
carbonate rocks belonging to the Trogkofel Group (Krain-
er, 1992, 1993; Novak, 2007). The Permian beds within the 
Trogkofel Group comprise quartz conglomerates, sand-
stones, and shales interbedded with mounds of massive 
reefal limestones (Buser, 1975; Novak and Skaberne, 2009; 
Novak and Krainer, 2022). This formation reaches a strati-
graphic thickness of over 600 meters (Buser, 1975). The 
Middle Permian period is characterized by the Gröden 
Formation (P2), consisting of red terrestrial conglomer-
ate, sandstone, siltstone, shale, and evaporites deposited 
in fluvial, playa lake, and shallow marine environments 
(Buggisch, 1978; Ori and Venturini, 1981; Farabegoli et al., 
1986; Vozárová et al., 2009). The Gröden Formation transi-
tions vertically into the Late Permian Žažar Formation (P3), 
which is considered the stratigraphic equivalent of the 
Bellerophon Formation (Skaberne et al., 2009). The Žažar 
Formation differs from the Bellerophon Formation in that 
the Žažar Formation is limestone-dominated, while the 
Bellerophon Formation is dominated by dolostone (Ram-
ovš, 1958). The Žažar Formation is characterized by the 
deposition of evaporites within the Sabkha facies, with a 
subsequent vertical transition into bituminous limestone, 
dolostone, and mudstone, indicative of the restricted 
shelf environment (Vozárová et al., 2009; Skaberne et al., 
2009). The Triassic begins with the deposition of Early 
Triassic (T1) marly limestone, dolostone, marly shale, and 
sandstone, followed by Middle Triassic (Anisian-Ladinian) 
dolostone and limestone with chert (T1

2). The Late Triassic 
includes Carnian limestones and dolostones (T1

3) and No-
rian-Rhaetian Dachstein limestones (T2+3

3) (Buser, 1975; 
Dozet and Buser, 2009; Ogorelec, 2011). Oligocene (Ol) 
sandstones, marls, and conglomerates, which structural-
ly belong to the Pannonian Basin unit, are deposited on 
the Southern Alpine basement (e.g., Placer, 2008).
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2.1. Geology of the Karawanken tunnel
The Karawanken tunnel is situated in northwestern 

Slovenia, specifically within the Southern Karawanken 
mountains, near the city of Jesenice, approximately 60 
kilometers northwest of the Slovenian capital, Ljubljana. 
The geological architecture of the Karawanken tunnel is 
summarized and adapted from publicly available data 
provided by DARS (Company for Highways in the Re-
public of Slovenia, June 2024). At the South portal, the 
lithological sequence begins with 287 m of Quaternary 
glacial moraine and slope sediments, primarily compris-

ing unconsolidated gravel, silt, and boulders. After pass-
ing Quaternary sediments, the tunnel enters the Early 
Triassic formation (287–922 m), characterized by bedded 
marly limestone containing lenses of gypsum and anhy-
drite. The Early Triassic formation is in tectonic contact 
with Early- to Mid-Permian units (922–1491 m) which con-
sist of light grey to orange massive limestone (Trogkofel 
Fm.), carbonate breccia with red cement (Traviso breccia), 
and successions of quartz conglomerate, red sandstone, 
siltstone, with lenses of limestone, thick-bedded dolos-
tone, and gypsum (Gröden Fm.). This formation contains 

Figure 1: Geological overview of the Study Area. (a) Position of the research area within the regional geological context (modified after Placer, 2008). 
(b) Geological map with lithological features of the area surrounding the Karawanken tunnel. (1) Periadriatic fault, (2) Lavanttal fault, (3) Sava fault, (4) 
Ljutomer fault, (5) Donat fault, (6) Idrija fault. Maps adapted and modified after Buser (1975) and Placer (2008). 
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small concentrations of methane. Subsequently, the Late 
Carboniferous to Early Permian rocks, also referred to as 
the Carboniferous-Permian formation (1491–2610 m), are 
composed of interchanging beds of siltstone, black shale, 
quartz conglomerate sandstone, and limestone. This for-
mation is characterized by high concentrations of meth-
ane. At the chainage 2610 m the Carboniferous-Permian 
unit is in tectonic contact with Triassic carbonates (2610–
3446 m), occurring as bedded limestone and dolostone 
with lenses of gypsum and anhydrite. At 3466 m, the tun-
nel reaches the Austrian-Slovenian state boundary.

3. Materials and methods
The specimens analysed in this study were taken from 

the left flank of a bench located at tunnel chainage 2550.7 
m. There was notable structural disparity between the 
left and right flanks of the bench, delineated by a tec-
tonic contact marked by a fault (Fig. 2a). The left flank 
exhibited extensive mineralization by pyrite veins (Fig. 
2b) within a highly deformed shale, featuring numerous 
rounded, pressed-in blocks and fragments of limestone. 
In contrast, the right flank displayed west-dipping shale 
beds devoid of any mineralization. The rocks in this area 
are classified as Carboniferous-Permian due to the chal-
lenge in distinguishing between clastic rocks of the Late 
Carboniferous Auernig Formation and Early Permian 
Trogkofel Formation without thorough paleontological 
analysis of intercalated limestones. A total of eight sam-
ples were prepared from the collected material, compris-
ing five polished slabs and three polished thin sections 
intended for analysis with optical and scanning-electron 
microscopes. A sample deemed representative based 
on detailed petrographic analysis was selected for geo-
chemical analyses using laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS).

3.1. Scanning-electron microscopy
The microstructures of the samples were analyzed 

using the ThermoFischer Scientific Quattro S field emis-
sion scanning electron microscope (FEG-SEM) equipped 
with an Oxford Instruments 64 energy-dispersive spec-
trometer (EDS). The instrument was operated under high 
vacuum conditions, 15 kV accelerating voltage and 10 nA 
beam current. Prior to analysis, the samples were coated 
with a thin film of amorphous carbon to ensure electrical 
conductivity of the sample surface and prevent charge 
build-up. Elemental analysis was performed at a working 
distance of 10 mm and a spectra acquisition time of 60 
s for each measurement. The SEM analyses was done at 
the Department of Geology, Faculty of Natural Sciences 
and Engineering, University of Ljubljana, Slovenia. 

3.2. Laser ablation inductively coupled plasma 
mass-spectrometry (LA-ICP-MS)

In-situ spot analyses of pyrite were done using an ESI 
NWR213 Nd:YAG laser ablation system coupled to an Ag-
ilent 8800 triple quadrupole ICP-MS, at the Chair of Geol-
ogy and Economic Geology, Montanuniversität Leoben, 
Austria. Spot analyses had a diameter of 50 μm, with a 
repetition rate of 10 Hz and an on-phase laser fluency 
of 2–3 J/cm2 was maintained throughout the measure-
ments. Helium was used as the carrier gas, at a flow rate 
of 0.75 L/min. Measured masses: 34S, 51V, 52Cr, 55Mn, 57Fe, 
59Co, 60Ni, 63Cu, 67Zn, 71Ga, 74Ge, 75As, 82Se, 95Mo, 107Ag, 111Cd, 
115In, 118Sn, 121Sb, 125Te, 197Au, 201Hg, 205Tl, 208Pb and 209Bi. The 
in-house MUL-ZnS1 was used as the primary reference 
material (Onuk et al. 2017), whilst the USGS MASS-1 (Wil-
son et al. 2002) was used for quality control and for the 
quantification of Te, Au, Tl and Hg – elements not present 
or suitable for quantification using the MUL-ZnS1. Data 
reduction of the raw data was done using the Iolite 4 soft-
ware (Panton et al. 2011), with S as the internal standard. 

Figure 2: (a) Schematic representation of the outcrop at the pyrite mineralization site located at tunnel chainage 2550.7 meters. (b) The hand-sized 
pyrite vein specimen obtained from the Karawanken Tunnel.
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3.3. Sulfur isotope analysis
The pyrite samples were handpicked from crushed 

rock and subsequently ground to achieve an analytical 
grainsize. The sulfur isotope composition of the pyrite 
samples was determined using the IsoPrime 100 stable 
isotope spectrometer and the PYRO cube elemental an-
alyzer. Vanadium pentoxide (V2O5) was added to the py-
rite powder prior to analysis to facilitate the combustion 
required to convert the sulfur in the pyrite to gaseous 
form for isotopic analysis. The results were calibrated to 
the VCDT (Vienna Canyon Diablo Troilite) scale by using 
the following standard reference materials: IAEA S-1, IAEA 
S-2, and IAEA-S3. The sulfur isotope analyses were carried 
out at the Environmental Department (O-2) of the Jozef 
Stefan Institute, Ljubljana, Slovenia.

4. Results
4.1. Vein petrography

The pyrite veins occur within highly tectonically de-
formed, organic-rich Carboniferous-Permian shale (Fig. 
2a). The veins are arranged as discontinuous domino-like 
arrangements, resembling decimeter-scale boudinage 
structures. The pyrite veins are oriented parallel to the 
bedding of the intensely deformed and folded shale and 
can extend up to 200 mm in length and achieve a thick-
ness of approximately 20 mm (Fig. 2b). Macroscopically, 
the pyrite veins exhibit a symmetrical, banded texture 
(Fig. 3a–c). The peripheral zones of the veins display dis-
continuous bands of finer-grained pyrite, reaching thick-

nesses of up to 4 mm. In contrast, the innermost zone is 
characterized by a band of coarse-grained blocky pyrite. 
The surrounding host rock contains numerous small, 
well-formed euhedral grains of diagenetic pyrite, with 
crystals measuring up to 400 µm in diameter and display-
ing cubic or octahedral shapes (Fig. 3d).

The pyrite underwent subsequent dissection and frac-
turing. The fractioning occurred in three distinct orienta-
tions relative to the bedding: (1) parallel, (2) perpendicu-
lar and (3) oblique orientation. The resulting cavities were 
then filled with different types of hydrothermal cements. 
The veins perpendicular to the bedding, denoted as V2 
(see chapter 4.2.), exhibit symmetric syntaxial structure 
(sensu Passchier and Trouw, 2005). Their infill consists of 
curved fibers of quartz (Qtz1) followed by calcite (Cal) in-
fill (Fig. 4a–b). In contrast, the parallel veins (V3), which 
intersect the perpendicular veins (Fig. 4c), are predomi-
nantly filled with blocky quartz (Qtz2). Lastly, the oblique 
veins (V4; Fig. 4d–e), intersecting both perpendicular and 
parallel veins contain an infill in the form of combina-
tion of barite and celestine (Brt-Cel) solid solution series, 
forming Ba-rich and Sr-rich bands (Fig. 4f). 

4.2. Mineral paragenesis
Based on petrographic observations and cross-cutting 

mineral relationships, the formation of the pyrite and 
veins in the Carboniferous-Permian beds of the Karawan-
ken tunnel can be divided into five stages (Fig. 5). The 
Stage 1 occurred during the diagenesis and is marked 

Figure 3: (a, b) Sample-scale representation and (b-d) principal texturer of vein pyrite (Py) from Karawanken tunnel. Py(HT): hydrothermal pyrite, 
Py(dia): diagenetic pyrite, RL: reflected light, NL: normal light, SEM: scanning-electron microscope (backscattered-electron imaging).
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by the precipitation of early to late diagenetic pyrite. In 
the Stage 2, there was the precipitation of vein pyrite 
(V1). Whether the vein pyrite precipitated independently, 
or alongside other gangue minerals, remains unclear as 
primary mineral assemblage is likely overprinted by sub-
sequent fracturing and mineral precipitation. Stage 3 is 
characterized by the formation of V2 veins and precipita-
tion of the first-generation quartz (Qtz1) and calcite (Cal). 
It is likely that Qtz1 and Cal did not precipitate simulta-
neously; rather, calcite likely filled the remaining cavities 
between fractured pyrite grains and Qtz1. As calcite does 
not intersect Qtz2, it can be inferred that its precipitation 
occurred somewhere between the formation of first- and 
second-generation quartz. In Stage 4, bedding parallel 
veins (V3) formed, characterized by the precipitation of 
blocky quartz (Qtz2), intersecting the V2 veins. Finally, 
Stage 5 involved the formation of oblique veins (V4) and 
the precipitation of minerals from the barite-celestine 
solid-solution series. Based on the Brt-Cel relationship, 
we assume that the fluid was initially more enriched in 
Ba and later it became progressively enriched in Sr (Fig. 
5), resulting in chemical zoning between the two in the 
deposited cement (e.g. Fig. 4f).

4.3. Trace element and sulfur isotope composition of 
pyrite

The statistical summary for the concentrations of mi-
nor and trace elements of the vein-pyrite are detailed in 
Table 1 and graphically presented as box-and-whisker 
plots in Figure 6. The vein-hosted pyrite is generally low 
in trace elements, however it displays elevated contents 
of specific elements, notably Ni (3.20–680 mg kg–1), Se 
(2.30–8.50 mg kg–1), Pb (21.5–300 mg kg–1), As (5.70–197 
mg kg–1), and Co (0.45–99.4 mg kg–1). Additionally, those 
elements often exhibit wide ranges of concentrations, re-
sulting in high standard deviations (Tab. 1). This may indi-
cate the presence of compositional zoning within the py-
rite. Other elements, for example, V, Cr, Mn, Zn, Sb and Hg 
occur in the investigated pyrite at concentrations approx-
imately around 10 mg kg–1. While contents of Mo, Te, Bi, 
Ag and Au were always near or below the detection limit 
(Appendix 1). The analyzed samples of the vein-hosted 
pyrite display positive homogenous  sulfur isotope com-
position (δ34S), ranging from +10.2 to +10.5 ‰ (± 0.3–0.5) 
with the median value of +10.4 ‰ (Tab. 2).

Figure 4: Microstructural characteristics of vein-infill minerals between fragmented pyrite. Py: pyrite, Qtz: quartz, Cal: calcite, Brt: barite, Cel: celestine. 
TL: transmitted light, RL:  reflected light, SEM: Scanning-electron microscope (backscattered-electron imaging).

Figure 5: Paragenetic diagram depicting 
the mineral precipitation sequence in the 
Karawanken pyrite veins.
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Figure 6: Box-and-whiskers plots illustrating the trace element composition of vein pyrite from the Carboniferous-Permian formation of the Karawan-
ken tunnel. All data given in mg kg−1.

Table 1 (full page length 17 cm) 

Pyrite (n=16) V Cr Mn Co Ni Cu Zn As Se Sb Hg Te Pb 
Min 0.01 0.30 0.20 0.45 3.20 3.50 8.29 5.70 2.30 1.00 0.45 0.01 21.50 
Mean 0.70 2.80 2.20 20.50 280 19.80 12.00 46.20 5.50 6.70 0.60 0.10 149 
Median 0.15 0.71 0.26 6.80 240 21.80 12.00 31.00 5.30 6.80 0.60 0.08 147 
Max 3.70 11.20 19.60 99.40 680 33.70 15.40 197 8.50 13.40 1.00 0.26 300 
S.D. 1.20 4.00 29.00 28.50 218 8.00 5.00 46.80 2.00 3.00 0.20 0.07 72.60 

 

Table 2 (one column, 8 cm) 

Pyrite (n=3) δ34S value Error 
Kara-1s +10.4 ‰ ± 0.4 
Kara-2s +10.5 ‰ ± 0.3 
Kara-3s +10.2 ‰ ± 0.5 

 

Table 3 (one column, 8 cm) 

Pyrite Co/Ni Se/As As/Sb 
Min 0.01 0.04 0.92 
Mean 0.09 0.09 8.29 
Median 0.06 0.08 5.73 
Max 0.50 0.15 31.32 
S.D. 0.12 0.04 9.20 
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Table 3: Elemental ratios of pyrite from the Karawanken tunnel. 

5. Discussion
5.1. Trace element constraints on pyrite formation

Pyrite can incorporate an array of trace elements 
through the mechanisms of crystal lattice substitutions 
or by including micro- to nanoscale particles of other 
minerals (e.g. Steadman et al., 2021). Some of these ele-
ments can provide valuable insights about its formation 
processes. Notably, selenium (Se) is a temperature-sensi-
tive element exhibiting low solubility at lower tempera-
tures but becoming readily available at temperatures 
exceeding 350 °C, irrespective of pH and fO2 conditions 
(Revan et al., 2014; Keith et al., 2016; Maslennikov et al., 
2020). The consistently low Se concentrations ranging 
from 2.30 to 8.50 mg kg−1 (median: 5.30 mg kg−1) and re-
markably low Se/As ratios (Tab. 3) (median: 0.08) strongly 
suggest a low-temperature origin (<350 °C) for the pyrite 
veins in the Karawanken tunnel (Reich et al., 2013). 
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5.2. Source of sulfur and sulfate reduction mecha-
nisms 

Geochemical processes involving living organisms 
or detrital organic matter have since long been used to 
explain the preferential enrichment of some metals in 
organic-rich sediments (Disnar and Sureau, 1990). More-
over, organic matter is also highly involved in the com-
plexation, transport, and precipitation of various metals 
in hydrothermal systems, further supporting the notion 
that it is crucial to the formation and trace element en-
richment in many types of ore deposits (e.g., Foltyn et 
al., 2022; Šoster et al., 2023 and references therein). Spe-
cific geological factors, such as deep burial, can lead to 
increased heat flow and the thermogenic breakdown of 
buried kerogen, resulting in the formation of hydrocar-
bons, notably methane and oil (e.g. Stolper et al., 2014). 
Generated hydrocarbons can subsequently participate in 
ore-forming systems as ligands and reducing agents.

The Carboniferous-Permian formations are known to 
contain pockets of methane (Buser, 1975; Budkovič, 1999; 
Ločniškar, 2022). The former occurs in such concentra-
tions that it posed a safety risk, and special precautions 
had to be taken during tunnel construction (Ločniškar, 
2022). Methane can be generated in multiple ways, for 
example by bacterial sulfate reduction (BSR), thermo-
chemical sulfate reduction (TSR) or by thermochemical 
breakdown (cracking) of oil or detrital kerogen (Machel 
et al., 1995; Machel, 2001; Stolper et al., 2014). BSR and TSR 
occur in two mutually exclusive thermal regimes, whereas 
TSR overlaps with the production of thermogenic hydro-
carbons (Machel et al., 1995; Stolper et al., 2014). The ther-
mal maturity of organic matter, assessed by vitrinite re-
flectance measurements for Carboniferous-Permian rock 
formations in the Southern Karawanken range (Rantitch 
and Rainer, 2003), indicates peak diagenetic temperature 
conditions of 230 °C to 260 °C (Rainer et al., 2009; 2016). 
Within this temperature range, BSR reactions are unlikely 
to account for the generation of reduced sulfur (H2S) and 
methane; instead, TSR is the prevailing mechanism.

The difference in sulfur isotope composition (δ34S) 
between sulfate and sulfide minerals (Δδ34S) is strongly 
temperature dependent. Machel et al. (1995) observed 
that during thermochemical sulfate reduction, predict-
able isotopic fractionation occurs at different tempera-
tures: at 200°C, the Δδ34S is 10 ‰, at 150 °C it is 15 ‰, 
and at 100 °C it reaches 20 ‰. Pyrite from the analyzed 
veins yielded uniformly positive values of sulfur isotopic 
composition (δ34S) with a median value of +10.4 ‰. While 
there are no specific data available regarding the sulfur 
isotopic composition of gypsum and anhydrite from the 
rocks in the Karawanken tunnel, δ34S data on evaporites 
from the Carboniferous-Permian period in Central Slove-
nia can be considered as a proxy. These range from +16.5 
to +19.2 ‰ (Drovenik et al., 1980), which is consistent 
with the global Phanerozoic seawater curve (+15.0 ‰) for 
the above-mentioned period (Claypool et al., 1980). The 
difference in the δ34S of Carboniferous-Permian sulfide 
and sulfate minerals imply the degree of isotopic frac-

tionation (Δδ34S) of ≈10 ‰. This aligns with peak diage-
netic temperature conditions (>200 °C; Rainer et al., 2009; 
2016) and reinforces the hypothesis of TSR as the primary 
mechanism for reduced sulfur and methane formation 
(e.g. Machel et al., 1995; Stolper et al., 2014). 

5.3. Genetic model of the Karawanken pyrite veins
The geological sequence of the Karawanken tunnel 

consists of a thick and structurally complex sequence 
of Carboniferous to Late Triassic rocks which record the 
regional geological processes related to uplift of Alpine 
orogen. The pyrite veins in this sequence are hosted in 
organic-rich Carboniferous-Permian formation, which 
consists of black shale, sandstone and conglomerate 
intercalated by up to several meters’ thick sequences of 
evaporites – namely anhydrite and gypsum (Buser, 1975; 
Ločniškar, 2022). The Carboniferous-Permian rocks are 
covered by a thick sequence of Mesozoic carbonates, 
reaching a total estimated stratigraphic thickness be-
tween 3000 and 5000 m (Buser, 1975). Rainer et al. (2009, 
2016) used vitrinite reflectance as a temperature sensi-
tive proxy to determine thermal maturity of sedimentary 
rocks in the Dinarides and Southern Alps. The vitrinite 
reflectance measurements of Late Carboniferous forma-
tions (Auernig Fm.) in the Southern Karawanken region 
ranged from 3.18 % to 4.88 %, indicating peak diagenetic 
temperatures of 230–260 °C. Additionally, vitrinite reflec-
tance of solid bitumen from superimposed Mid- to Late 
Triassic rocks in this area correspond with temperatures 
of 190–220 °C (Rainer et al., 2016). The thermal alteration 
patterns observed are interpreted to be associated with 
the thickness of Cretaceous to Eocene flysch deposits. 
Following this thermal event, the rocks experienced 
cooling below 110 °C during the Late Eocene to Early 
Oligocene, while subsequent nappe stacking and com-
pressional tectonic events did not further influence the 
thermal maturity of sedimentary rocks (Rainer et al., 
2009, 2016). These temperatures (230–260 °C) are suffi-
cient to facilitate the formation of thermogenic hydro-
carbons (>150–160 °C) by breakdown (cracking) of oil and 
even detrital refractory kerogen (Clayton, 1991; Stolper 
et al., 2014). The organic matter present in Carbonifer-
ous-Permian sediments rocks was under these condi-
tions thermally broken down to methane, which later 
acted as a reducing agent in the process of thermochem-
ical sulfate reduction.

The primary source of available dissolved sulfate were 
evaporitic layers contained within Carboniferous-Perm-
ian rocks, as evidenced by the degree of sulfur isotope 
fractionation between sulfate and sulfide (Δδ34S at 200 
°C ≈10 ‰; Drovenik et al., 1980; Machel et al., 1995). The 
conversion of evaporitic SO4

2− into H2S occurred by the 
methane-mediated thermochemical reduction of sul-
fate. Furthermore, certain chemical elements, such as 
pyrite hosted Ni2+, Fe2+ as well as clay mineral montmo-
rillonite present in the host-rock, may have catalytically 
accelerated the rate of TSR (Machel, 2001).
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Evaporites may have served not only as a source of sul-
fate but also played a significant role in the generation 
of mineralizing fluids. This is because the dehydration 
of gypsum, which occurs at T > 42 °C (Voigt and Freyer, 
2023), leads to the release of substantial amounts of flu-
ids. More importantly, phase transition does not occur 
instantly, but rather over an extended period (Voigt and 
Freyer, 2023), which explains co-occurrence of gypsum 
and anhydrite in the studied rocks. This dehydration, in 
turn, may lead to a rapid increase in pore pressure and an 
increase in porosity and permeability enabling fluid flow 
(Olgaard et al., 1995). The former mechanism likely played 
a significant role in creating pathways for mineral deposi-
tion, such as the formation of pyrite and later quartz-cal-
cite veins. Additional evidence of evaporite dissolution 
are late-stage celestine-barite veinlets (Fig. 5; V4; Stage 5) 
intersecting pyrite and quartz-calcite veins (V3, V4). This 
occurs because during gypsum dissolution, Ba and Sr are 
selectively dissolved from the gypsum during the early 
stages of the process and may form corresponding sul-
fate minerals (Hanor, 2000). 

The mineralizing fluid resulting from evaporite dissolu-
tion was probably low-chlorinity as pyrite as well as gen-
eral mineral assemblage lacks base metals that are typ-
ically transported as metal-halogen complexes (e.g. Pb, 
Zn, Cu; Sverjensky, 1987; Yardley, 2005; Wood et al., 2006; 
Lukanin et al., 2013; Zhong et al., 2015; Yuan et al., 2021). 
The Co/Ni ratio of pyrite has traditionally been used to 
fingerprint deposit types and the origin of ore-forming 
fluids (e.g. Bralia et al., 1979; Craig et al., 1998; Clark et al., 
2004; Feng et al., 2020). The values of the analyzed vein 
pyrite show very low Co/Ni ratio values (median: 0.06; 
Tab. 3) and plot well within the affinity field of typical 
sedimentary pyrite, indicating a significant metal input 
from the sediments (Fig. 7a) (Bralia et al., 1979; Raymond, 
1996; Large et al., 2009; Feng et al., 2020). In addition, a 
wide range of Ni concentrations (3.20 to 683 mg kg−1) 
further supports the notion of metal origin from sedi-
mentary rocks, as pyrite precipitated from magmatic or 
magmatic-hydrothermal fluids commonly display signifi-
cantly lower Ni concentrations than those observed in 
sedimentary rocks (Large et al., 2009; Gregory et al., 2015; 
Cafagna and Jugo, 2016; Shao et al., 2018). 

The pyrite trace element characteristics of vein py-
rite, such as Se concentrations and Se/As ratio suggest 
low-temperature origin of pyrite (<300–350 °C) (Reich et 
al., 2013; Revan et al., 2014; Keith et al., 2016; Maslennikov 
et al., 2020), which is consistent with the data inferred 
from sulfur isotope characteristics and peak diagenetic 
temperature conditions. We attempted to employ fluid 
inclusion geochemistry and thermometry in quartz and 
carbonate to constrain formation temperature of the 
hydrothermal cement. However, due to their small size 
(<10 um), the fluid inclusions were unsuitable for analysis 
under our microscope. In hydrothermal systems, pyrite 
typically forms from moderately reducing and pH neu-
tral solutions, abundant in hydrogen sulfide (H2S) and 
with smaller amounts of CO2 (Wang et al., 2010; Lorand 

and Pont, 2022). The relationship between As and Sb may 
provide some insights into pH and redox conditions of 
an ore-forming fluid (e.g. Leuz et al., 2006; Hockmann et 
al., 2014; Ding et al., 2022). In natural environments, As3+ 
as As(OH)3 is the predominant arsenic-bearing species 
over a wide temperature range (25–500 °C) (Pokrovski 
et al., 2002a; Pokrovski et al., 2002b; Perfetti et al., 2008). 
Conversely, antimony (Sb) is redox-sensitive, and its 
mobility strongly depends on redox conditions of the 
hydrothermal fluid (Leuz et al., 2006). In hydrothermal 
systems, antimony exists as two distinct species: Sb(OH)3 
under reducing and Sb(OH)5 under oxidizing conditions 
(Mosley et al., 2014; Karimian et al., 2018). Sb(OH)3 exhib-
its a pronounced preference for adsorption onto detrital 
Fe-oxide and hydroxide particles compared to Sb(OH)5, 
thereby significantly limiting the mobility of antimony in 
reducing environments (Wan et al., 2013; Hockmann et 
al., 2014; Han et al., 2018). Consequently, under reducing 
conditions, As demonstrates heightened mobility rela-
tive to Sb, resulting in elevated As/Sb ratios (Leuz et al., 
2006; Hockmann et al., 2014). The examined pyrite exhib-
its elevated As concentrations compared to Sb (Tab. 1), 
resulting in a wide range of As/Sb ratios (Tab. 3) (median: 
5.7). This observation implies moderately reducing con-
ditions during the precipitation of pyrite.

5.4. Environmental considerations
The investigated pyrite-rich segment within the Car-

boniferous-Permian formation of the Karawanken Tun-
nel occupies a relatively narrow, likely fault-controlled 
zone within an otherwise impermeable siliciclastic rock 
formation. This suggests that the rock formation may 
possess self-limiting capabilities, physically preventing 
the lateral and vertical mobility of possible acidic dis-
charge coming from pyrite oxidation. Additionally, the 
impermeable Paleozoic clastic sequences in this region 
are not considered aquifers as the primary water supply 
is predominantly sourced from fractured-karst type aqui-
fers (Brenčič and Polting, 2008). Due to their occurrence 
in carbonates, which exhibit acid buffering capacity, 
fractured-karst type aquifers are capable of neutralizing 
potential acidic discharges and facilitating the precipita-
tion of potentially toxic elements, removing them from 
groundwater. In-vitro studies have also demonstrated 
that neutralization by calcium carbonate (e.g. limestone) 
can reduce the concentration of heavy metals in solution 
by up to 94 % within a short period of time (e.g. Fan et 
al., 2016; Zhang et al., 2023). Furthermore, the analyzed 
pyrite generally exhibits low concentrations of poten-
tially toxic chemical elements such as As, Cu, Pb, Sb, and 
Hg (Table 1), contrasting sharply with the heavy load of 
these elements found in pyrite derived from polymetallic 
mining activities (Fan et al., 2016; Steadman et al., 2021; 
Lorand and Pont, 2022; Mederski et al., 2022;). This char-
acteristic significantly reduces the risk of environmental 
contamination. From an engineering perspective, the 
occurrence of pyrite was addressed through the use of 
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acid- and sulfate-resistant concrete mixtures, designed 
to prevent potential corrosion resulting from the oxida-
tion of pyrite.

6. Conclusions
The pyrite veins within the Karawanken tunnel are 

hosted in highly deformed, organic-rich Carbonifer-
ous-Permian shales. These veins underwent three dis-
tinct deformation phases: parallel, perpendicular, and 
oblique to the bedding planes, each associated with 
unique hydrothermal cements. Overlying these forma-
tions is a thick sequence of Mesozoic carbonates, with 
a total stratigraphic thickness estimated between 3000 
and 5000 meters. This significant overburden induced 
thermal alteration, with peak diagenetic temperatures 
reaching 230 to 260 °C. At these temperatures, the 
organic matter within the shales thermally decomposed 
into methane, which subsequently participated in sul-
fate reduction. The primary sulfate source derived from 
evaporitic layers within the Carboniferous-Permian for-
mations. Methane-mediated thermochemical sulfate 
reduction facilitated the conversion of evaporitic sulfate 
into H2S. Additionally, the presence of some cations (e.g. 
Ni2+, Fe2+) and clay minerals (montmorillonite) might have 
catalyzed the rates of sulfate reduction. Mineralizing flu-
ids originated from the expulsion of interstitial waters in 
sediments, and likely augmented by the dissolution and 
phase transition (dehydration) between gypsum and an-
hydrite. The geochemical data indicate metal origin from 
the sedimentary rocks. These pyrite forming fluids were 
characterized by low temperature (<300–350 °C), moder-
ate reducing conditions, and low chlorinity. The potential 
environmental impact of pyrite is mitigated by the fine-
grained, impermeable siliciclastic nature of the host rock, 
which physically restricts the mobility of potential acid-
ic discharge from pyrite oxidation. Additionally, the low 
concentration of potentially toxic elements in the vein 
pyrite further reduces the risk of pollution and environ-
mental impact.
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