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Abstract

The Idrija mercury deposit represents one of the largest mercury formations globally, ranking second
only to the Almadén deposit in Spain. The deposit has been exploited for more than five centuries and
represents one of the most historically significant and extensively studied mercury mines worldwide.
The Karoli orebody is characterized by a high abundance of pyrite (from 50 to 90%) and exceptionally
rich cinnabar mineralization, with mercury contents locally reaching up to 78%. This study aims to
provide a preliminary yet detailed characterization of the ores from the Idrija mercury deposit and to
establish their textural and genetic characteristics. We implemented microscopic examination of thin
sections, complemented by LA-ICP-MS trace element analyses of pyrite. Three different pyrite types
were identified: fine-grained framboidal Py1, subhedral to euhedral Py2, and larger, well-developed
euhedral Py3. LA-ICP-MS analysis of Py3 pyrite grains revealed low trace element concentrations, with
maximum values remaining below 100 ppm. These observations suggest that the hydrothermal fluids
were mercury-rich but of low salinity, which may have limited the incorporation of trace elements into
pyrite. Our research provides new insights into the formation of the Karoli orebody. We envision that
further investigations of fluid composition, salinity, and fluid inclusions could significantly enhance
understanding of the Idrija mercury formation and evolution.

Keywords: LA-ICP-MS; pyrite; Idrija mercury deposit; mercury; trace elements

1. Introduction
The Idrija mine ranks among the world’s largest mercury deposits, second only to the Almadén

mine in Spain in terms of total mercury production. It is situated in the western part of Slovenia
(Figure 1), within a geologic setting characterized by complex nappe structures and fault zones. The
deposit is composed of sedimentary rocks that were deformed and fragmented into blocks during
Middle Triassic rifting [1].

In contrast, the Almadén mercury deposit is hosted mainly by volcanic and volcano-sedimentary
rocks (e.g. [2]), whereas the third-largest mercury district, Monte Amiata in Italy, is associated with
magmatically influenced sedimentary rocks (e.g. [3]).

The Karoli tectonic unit (Figure 2) represents a distinct section of the Idrija ore deposit, charac-
terized by a lenticular orebody. It contains high-grade mercury mineralization, with the Jeklenka ore
reaching concentrations of up to 78%. Pyrite is abundant as well, comprising 50–90% of the rock [4,5].

Extensive research on the geology of the Idrija mercury deposit was carried out throughout the
previous century [1,4–11]. With the advancement of analytical methods, researchers began applying
geochemical techniques to the study of the Idrija deposit. Lavrič and Spangenberg [12] applied
carbon, oxygen, and sulfur isotope analyses to various host rocks and minerals to determine the
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sources of fluids and the nature of hydrothermal alteration. Their study demonstrated that the Idrija
hydrothermal system was fracture-controlled and involved interaction between deep-seated fluids
and host dolomites. Their isotopic evidence suggests a mixed meteoric–seawater and magmatic fluid
origin, with multiple sulfur sources responsible for the observed δ34S heterogeneity. Another study
by Božič et al. [13] investigated the range of mercury isotopic compositions from the Idrija mine to
improve the understanding of Hg tracing within the ore deposit. They found that the mercury isotopic
composition of the Idrija mine shows considerable variability, both between and within excavation
sites, with δ202Hg ranging from −1.35 to 0.46‰ and ∆199Hg from −0.16 to 0.18‰. In addition, their
results indicate that individual sites may be relatively homogeneous. However, the mine as a whole
cannot be characterized by a single isotopic fingerprint, pointing to the complexity of Hg distribution.

Pyrite is a ubiquitous sulfide mineral that forms in a wide range of ore systems and remains
stable under diverse physicochemical conditions. This provides valuable insights for reconstructing
ore-forming processes and genetic evolution [14–16]. Pyrite can incorporate a wide spectrum of trace
elements, including V, Cr, Mn, Co, Ni, Cu, Ga, As, Ag, Cd, Sb, Au, Tl, and Pb, which can be measured
in situ using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) (e.g. [17–21]).
The study by Gregory et al. [22], which analyzed more than 1,400 pyrites from more than 40 shales and
sediments, provided important insights into the mechanisms of trace element incorporation in pyrite.

Sulfur isotope compositions provide key constraints on sulfide origins and fluid sources. Ac-
cordingly, δ34S values can differentiate microbial sulfate reduction, thermochemical sulfate reduction,
and magmatic–hydrothermal contributions [23,24]. Incorporating sulfur isotopes therefore enhances
reconstruction of ore-forming processes in sediment-hosted hydrothermal systems.

Mercury isotopes experience both mass-dependent (MDF, usually presented as δ202Hg) and mass-
independent fractionation (usually presented as ∆199Hg), which together provide valuable insights
into the sources and cycling of Hg in surface environments [25–27]. More importantly, sedimentary,
diagenetic, hydrothermal and metamorphic processes do not contribute to Hg mass-independent
fractionation (MIF), allowing ∆199Hg values in sedimentary records to be used for reconstructing Hg
geochemical cycles through geological time [28,29].

This study was motivated by the work of Božič et al. [13], who noted that the Karoli orebody
lies in one of the deepest parts of the Idrija mine and that its ore genesis has not been sufficiently
investigated. The laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) was
applied to pyrite from the Karoli ore zone to gain further insights into the ore genesis and the processes
responsible for the formation of the Karoli orebody. Results from LA-ICP-MS analysis suggest that
Pb exhibits the highest median concentration (21.92 ppm), followed by Ni (17.92 ppm) and As (10.78
ppm).

2. Geological Setting
Idrija mercury mine is located in W Slovenia, about 35 km W from Ljubljana. In general, Slovenia

has a very complex geological setting, characterized by many faults and thrusts, especially in the
western part. Western Slovenia is dominated by 2 mountain ranges: the Northern part consists of
Southern Alps, while the Southern part is bordered by the External Dinarides. The area of Idrija
deposit consists of highly deformed sedimentary rocks (Figure 1), which originally formed part of
the Slovenian carbonate platform. This platform subsequently fragmented into blocks by deep faults
due to E-W trending Middle Triassic rifting [1,30]. The rifting led to the consolidation of the Julian
and Dinaric carbonate platforms to the north and south, respectively, and the development of a more
deeply subsided Slovenian Basin in the central part [31].

The Idrija ore deposit developed within the Idrija tectonic system, which originated during the
Middle Triassic. Mineralization developed in an anticline structure, likely associated with a laccolith
intrusion of unknown composition [10]. The tectonic system was oriented in an east-west direction.
The structure consisted of northern and southern sedimentary zones separated by corresponding sill,
with the Idrija Middle Triassic tectonic trench situated between them. Ore-bearing rocks were formed
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on the northern and southern sills as well as within the tectonic trench [11]. The Triassic sequence
developed unconformably above Permo-Carboniferous organic-rich black shales and Upper Permian
sandstones, shales and dolomites. The sequence consists of Lower Scythian dolomites, Upper Scythian
shales, limestones and dolomites, Anisian dolomite and Langobardian shales, sandstones, limestones
and pyroclastites [1].

The current tectonic configuration of Slovenia’s territory emerged during the Tertiary orogenic
period, resulting from the collision between the Apulian lithospheric plate and the Eurasian lithospheric
plate [32]. This collision led to the overthrusting of the Apulian plate onto the Eurasian plate, which
resulted in a prevailing N–S oriented recent principal stress direction within the territory of Slovenia.
This led to the formation of a network of complementary strike-slip faults, the most notable and known
being the Idrija fault, which is still active today [33].

Tertiary thrusting occurred along a NNE–SSW direction, oblique to the principal axis of the Idrija
tectonic system [34]. Thrust tectonics segmented the originally continuous ore-bearing zone into three
distinct structural blocks. Furthermore, neotectonic faulting has subdivided the deposit into several
blocks, with the largest and richest portion of the orebody displaced along the Idrija Fault. In addition,
the faulting separated the deposit into the Idrija and Ljubevč segments, while simultaneously uplifting
other sections of the deposit, which have been eroded [10].

Figure 1. Regional geological map of the basic structural subdivision of the western Slovenia. The orange rectangle
marks the study area around the Idrija ore deposit. The red line represents the approximate profile of the deposit,
presented in Figure 2.

3. Ore Deposit Geology
Previous studies have established that the Idrija mercury deposit formed during the Middle

Triassic, specifically in the Langobardian substage (e.g. [8,35]). The formation of mercury ore in Idrija
deposit occurred in two stages [4]. During the first stage, rocks of Upper Paleozoic, Scythian, and
Anisian age were subjected to mercury enrichment. The second phase involved the deposition of the
Upper Ladinian Skonca beds and volcanic tuffs. During this stage, hydrothermal fluids further miner-
alized the Permo-Carboniferous to Anisian strata and also affected the Upper Ladinian conglomerates.
Mlakar and Drovenik [4] conducted a detailed study of the mineralogy and genesis of the deposit, the

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1221.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1221.v1
http://creativecommons.org/licenses/by/4.0/


4 of 15

key findings of which are briefly summarized below. Carboniferous shale and sandstone are locally
mineralized, particularly along their contact with Triassic strata, where they contain low-grade ore
composed of cinnabar and native mercury. The Upper Permian dolomite represents one of the largest
orebodies in the deposit, with individual bodies extending over several thousand square meters. Ore
is generally low-grade, except along fault zones and fractures, where the highest-grade mineralization,
such as the Jeklenka ore, is locally present. The Lower Scythian sequence is composed of dolomite,
shale, siltstone, and oolitic limestone. The dolomite units are among the thickest in the deposit,
locally reaching up to 170 m [5]. Oolitic limestone represents one of the most ore-enriched horizons,
particularly where it occurs close to mineralized fractures or at intersections between these fractures
and shale layers. The Upper Scythian dolomite is moderately mineralized, with orebodies typically
developed along its contact with the overlying Upper Scythian limestone or immediately beneath the
tectonic–erosional unconformity. In contrast, the Upper Scythian limestone is only weakly mineralized,
containing minor amounts of cinnabar. Orebodies within the Anisian dolomite are associated with the
tectonic–erosional unconformity, with the highest-grade cinnabar mineralization occurring directly
beneath the Langobardian sandstone. The Langobardian sequence consists of a basal sandstone directly
overlying the unconformity, followed by conglomerate, limestone, Skonca bed and tuff. The basal
sandstone hosts small orebodies, yet the mineralization is of exceptionally high grade. The overlying
conglomerate is very uniformly mineralized and contains high-grade ore with cinnabar and native
mercury. In contrast, the limestone unit is largely barren, with only occasional cinnabar occurrences.
One of the most ore-enriched horizons within the Langobardian succession is the Skonca shale and
sandstone layer, where orebodies extend over 10 to 100 m and contain the highest-grade cinnabar
mineralization and native mercury. The tuff and chert units also contain minor orebodies, though the
ore is usually of a higher grade. The Cordevolian rocks represent the youngest lithological units within
the deposit that are enriched, although the degree of mineralization is relatively low.

The Karoli orebody represents a distinct segment of the Idrija mercury deposit. It exhibits a
lenticular shape ranging in areal extent from a few square meters up to 100 m2, exceptionally rich
cinnabar mineralization with mercury concentrations reaching up to 78% [4]. Pyrite is abundant,
ranging from 50 to 90%, occurring mostly as reniform and spheroidal diagenetic concretions, as well
as in smaller euhedral grains, measuring from 0,5 to 10 mm in size [5]. Cinnabar forms irregular grains
and veinlets and locally replaces pyrite. The host rock is primarily sandstone that grades upward into
bituminous shale and mudstone [36]. The highest-grade ore within the Karoli orebody occurs in Skonca
layer, reaching the thickness of up to 40 m [37].
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Figure 2. Schematic cross section along the profile A-B of the Idrija ore deposit (modified after [1,11,38]). The red
lenticular shape represents the Karoli orebody. The shaft entrance and inclined shaft connecting the surface to the
orebody are shown schematically, with a mining structure illustrated at the surface. Vertical scale is indicated;
horizontal distances are approximate.

4. Materials and Methods
This section describes the materials and methods used to analyze the Karoli orebody, including

sample preparation and analytical techniques.

4.1. Materials

Thin sections were prepared from rock samples collected from the Karoli orebody of the Idrija
mercury deposit (western Slovenia). The rock contains multiple generations of pyrite and associated
cinnabar. For this study, analyses focused on an euhedral Py3 pyrite grain due to its well-developed
crystal morphology. The thin sections allowed microscopic observation and subsequent LA-ICP-MS
analysis of trace-element concentrations.

4.2. Methods

Five polished thin-section samples (S-K-a, S-K-b, S-K-c, S-K-d and S-K-e) were prepared from an
original volumetric sample for mineralogical study using reflected-light microscopy (Figure 3 a-e).
Photomicrographs were acquired using a Nikon Eclipse E200 microscope equipped with a Nikon
digital camera.

A modal mineralogical determination based on visual estimation under reflected-light microscopy
was carried out to assess the mineralogical composition of the studied samples. Volumetric proportions
of the ore minerals were estimated following the method proposed by Castroviejo [39] and are
presented in Table 1.

Trace-element concentrations in pyrite were determined using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). Analyses were conducted on an euhedral Py3 pyrite grain
from the Karoli orebody. A total of 18 spot analyses were performed on the same grain in order to
assess trace-element contents and intra-grain variability.

All LA-ICP-MS measurements were carried out in the same laboratory using the same instrumen-
tation and analytical protocol as described in Šoster et al. [40]. Detailed information on instrumental
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configuration, laser parameters, calibration standards, and data reduction procedures is provided in
the aforementioned study and is not repeated here.

5. Results
To characterize the mineralogical and textural features of the Idrija ore and to constrain trace

element distributions in pyrite, the samples were examined using reflected-light microscopy and
analyzed by LA-ICP-MS. Reflected-light microscopy allowed detailed observation of pyrite textures
and their relationships with cinnabar and gangue minerals, while LA-ICP-MS provided precise
quantitative measurements of trace elements in pyrite. Together, these complementary methods
provide a reliable basis for understanding the formation and evolution of the studied Karoli orebody.

5.1. Texture of Pyrite

Three main pyrite types can be observed in our sample (Figure 3 a-e). Py1 occurs as fine-grained
framboidal disseminated aggregates, commonly surrounded by cinnabar that fills interstitial spaces
between pyrite grains. Py2 consists of subhedral to locally euhedral pyrite crystals, typically showing
more euhedral development along grain margins. The crystal surfaces are commonly coated by
fine-grained particles interpreted as relic framboidal pyrite. Py3 occurs as coarse euhedral crystals
reaching up to 10 mm in size. The grains commonly display veinlets and microfractures that cut across
the crystal structure, suggesting formation in a post-sedimentary environment. Due to the elevated
concentrations of cinnabar and mercury in the Py1 and Py2, trace element analyses using LA-ICP-MS
were successfully conducted only on Py3.

Additionally, Py1, Py2, and Py3 show brecciated textures in which the mineral breaks down into
small idiomorphic and xenomorphic fragments (Figure 3 a, b, d). Dissolution textures formed by
the reaction of pyrite with cinnabar are common (Figure 3 a, d). Segregation textures are observed
on the surface of the main pyrite phenocrystals (Figure 3 c, d). Granular-porphyritic and poikilitic
textures also predominate, where the pyrite phenocrystals show marked idiomorphism (Figure 3 a, b,
d). Finally, a visible banded and fluid texture is shown in Figure 3 a, b, d, and e.

The studied ores also contain cinnabar as the principal mercury-bearing mineral, accompanied by
gangue minerals forming the host matrix. The dark gray to nearly black gangue assemblage includes
sedimentary matrix, accessory minerals, and other unidentified components, as no transmitted-light
microscopy or mineralogical analyses were conducted to specifically determine the gangue mineral
assemblage.

Table 1 summarizes the modal mineral proportions of representative samples, estimated using
the visual percentage method of Castroviejo [39]. Pyrite contents range from 10 to 60%, whereas
cinnabar accounts for 5 to 30% of the samples. Gangue minerals and matrix phases together comprise
approximately 15 to 65%.
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(a) (b)

(c) (d)

(e)

Figure 3. Reflected-light photomicrographs of Karoli ore pyrite: (a) Fine-grained pyrite (Py1) and coarser-grained,
subhedral to locally euhedral pyrite (Py2). (b) Abundant cinnabar (Cin) associated with locally developed Py2.
(c) Larger Py3 grain with smaller Py2 grains containing cinnabar in fractures. (d) Fine-grained Py2 in contact
with larger, euhedral, cracked Py3 grains, with cinnabar present in fractures and veinlets within Py2. (e) Large,
euhedral Py3 grains with fine-grained, framboidal Py1 and smaller subhedral to euhedral Py2 grains.
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Table 1. Estimated mineral percentages (pyrite, cinnabar, gangue) for representative photomicrographs of Karoli
samples (Figure 3 a–e).

SAMPLE PYRITE (%) CINNABAR (%) GANGUE (%)

S-K-a 30 5 65
S-K-b 10 30 60
S-K-c 60 25 15
S-K-d 35 20 45
S-K-e 55 5 40

5.2. LA-ICP-MS Results

A set of 18 spot analyses using LA-ICP-MS were carried out on pyrite samples Py3 from the
Karoli orebody. Trace elements including V, Cr, Mn, Co, Ni, Cu, Ga, As, Ag, Cd, Sb, Au, Tl and Pb were
measured above instrumented limits and are presented in Table 2. Correlation coefficients between
trace elements in pyrite are summarized in Table 3. In addition, LA-ICP-MS trace element correlation
plots for Ag-Pb, As-Ni, Co-Ni and Sb-Pb are presented in Figure 4.

Table 2. LA-ICP-MS results for Py3 from Karoli ore in Idrija deposit.

No. V Cr Mn Co Ni Cu Ga As Ag Cd Sb Au Tl Pb

PY1 0.24 0.74 0.27 0.94 17.95 4.26 - 9.17 0.019 - 2.02 0.025 0.62 27.57
PY2 0.11 0.39 0.24 1.76 36.18 4.22 - 12.93 0.035 - 2.73 - 0.55 39.38
PY3 0.12 0.60 0.22 2.21 46.66 4.74 - 15.30 - - 6.18 - 0.30 65.15
PY4 0.26 - 0.54 1.41 29.31 8.35 0.067 14.26 - - 2.00 - 0.82 33.79
PY5 0.13 - 0.24 0.87 17.88 8.91 - 9.16 0.048 - 2.81 - 1.01 39.18
PY6 0.42 0.70 0.24 0.78 15.28 5.22 0.060 8.03 - - 1.59 - 0.56 23.46
PY7 0.099 - 0.26 1.75 33.63 4.48 - 14.09 0.027 - 0.89 - 0.24 21.81
PY8 0.14 - 0.38 2.22 44.54 8.35 - 18.93 - - 2.13 - 1.68 49.83
PY9 0.14 - 0.23 0.53 10.63 3.63 - 9.89 0.014 - 0.68 - 0.64 12.87
PY10 0.13 - 0.22 0.63 12.86 1.67 - 9.82 0.016 - 1.36 - 0.32 16.74
PY11 0.11 0.60 0.18 0.85 17.14 1.62 - 9.73 - - 0.78 - 0.05 11.60
PY12 0.12 - 0.25 0.61 13.64 1.58 - 10.37 - - 2.79 - 0.45 28.63
PY13 0.16 - 0.38 0.72 14.64 2.08 - 11.19 0.028 - 1.66 - 0.30 20.92
PY14 0.23 0.58 0.33 0.40 7.41 4.32 - 6.48 0.014 0.35 1.19 - 2.21 11.20
PY15 0.15 0.54 0.23 - 4.30 - 0.027 4.71 0.020 - 1.01 - 2.20 8.18
PY16 0.085 - 0.18 3.72 46.98 4.53 - 13.68 0.032 - 1.59 - 0.27 20.25
PY17 0.051 - 0.18 3.52 52.72 - - 21.73 0.023 - 0.85 - 0.25 13.78
PY18 0.040 0.38 0.18 4.38 76.69 - - 23.41 0.026 - 1.12 - 0.16 22.02

Note: All values in ppm; "-" means below detection limit.

The trace element composition of Py3 shows generally low values, with the highest values
belonging to Pb (8.18–65.15 ppm), Ni (4.30–76.69) and As (4.71–23.41). Moderately enriched elements
include Cu (1.58–8.91), Sb (0.68–6.18), Co (0.40–4.38) and Tl (0.05–2.21), with low content of Cr (0.38–
0.74), Mn (0.18–0.54), V (0.04–0.42) and Ag (0.014–0.048). Scattered detections of Ga, Cd, Au and Bi
were recorded, though most concentrations remained below the detection limit. Elements such as Zn,
Ge, Se, Mo, In, Sn and Te remained consistently below the detection limit in all measured spots.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1221.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1221.v1
http://creativecommons.org/licenses/by/4.0/


9 of 15

Table 3. Correlation coefficients between trace elements in Py3 from Karoli ore.

ELEMENT V Cr Mn Co Ni Cu As Ag Sb Tl

Cr 0.72
Mn 0.44 0.34
Co −0.54 −0.69 −0.31
Ni −0.50 −0.61 −0.20 0.96
Cu 0.23 0.13 0.48 0.31 0.40
As −0.51 −0.59 −0.05 0.88 0.93 0.40
Ag −0.36 −0, 71 −0.12 0.23 0.29 0.70 0.18
Sb −0.01 0.06 0.06 0.01 0.18 0.21 0.08 0.73
Tl 0.28 0.05 0.36 −0.30 −0.39 0.51 −0.40 −0.24 −0.09
Pb −0.01 −0.03 0.24 0.13 0.36 0.53 0.32 0.80 0.88 −0.07

(a) (b)

(c) (d)

Figure 4. Py3 LA-ICP-MS trace element correlation plots for: (a) Ag-Pb. (b) As-Ni. (c) Co-Ni. (d) Sb-Pb.

6. Discussion
The following discussion interprets the geochemical and isotopic data obtained for the Karoli

orebody, focusing on trace element composition, sulfur and mercury isotopes, and their implications
for ore genesis.

6.1. Trace Element Composition

Lead is the most abundant element in our Karoli ore dataset (median value 21.92 ppm). It is
rarely incorporated into the pyrite structure due to its large ionic size. As a result, galena may occur as
inclusions formed prior to the crystallization of pyrite[41,42].

Nickel is second most abundant element with a median value of 17.92 ppm. It is commonly
incorporated into pyrite, most likely through substitution for Fe at octahedral lattice sites [43]. In both
sedimentary and orogenic pyrite, Ni is strongly incorporated into the crystal lattice, allowing for its
retention during diagenetic recrystallization and subsequent pyrite growth [44,45]. High correlation
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with Co (r=0.96, Figure 4c) suggests that Co and Ni were incorporated into the pyrite structure through
isomorphous substitution for Fe within the crystal lattice [46]. Furthermore, the Co/Ni ratio has
regularly been used to distinguish the pyrite origin. According to Bajwah et al. [47], hydrothermal
pyrite typically contains more than 400 ppm Co and displays a Co/Ni ratio > 1, while sedimentary
pyrite is characterized by Co concentrations below 100 ppm and Co/Ni < 1. The Co/Ni ratio in Karoli
pyrite is between 0,1 and 0,01 which points to the sedimentary origin of pyrite.

Arsenic is the third most abundant element with a median value of 10.78 ppm. Previous studies
have confirmed the substitution of As for S [48,49]. In addition, Qian et al. [50] argue that As can also
substitute Fe in a high-sulfidation epithermal deposits.

Values of Cu in Karoli ore pyrite are below 10 ppm, with a median of 4.32 ppm. Copper values in
pyrite can be found ranging from a few ppm to wt % [51]. Reich et al. [43] noted that the incorporation
of copper into the pyrite structure as a solid solution is limited, with maximum concentrations
ranging between 1000 and 2000 ppm. Higher values are usually the result of micro to nano-inclusions
of chalcopyrite. Low contents in Py3 could indicate low temperature fluids and precipitation of
chalcopyrite which incorporated Cu (e.g. [52]).

Generally, antimony in pyrite was found as a structural impurity alongside Tl and Hg [53,54].
A strong positive correlation between Sb, Ag, and Pb in our sample (Figure 3) suggests that Sb is
structurally incorporated into pyrite, potentially through a coupled substitution involving Ag [55].
Lower content of Sb in Karoli pyrite (median 1.59 ppm) could be the result of fluid cooling (around
150 °C), which lead to precipitation of stibnite [56].

Cobalt (median 0.94 ppm) is present in low concentrations having a strong correlation with
Ni (0.96) and As (r=0.88). Maslennikov et al. [57] showed elevated sulfur fugacity and/or reduced
temperatures favor the substitution of divalent cations for Fe2+ in pyrite, with Co2+ being preferentially
incorporated compared to Ni2+. Their study also found the pyrite with higher Ni values was present
in low-temperature zone. The previously noted strong correlation with As may reflect the presence of
both elements by a common hydrothermal fluid [58]. Elevated Co and Ni concentrations (>1000 ppm)
in pyrite have been associated with the presence of micro-inclusions [59].

Thallium is present above the detection limit in all spots with a median of 0.50 ppm. The
occurrence of Tl serves as a reliable indicator of low-temperature pyrite formation [57].

Manganese and vanadium are both present in concentrations below 1 ppm. Median for Mn is 0.24
and 0.13 for V, respectively. Because Mn and V are both highly soluble in fluids at moderate to high
temperatures, their precipitation is favored under cooler conditions, making them valuable indicators
of low-temperature mineralization [60]. The weak to moderate positive correlation between Mn and
V suggests that both elements were introduced under similar conditions and likely co-precipitated
during low-temperature fluid evolution.

Finally, Figure 5 compares median pyrite trace element concentrations for Idrija with those
reported for Almadén [61]. Red circles (Almadén) are generally above gray squares (Idrija), reflecting
differences in sulfide chemistry between the two deposits. Nevertheless, a similar trend can be
recognized in the diagram. The concentrations of siderophile elements, such as Co and Ni, are
comparatively close, particularly in the case of Ni (Figure 5). However, a noticeable difference is
observed in the behavior of chalcophile elements (Cu, Cd, Sb, and As), and this contrast becomes even
more pronounced for lithophile elements (V and Mn).
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Figure 5. Median trace element concentrations (ppm) in pyrite from the Idrija deposit from our study (n = 18) and
the Almadén deposit ([61], n = 6). Gray squares represent Idrija, red circles represent Almadén. Only elements
with concentrations above detection limits in both deposits are shown.

6.2. Sulfur and Mercury Isotopes

Sulfur isotope data from Lavrič and Spangenberg [12] include 14 cinnabar and 24 pyrite samples
from the Karoli orebody. Cinnabar δ34S values range from +0.1 to +3.2‰ (median +0.8‰), while pyrite
values range from −2.0 to +6.5‰ (median −1.2‰). Overall, the sulfide δ34S values cluster near 0‰,
consistent with a magmatic sulfur contribution (e.g. [23,24]), potentially related to regional Triassic
volcanic activity.

Mercury isotope data for the Karoli ore, reported in Božič et al. [13], show ∆199Hg = −0.06 and
δ202Hg = −0.10. Previous studies have shown that hydrothermal systems in continental-arc settings
commonly display positive ∆199Hg values, indicative of input from recycled Hg in subducted oceanic
crust [26]. Therefore, the negative ∆199Hg values are interpreted as reflecting upper-crustal recycling
of continental Hg into an intracontinental hydrothermal system [62]. This is consistent with the
passive-margin sedimentation of Slovenia throughout the Mesozoic.

6.3. Implications for Ore Genesis

Idrija ore deposit has been extensively investigated in the past. However, the genesis of Karoli ore-
body has not been definitively established. Although previous studies classify Idrija as a sedimentary-
exhalative (SEDEX) deposit (e.g. [4]), our results allow for a more refined interpretation of the processes
that shaped the Karoli orebody.

Three generations of pyrite are observed in the Karoli ore. The morphologies range from fine-
grained framboidal Py1, subhedral to euhedral Py2 and larger euhedral Py3 grains. The presence
of this morphologies have been most commonly observed in sedimentary pyrite [63]. The surfaces
of Py2 crystals are commonly coated by fine-grained particles interpreted as relic framboidal pyrite
(Py1). This indicates that Py2 grew as a partial overgrowth and recrystallization of earlier framboidal
aggregates during late diagenetic evolution. Euhedral pyrite grains in our samples commonly exceed
1 mm, some even 10 mm, and display extensive networks of microcracks that are locally infilled with
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cinnabar. The cross-cutting relationship, in which fractures cut pyrite crystal faces and later host
mercury mineralization, indicates that fracturing preceded cinnabar deposition and that the cracks
served as conduits for Hg-bearing hydrothermal fluids.

The V/Cr ratio is commonly used as a proxy for redox conditions in sedimentary environments
[64]. According to established thresholds, mentioned by Jones and Fike [65], values below 2 reflect
oxic conditions, 2–4.25 indicate suboxic conditions, and ratios above 4.25 correspond to secondary oxic
or anoxic environments. The V/Cr ratio measured in Karoli euhedral pyrite (Py3) is 0.21, indicating
that the pyrite crystallized under relatively oxidizing conditions. As previously discussed, the Co/Ni
ratios ranging from 0.01 to 0.1 in Py3 fall within the typical sedimentary pyrite range, indicating a
sediment-derived origin for this generation of pyrite.

The measured euhedral Py3 exhibits very low trace-element concentrations, with Pb being
the most enriched element (median around 22 ppm). This depletion is attributed to the oxidizing
conditions during pyrite formation and the inferred low-salinity nature of the hydrothermal fluids,
as evidenced by the absence of Se, Te, Ge, Mo, and Zn [66]. Under such conditions, both sulfide and
chloride complexes necessary for transporting chalcophile elements were sparse, strongly limiting
their incorporation into pyrite, causing low trace-element count in Karoli ore pyrite.

7. Conclusions
The Idrija ore deposit is one of the world’s largest mercury accumulations, characterized by

exceptionally high-grade cinnabar mineralization. In this study, LA-ICP-MS analyses of pyrite were
used to investigate the genesis of the Karoli orebody.

The present research provides a preliminary mineralogical characterization of the Idrija mercury
deposit, with a focus on trace element distributions in pyrite obtained via LA-ICP-MS. The results offer
valuable insight into the formation and mineralization processes of one of the deposit’s orebodies and
may serve as a reference for future studies of Idrija and other mercury-bearing ore deposits, particularly
those with a low trace element values. Overall, these findings contribute a strong framework for
understanding ore formation and can guide both geochemical research and comparative studies in
similar hydrothermal systems.

Our analysis suggests that low Co/Ni ratios (0.01–0.1) point to a sedimentary origin of the
precursor pyrite, whereas V/Cr ratios confirm that the recrystallization environment was oxidizing.
The extremely low trace-element contents, along with the systematic absence of Se, Te, Ge, and Mo,
indicate low-salinity, Cl-poor fluids incapable of transporting or incorporating significant chalcophile
elements into pyrite.

Finally, we envision future research focusing on fluid composition, salinity, and metal transport
through targeted fluid-inclusion analyses and direct halogen measurements in coexisting gangue
minerals, complemented by additional pyrite trace-element datasets to better constrain elemental
behavior under variable fluid conditions.
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